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Preface 
 

Over the past few decades numerous studies have shown an alarming increase in the 
concentration of atmospheric particular matter called aerosols resulting from a variety 
of human activities, ranging from agricultural to combustion of fossil fuels. Besides 
having serious impacts on the health of all living creatures, these particles can affect 
planetary radiation budget. Consequences of this change include global temperature 
shifts and the altering of atmospheric and oceanic circulation patterns. It is therefore 
essential to quantify and characterize these particles, while also studying the chemical 
and physical processes they are subject to.  

This book presents recent studies conducted by internationally recognized scientists 
from all over the world. It is divided into two sections. The first section presents 
characterization of atmospheric aerosol particles and their impact on regional climate 
from East Asia to the Pacific. Ground-based, air-born, and satellite data were collected 
and analyzed. Detailed information about measurement techniques and atmospheric 
conditions were provided as well. In the second section, authors provide detailed 
information about the properties of the organic and inorganic constituents of 
atmospheric aerosols. They discuss the chemical and physical processes, temporal and 
spatial distribution, emissions, formation, and transportation of aerosol particles. In 
addition, new measurement techniques are introduced. This book hopes to serve as a 
useful resource to resolve some of the issues associated with the complex nature of the 
interaction between atmospheric aerosols and climatology. 

 
Hayder Abdul-Razzak 

Department of Mechanical and Industrial Engineering, 
Texas A&M University-Kingsville, Texas, 

USA 
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Variations in the Aerosol Optical Depth  
Above the Russia from the Data  
Obtained at the Russian Actinometric  
Network in 1976–2010 Years 

Inna Plakhina 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48618 

1. Introduction 
Investigation results of the atmospheric aerosol over the Russia territory are of great interest 
for the ecology and climate developments. The regularities of spatial and temporal 
variations in the Aerosol Optical Depth (AOD) and Air Turbidity Factor (T) can be received 
by the Russian actinometric network data (RussianHydrometeorologicalResearchCenter). 
Our analysis will be based on the “Atmosphere Transparency” special-purpose database 
created at the Voeikov Main Geophysical Observatory (MGO) on the basis of observational 
actinometric data. Author has many years cooperation with MGO in the region of the 
processing and analysis of these observation data. The relationship between the increases in 
the global surface air temperature and in the atmospheric content of greenhouse gases has 
been proven. The warming over the past 50 years has mainly been related to human 
activities (IPCC, Climate Change 2001, 2007). Along with the anthropogenic factor, climate is 
affected by such natural factors as variations in the solar constant, cyclic interactions 
between the atmosphere and the ocean, and atmospheric aerosol; these factors are 
pronounced within time intervals of several years to several decades. The sign of aerosol 
forcing may be different: the stratospheric aerosol layer causes the reflection of solar 
radiation incident upon the atmospheric upper boundary and, thus, decreases the warming 
of the underlying air layers. For example, the sulfate aerosol which formed in the 
stratosphere after the Pinatubo eruption (June 1991) caused “short” (in 1993) global cooling. 
Tropospheric aerosol can increase or decrease the surface air temperature, and its influence 
on the ecological state of the air is well understood (Isaev, 2001). Therefore, monitoring the 
atmospheric aerosol component is important and necessary now from the standpoints of its 

© 2012 Plakhina, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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climatic forcing and ecology. The study of current spatiotemporal variations in the 
atmospheric aerosol component is of scientific interest and presents a problem. Current 
ground-based networks of monitoring (in particular, AERONET) are the results of such 
interest (Holben et al., 1998). There are eight AERONET stations in Russia; seven of them are 
located in Siberia [8]. The maps, which show a global distribution of the sources of different 
anthropogenic, natural, organic, mineral, marine, and volcanic) aerosols arriving in the 
atmosphere, the total aerosol optical depth in the atmospheric thickness according to model 
data (IPCC, Climate Change 2001) and the aerosol optical depth according to satellite 
(MODIS) monitoring (IPCC, Climate Change 2007), show Russia as a territory of decreasing 
aerosol optical depth (AOD) going from south to north. At the same time, Russia occupies 
the entire northeastern part of Eurasia ( 30°E –180°E; 50°N – 80°N) and includes different 
climatic zones which differ in water content, air temperature, cloudiness, solar radiation flux 
incident upon the land surface, underlying surface, and air-mass circulation. In addition, the 
density of population and the degree of industrialization of different Russian regions are 
very inhomogeneous in space. In the studies (Plakhina et al., 2007, 2009) we have shown that 
an analysis of the AOD of a vertical atmospheric column can be made on the basis of 
observational data obtained at the Russian actinometric network, in particular, on the basis 
of data on the integral atmosphere transparency ( P ), because P variations are, to a great 
extent, determined by the aerosol component of the attenuation of direct solar radiation; 
other components of the attenuation (water vapor and other gases) have little effect on its 
time variations. Thus, on the basis of data on the homogeneous (calibrated against a single 
standard and obtained with a unified method) observational series of direct solar-radiation 
fluxes at the land surface and estimates of the integral (total and aerosol) transparency, it is 
possible to analyze variations in the AOD of a vertical atmosphere. Now we continue this 
analysis on the basis of an extended database (the number of stations -- 53, and the period of 
observations – 1976 -2010 years. Now we present the character of multiyear seasonal 
variations in AOD, the simplest statistical parameters (means, extrema, and variation 
coefficients) of spatial variations in AOD annual means, the “purification” of the 
atmosphere from aerosol over the past 15 years (1995-2010 y.y.). Also we compare the effects 
of the two natural factors (the global factor—the powerful volcanic eruptions in the latter 
half of the 20th century which resulted in the formation of a stratospheric aerosol layer—
and the regional tropospheric factor—for example, the arrival of aerosol in the atmosphere 
due to tundra and forest fires) on AOD. 

2. Russian actinometric network data  
Fig. 1 gives a map showing the location of 53 actinometric stations of the Russian network 
(Makhotkina et al., 2005, 2007; Luts’ko et al., 2001)for which the AODs of vertical 
atmospheric columns were estimated for a wavelength of 0.55 μ from the measured fluxes of 
direct solar radiation at land surface. These stations cover a large part of Russia and are 
located outside the zones of direct local anthropogenic sources of industrial and municipal 
aerosol emissions (suburbs, rural areas, uplands, etc.). In other words, the considered 
spatiotemporal variations in AOD are formed under the influence of natural factors: the 
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advection of air masses from the regions with an increased or decreased aerosol load, 
volcanic eruptions, and forest and tundra fires. In analyzing the 1976–2010 observational 
data, our goal was to obtain an averaged pattern of the spatial distribution of atmospheric 
aerosol over Russia and to compare this pattern with that of the global aerosol distribution 
which is presented in the IPCC third (modeling) and fourth (satellite data, MODIS) reports 
(IPCC, Climate Change 2001, 2007). In this case, the estimates obtained with our method 
supplement the international data on the model approximations and satellite monitoring of 
AOD. The advantages of our estimates are the great length of the series of actinometric 
observations under consideration (35 years), the universal methods of measurements and 
data treatment for all the stations, and the vast coverage area of Russia’s large territory. 

 
Figure 1. Layout of 53 actinometric stations whose data will be analyzed in the chapter. It is possible 
that the list of the observation stations will be increased up to 80 for the special estimations. 

3. Empirical data and analysis procedure 
The special-purpose Atmosphere Transparency database formed at the Main Geophysical 
Observatory makes it possible to analyze both the integral and aerosol transparencies of the 
atmosphere. The stations given in Fig. 1 were selected with consideration for the quality and 
completeness of the instrumental series. The integral air transparency : 

 P = (S/S0)1/2 (1) 

Where Sis the direct solar radiation to the normal-to-flux surface, reduced to the average 
distance between the Earth and the Sun and a solar altitude of 30°; S0is the solar constant 
equal to 1.367 kW/m2. The Linke turbidity factor is unambiguously correlated with Р: 

 T = lgP / lgPi = ( lgS0 – lgS ) / ( lgS0 – lgSi ) = -lg P / 0.0433 (2) 
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aerosol over Russia and to compare this pattern with that of the global aerosol distribution 
which is presented in the IPCC third (modeling) and fourth (satellite data, MODIS) reports 
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AOD. The advantages of our estimates are the great length of the series of actinometric 
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data treatment for all the stations, and the vast coverage area of Russia’s large territory. 

 
Figure 1. Layout of 53 actinometric stations whose data will be analyzed in the chapter. It is possible 
that the list of the observation stations will be increased up to 80 for the special estimations. 

3. Empirical data and analysis procedure 
The special-purpose Atmosphere Transparency database formed at the Main Geophysical 
Observatory makes it possible to analyze both the integral and aerosol transparencies of the 
atmosphere. The stations given in Fig. 1 were selected with consideration for the quality and 
completeness of the instrumental series. The integral air transparency : 

 P = (S/S0)1/2 (1) 

Where Sis the direct solar radiation to the normal-to-flux surface, reduced to the average 
distance between the Earth and the Sun and a solar altitude of 30°; S0is the solar constant 
equal to 1.367 kW/m2. The Linke turbidity factor is unambiguously correlated with Р: 

 T = lgP / lgPi = ( lgS0 – lgS ) / ( lgS0 – lgSi ) = -lg P / 0.0433 (2) 
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The AOD of the vertical atmosphere was calculated with a method specially developed and 
used at the MoscowStateUniversity meteorological observatory (Abakumova et al., 2006) 
with consideration for its limitations and errors: 

AOD={lnS-[0.1886w(-0.1830) + (0.8799w(-0.0094) -1)/ sinh]}/{0.8129w(-0.0021) – 1 + (0.4347w(-0.0321) -1)/sinh}   (3) 

An index of the Angström spectral attenuation which depends on the size distribution of 
particles and the coefficient of particle reflection—is assumed to be equal to 1; Sis the direct 
solar radiation reduced to the average distance between the Earth and the Sun, W/m2 ; and 
w is the water content of the atmosphere, g/cm2 . The conditions of observations at the 
stations, as a rule, correspond to the weather of an anticyclonic type (clear or slightly 
cloudy) when the Sun is not blocked by clouds. 

4. Spatial variations in aerosol optical depth AOD 
Table 1 gives the multiyear means and extrema of the annual values of AOD and the standard 
deviations from these means, which are averaged over the all 53 stations under consideration 
(pointed in Fig.1) for the two periods. It is seen that the AOD mean over all the stations and 
the entire observation period is equal to 0.14 and varies from 0.29 to 0.07, which is in good 
agreement with the spatial range of the AOD variations obtained from the satellite and model 
data (for the Russian region) that are given in the IPCC third and fourth reports (0.30–0.05). 
 

Period АОD  σ Trend of AOD variations 
inover 10 years 

1976 – 2010 
Mean 0.14 0.04 -0.02 

Maximum 0.29  +0.02 
Minimum 0.07  -0.05 

1995 – 2010 
Mean 0.12 0.04 -0.01 

Maximum 0.22  +0.05 
Minimum 0.05  -0,06 

Table 1. Multiyear means, maxima, minima, and standard deviations of the annual means of AOD over 
all stations in absolute units. 

 
Figure 2. Statistics of the annual means of AOD for each of the stations: the ratio of the AOD means 
(black) over the period 1976–1994 and the AOD means (grey) over the period 1995–2010 and the 
standard deviations (red) in the series of the annual values of AOD for each of the stations. 
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Figure 3. Spatial distributions of the multiyear means of AOD over the observation periods 1976–1994 
(upper part) and 1995–2010 (lower part). 

The annual values of AOD for each of the stations multiyear means over 1976–1994 years, 
over 1995–2010 years, their standard deviations are given in Fig.2. Each column of the 
diagram corresponds to the longitude positionof the station in accordance with Table 1. The 
means of the AOD characteristics are corresponds to the multiyear (1976–1994 years) annual 
means of AOD (black), grey corresponds to the multiyear (1995–2010 years) annual means, 
red corresponds to standard deviations of the annual values of AOD from its mean for each 
station. A spatial distribution of AOD is shown in more detail in the maps (Fig. 3) drawn by 
interpolating the data obtained at 53 stations to Russia’s territory. For this interpolation, the 
technologies of the MATLAB 7.5.0. program package were used: there are options to create a 
uniform grid for the entire region, onto which the given functions Z= F(x,y)were projected, 
where x and yare the latitude and longitude, respectively, for each of 53 observation points, 
and Z is the AOD mean. In addition, a bilinear interpolation of data was performed. Under 
bi-cubic and bi-square interpolations, the results, in principle, do not differ from those given 
in Fig. 3. The spatial distribution of the AOD means over the 35 - year period is in a good 
agreement with the results of modeling a spatial atmospheric-aerosol distribution, which are 
given in the IPCC third report (IPCC, Climate Change 2007). The model described in this 
report takes into account aerosols of different origins anthropogenic and natural sulfates, 
organic particles, soot, mineral aerosol of natural origin, and marine saline particles) which 
have certain specific properties of distribution over the globe, and it yields a decrease in 
AOD over Eurasia from the southern to the northern latitudes in the presence of areas with 
increased atmospheric turbidity over southern Europe, the Middle East, southeastern Asia, 
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Ukraine, and Kazakhstan. Fig. 3 shows that the AOD over Russia decreases from the 
southwest to the northeast. The increased values of aerosol haziness in the southeast and 
southwest are most likely caused by an advective arrival of air masses from the regions with 
high aerosol content in the atmosphere: from Ukraine and Kazakhstan in the southwest and 
from southeastern Asia and China in the southeast. Fig. 3 (upper part)  shows the 
localizations of regional tropospheric aerosol sources (western and eastern Siberia and 
Primorskii Krai). In the last 15 years (Fig. 3, lower part), in the absence of powerful volcanic 
eruptions and under conditions the atmosphere being purified of the stratospheric aerosol 
layer, the sources of aerosol arriving in the troposphere have become more pronounced. In 
addition, in the last decade, the AOD has noticeably increased for a few stations in the Far 
East, which is probably due to increased volcanic activity on Kamchatka . 

 
Figure 4. Spatiotemporal variations in AOD: (a) multiyear variations in the annual values of AOD for 
all 53 stations under consideration and (b) mean seasonal variations in AOD for all 53 stations under 
consideration. 

The spatiotemporal inhomogeneities of the AOD annual values clearly reflect their causes 
(Fig. 4a): the peaks of the volcanic eruptions (El Chichon, 1982, and Pinatubo, 1991) and the 
tundra fires of the last decade in eastern Siberia, the frequency and intensity of which have 
increased due to climate changes. Fig. 4b shows variations in the mean annual cycle of AOD. 
The features of the AOD mean annual cycle for each concrete station are formed under the 
influence of seasonal variations in the character of air-mass transport to a given point from 
regions with different aerosol contents (synoptic processes) and seasonal variations in air 
temperature, humidity, and in the state of the underlying surface, in combination with an 
industrial load of some regions. The AOD maxima are, as a rule, observed in April and July–
August, but the summer maximum is more pronounced at stations (No 4, 8, 9, 10, and 11) 
located in the south of European Russia. First of all, this is related to the fact that, in 
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summer, tropical air masses dominate here which are characterized by high contents of 
moisture and aerosol. The spring maximum is caused by snow cover melting and the 
replacement of the dominating arctic air masses by temperate or tropical air masses. 

5. Time variations in aerosol optical depth AOD 
Fig. 5a gives some examples of time variations in the annual means of AOD for stations with 
negative and positive trends. In Fig. 7b, the examples of the time trends of the AOD annual 
values are supplemented by the corresponding variations in the flux of direct solar radiation 
(for the Sun’s height h= 30°), which reach 100 W/m2 over the course of 35 years (3 W/m2 per 
year); estimates were obtained for two stations with the maximum and minimum means of 
AOD. Thus, the influence of a decreased aerosol load on the flux of direct solar radiation 
incident upon the land surface under clear skies is empirically estimated. For total radiation, 
this influence is less pronounced. And our estimate of the rate of a decrease in direct solar 
radiation does not contradict the satellite data (IPCC, Climate Change 2007) on the rate of a 
decrease in the flux of the total reflected (upward) solar radiation ( –0.18 ± 0.11) W/m2 per 
year (the ISCCP project) and (–0.13 ± 0.08) W/m2 per year (the ERBS project)) over the course 
of 1984–1999 and the assumption made in (IPCC, Climate Change 2007), that this is caused 
by a global decrease in stratospheric aerosol (the so-called phenomenon of “aerosol 
dimming”). 

At most observation sites, the atmosphere was purified of aerosol within the period under 
consideration. On the whole, for Russia, the trend of AOD variations is negative (Fig. 6); 
the absolute value of the trend (over 10 years) varies from (–0.05) to (+ 0.02) and increases 
generally from the south-west to the north-east of Russia. The mean of the relative trend 
accounts for (–14%) over 10 years, its maximum is 21% over 10 years, and its minimum is (– 
35%) over 10 years at a determination coefficient of no more than 0. 5. (See also Table 1). It 
is evident that, in this case, a decrease in the AOD mean must be observed during the last 
15 years of the whole region. The largest negative trends are observed at the Solyanka 
station (in the south of the Krasnoyarsk Krai), in Chita (Transbaikalia), Khabarovsk 
(Primorskii Krai), and in the south of European Russia. The combination of the two 
factors—global purification of the atmosphere from transformed volcanic aerosol and 
decreased anthropogenic forcing—forms the negative trends in these regions. Positive 
trends are observed in Arkhangelsk and the Far East (Kamchatka and Okhotsk), and 
almost zero trends are observed in western (station nos. 18, 19, and 20) Siberia. The positive 
(Arkhangelsk) and decreased negative (the indicated Siberian stations) trends may be 
caused by increased industrial emissions in these regions, an increase in the number and 
intensity of fires, and comparatively low-power volcanic eruptions (for example, in 
Kamchatka). The estimates of the AOD trends and integral transparency obtained by other 
authors (for example, Ohmura, 2006) were compared with our estimates earlier in 
(Plakhina et al., 2007). This comparison shows an agreement with the results presented in 
this paper. 
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Figure 5. Time variations in the annual values of AOD and in the flux of direct solar radiation for the 
Sun’s height 30°: (a) multiyear variations in the annual values of AOD for three stations (Krasnodar (1), 
Chita (2), and Okhotsk (3)) and (b) multiyear variations in the annual values of AOD and in the annual 
mean of direct solar radiation flux at the Sun’s height 30° for the two stations with the maximum and 
minimum means of AOD. For both graphs, the period under analysis is 1976– 2010. Krasnodar(1 
corresponds to AOD and 3corresponds to direct radiation), Solyanka ( 2 corresponds to AOD and 4 
corresponds to direct radiation) 

(b)

(a)
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Figure 6. Spatial distributions of the multiyear variability of AOD: trends of the time variations over the 
period 1976-2010 years (in absolute values over 10 years) and trends of the time variations over the 
period 1995-2010 years (in absolute values over 10 years)  

6. Effects of the volcano eruptions 
6.1. Influence of the volcano eruptionson AOD 

Fig. 7 gives a “long” (45 years) series of annual means of AOD for the Ust’ Vym station 
(62.2°N, 50.4°E), which demonstrates a characteristic multiyear trend of variations in the 
annual values of AOD and its response to stratospheric disturbances. The four powerful 
volcanic episodes— Agung ( 8°S, 116°E, 1963), Fuego (14°N, 91°W, 1974), El Chichon (17°N, 
93°W, 1982), and Pinatubo (15°N, 120°W, 1991)—are clearly pronounced and quantitatively 
estimated. In particular, the maximum effect observed a year after the eruptions is 100% (in 
deviations from the multiyear norm); throughout the year, its attenuation occurs with the 
dissipation and transformation of the stratospheric aerosol layer. A decrease in the AOD 
values for 1995–2006 is also clearly manifested. Such a character of multiyear variations in 
the annual values of AOD is characteristic of most stations and is, to a great extent, 
determined by the four powerful volcanic eruptions in the latter half of the 20th century, 
because seasonal and local disturbances caused by the effects of tropospheric aerosol, when 
annually averaged, become leveled and have almost no influence on the distribution of the 
multiyear values of AOD. 
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Figure 7. Example of multiyear variations in the annual means of AOD (red) and their deviations from 
the averaged (blue),  

d =100%*(AODi - AODm) / AODm. 

6.2. Influence of the volcano eruptions on the turbidity factor (T) 

From the data of 80 observation stations over the Russia the special analysis of the turbidity 
factor (T) have been fulfilled: time variations during 1976-2010 y.y. and during 1994-2010 
y.y. have been estimated. For the 9 regions over all Russia territory long-term trends for the 
characteristics of the integral atmospheric transparency have described. For all regions 
during 1976-2010 y.y. negative Т and AODvariations tendencies exist; during 1994-2010 y.y. 
negative Т2 иАОТ variations tendencies remain at the same level as during 1994-2009 y.y. 
practically for all Russia regions. So, for the most part of Russia territory the conditions of 
the relatively high atmospheric transparency (in 1994-2010 y.y. – 17 years) remain as well as 
the atmospheric transparency increase within this 17 years time interval remain. 
Comparatively stable, longterm and intensive variations (increase) take place in post-
volcanic periods: 1) for El Chichon eruption (1982 year, April) – from the last 1982 year to 
October of 1983 year; 2) for Pinatubo (1991 year, June) – from the September of 1991 year to 
July of 1993 year. Anomalies of the mean month values of the Т2 during these “post 
volcanic” period after the eruptions of El Chichon and Pinatubo are presented in Table 2. 

Estimations of the volcano contribution into the multiyear mean values (for the months and 
year) of the factor turbidity and aerosol optical depth during 1976 – 2005 years period and 
durings the so called “stable” 1976-2005 years period (without 1982, 1983, 1991,1992, 1993 
years) are pointed in Table 3. It is obvious that effects, connected with eruptions lead to 
increase of the multiyear mean values equal 3% (from 1% - to 7%) for Tand equal 7% (from 
2% - to 12%) for AOD. 
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Region 

ΔТ2%=100*(Ti-Tm)/Tm ΔТ2= (Ti-Tm)/σ 
El Chichon Pinatubo El Chichon Pinatubo 

North of EPR 20 32 1.9 3.0 
Central part of EPR 18 30 1.8 3.1 

Southof EPR 14 20 1.8 2.6 
Ural 26 23 2.6 2.3 

West Siberia 19 35 1.7 3.1 
North–east of APR 19 35 1.7 3.2 
Central part of APR 19 27 2.0 2.8 

Southof EPR 22 38 1.8 3.0 
Far East of the Russia 15 36 1.5 3.4 

Table 2. Anomalies of the mean month values of the Т during post volcanic period after the eruptions 
of El Chichon and Pinatubo. 

 

 T (1976-2005) / Tstab (1976-2005) 
Month 1 2 3 4 5 6 7 8 9 10 11 12 Year 
North of EPR 1,03 1,03 1,04 1,03 1,03 1,02 1,02 1,03 1,02 1,04  1,03 
Central part ofEPR 1,04 1,05 1,04 1,04 1,03 1,02 1,02 1,02 1,01 1,02 1,02 1,05 1,03 
Southof EPR 1,04 1,04 1,03 1,03 1,02 1,02 1,01 1,01 1,01 1,01 1,03 1,04 1,02 
Ural 1,05 1,06 1,06 1,04 1,03 1,03 1,02 1,02 1,03 1,02 1,05 1,05 1,04 
West Siberia 1,03 1,05 1,04 1,03 1,04 1,03 1,02 1,03 1,04 1,03 1,02 1,02 1,03 
North–east ofAPR 1,07 1,07 1,04 1,03 1,03 1,03 1,03 1,02 1,02 1,03 1,05 1,07 1,04 
Central part ofAPR 1,04 1,02 1,02 1,02 1,02 0,98 0,98 1,02 1,01 1,00 1,06 1,04 1,02 
Southof EPR 1,06 1,04 1,04 1,04 1,03 1,02 1,02 1,02 1,02 1,02 1,03 1,03 1,03 
Far East of the Russia 1,06 1,05 1,04 1,03 1,02 1,02 1,01 1,01 1,01 1,02 1,03 1,05 1,03 
 AOD (1976-2005) /AODstab.(1976-2005) 
Month 1 2 3 4 5 6 7 8 9 10 11 12 Year 
North of EPR 1,11 1,10 1,10 1,08 1,07 1,07 1,06 1,06 1,06 1,14  1,07 
Central part of EPR 1,06 1,07 1,08 1,09 1,10 1,08 1,08 1,07 1,06 1,02 1,09 1,10 1,07 
Southof EPR 1,10 1,09 1,06 1,07 1,05 1,04 1,03 1,02 1,03 1,04 1,10 1,14 1,06 
Ural 1,08 1,12 1,14 1,11 1,09 1,08 1,07 1,08 1,14 1,08 1,07 1,08 1,06 
West Siberia 1,05 1,10 1,11 1,09 1,11 1,10 1,08 1,06 1,08 1,13 1,07 1,08 1,08 
North–east of APR 1,03 1,13 1,11 1,08 1,09 1,08 1,08 1,07 1,09 1,11 1,13 1,02 1,09 
Central part of APR 1,08 1,07 1,08 1,09 1,10 1,08 1,08 1,07 1,06 1,05 1,13 1,11 1,06 
Southof EPR 1,09 1,08 1,09 1,10 1,08 1,05 1,05 1,05 1,05 1,04 1,06 1,06 1,07 
Far East of the Russia 1,12 1,11 1,09 1,06 1,06 1,07 1,06 1,03 1,04 1,04 1,08 1,12 1,07 

Table 3. Estimation of the volcano contribution into the multiyearmean values of the factor turbidity 
and aerosol optical depth during 1976 - 2005 years period; EPR -- the European Part of Russia; APR --
theAsian Part of Russia. 
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Figure 7. Example of multiyear variations in the annual means of AOD (red) and their deviations from 
the averaged (blue),  

d =100%*(AODi - AODm) / AODm. 
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Region 
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Central part of APR 1,08 1,07 1,08 1,09 1,10 1,08 1,08 1,07 1,06 1,05 1,13 1,11 1,06 
Southof EPR 1,09 1,08 1,09 1,10 1,08 1,05 1,05 1,05 1,05 1,04 1,06 1,06 1,07 
Far East of the Russia 1,12 1,11 1,09 1,06 1,06 1,07 1,06 1,03 1,04 1,04 1,08 1,12 1,07 

Table 3. Estimation of the volcano contribution into the multiyearmean values of the factor turbidity 
and aerosol optical depth during 1976 - 2005 years period; EPR -- the European Part of Russia; APR --
theAsian Part of Russia. 
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The examples of the long-term time variations for Tand AOD in the differentRussia 
regions:North,Central part and South of theEuropean Part of the Russia andRussianFar East 
are presented in Fig. 8.  

 
Figure 8. Examples of the long-term time variations for T(blue)and AOD (green) in the different Russia 
regions: South of theEuropean Part of the Russia (1)and North part (2). 

7. Fires above the European Part of Russia (EPR) under conditions of 
abnormal summer of 2010 
The spatial variations in the air turbidity factor according to ground-based measurement 
data from 18 solar radiometry stations within the territory (40°–70° N, 30°–60° E) in summer 
2010. We have shown earlier (Makhotkina et al., 2005; Plakhina et al., 2007, 2009, 2010) that 
the spatial distribution of the aerosol optical depth (AOD) over the territory of Russia 
averaged over more than 30 years corresponds to the model of global atmospheric aerosol 
distribution over Eurasia and the satellite AOD monitoringresults, presented in the 3rd and 
4th IPCC reports; it shows a decrease in the aerosol turbidity from southwest to northeast. 

(1)

(2)
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The events of summer 2010 (abnormal heat and forest and peat fires) evidently changed 
both the average values of air turbidity and the character of its spatial variations. Therefore, 
our estimates are of interest in the analysis (All Russia Meeting, 2010) of the situation on the 
European Part of Russia (EPR) in summer 2010. Fig. 9 presents the coordinates of solar 
radiometry stations on the EPR (Luts’ko et al., 2001); data from it were used in this work. 
The long-term annual average (over a “post-volcanic” period of 1994–2009 years) values 
Тpostfor summer months and the corresponding monthly values Т2010for 2010 are given in 
Table 4, along with the monthly average maxima of Тand the relative difference (%) D = 
(Т2010 – Тpost)/Тpost. As it is seen, the average July and August Тin 2010 and in the 
“postvolcanic” period differ by –6% and +4%, respectively (the differences D vary from –
28% to +11% of the average value for a certain station in June and from – 22% to +25% in 
July). The value of D = (Т2010 – Тpost)/Tpostis 14% in August (for the region) and varies from –
11% to +48% for certain stations. 

 
Figure 9. Layout of 18 actinometric stations on the EPR whose data will be analyzed in this section.  

Spatial variations in Тare shown in Fig. 10. To interpolate the data of the stations to the 
whole region under study , we also used features of the MATLAB package, i.e., the option 
for creating a homogeneous grid for the EPR region under study, the option of bilinear 
(horizontal and vertical) interpolation of data from 18 stations to the territory (40°–70° N, 
30°–60° E), and the projection of the function Т= F(ϕ, λ) (where ϕand λare the longitude and 
latitude, respectively, for each of the observational points) to the grid. The spatial 
distribution of the mean Tpost(for June, July, and August) for the “postvolcanic” period 
corresponds to the results obtained earlier (Plakhina et al., 2009) for the long-term annual 
average AOD. In this period, Tpostquasi -monotonically decreased from southwest to  
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Period Month Mean 
(maximum) D 

Standard deviation in the 
series of monthly average 

values for different stations 

1994 – 2009 
years 

June 3.0 
(3.9) 

 

13% 

July 3.2 
(4.2) 13% 

August 3.2 
(4.3) 14% 

2010 year 

June 
(165) 

2.95 
(4) -6% 18% 

July 
(250) 

3.42 
(4.1) +4% 19% 

August 
(125) 

3.73 
(5.3) 14% 21% 

Table 4. Long-term monthly average values of the turbidity factor T (1994-2009 years) and the 
corresponding values for summer 2010 along with the regional maximum values of mean T. The 
number of daily average values of T used in the averaging is mentioned in the parenthesis in the second 
column. 

northeast; the regions of localization of regional tropospheric aerosol sources are invisible 
(except for Archangelsk). The June–July average values of Тat the Archangelsk station have 
been increased during the “postvolcanic” period: a local (and/or regional) atmospheric 
aerosol source is traceable; it can be both frequent natural forest fires and anthropogenic 
industrial factors in this Russian region. The pattern differed significantly before 2010. In 
June, the spatial variations in Тwere close to distributions of Тpost with a certain northward 
shift of the regions of maximum transparency (Т= 2 – 2.5) with a decrease in means for June 
(Table 2) throughout the region in comparison with the “postvolcanic” period. In July, the 
monotonicity in a decrease in the turbidity was obviously disturbed in the northeast 
direction. A south-to-north “tongue” of increased values of the turbidity factor is observed 
(Т= 3.5 – 4.0). Finally, in August, an epicenter (closed region) of anomalous air turbidity (Т= 
4.5 – 5.5) was formed within the region 48°– 55° N and 37°– 42° E, which is located to the 
south of Moscow and covering the Moscow region by its periphery (Т= 4.0 – 4.5). This 
pattern resulted from the action of the blocking anticyclone, which prevented air mass 
ingress from the west, provided for closed air circulation in the EPR, and a favored 
temperature rise over the EPR and a rapid increase in the forest fire area. Fire aerosols 
accumulated in the atmosphere through this period. This process was the most pronounced 
in the 1st decade of August. Our pattern of spatial distribution of Тin August 2010, obtained 
from ground based measurements of the direct solar radiation flux, is in a good agreement 
with the map of AOD distribution in the EPR (within the region 50°– 65° N, 30°– 55° E) in 
the 1st decade of August presented in (Sitnov, 2010 ). 
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Thus, we have ascertained the peculiarities of spatial variations in the air turbidity factor in 
summer 2010 in comparison with the long-term average spatial variations, which have been 
manifested in both distribution character and the value of the anomalies of the turbidity factor. 

8. Changes in integral and aerosol atmospheric turbidity in Trans-Baikal 
and Central Siberia 
The turbidity factor T and atmospheric aerosol optical thickness AOD for the wavelength 
0.55 μ is used in this section as atmospheric transparency characteristics. The series T and 
AOT were analyzed for the 1976–2010 years for the stations presented in Fig.11. 

From Fig. 12, 13 and Table 5 it is evident that AOD and T have the apparent seasonal 
dependence: maximal values of the aerosol turbidity are observed in spring (mean excess 
above the year ones is 25%), maximal values of the integral turbidity are observed in 
summer (mean excess above the year ones is 10%). At the same time the structure of the 
spatial distribution is similar in April and in July as for AOD so for T. The sources, formed 
AOD and T spatial distribution: prevailing air circulations, bearing of the aerosol and water 
vapor rich air masses (and vice versa), “constant” local aerosol sources, antropogenic or 
natural (for example, the forest or peat fires). 

From Fig. 14, 15 it is evident that in July it is exist the constant district in Trans-Baikal region 
with high AOD (may be the fires); in April a structure of the AOD field is formed by the air 
masses arriving from the south directions. But in April a structure of the T is not so 
apparent. In Fig.16 the variation of the month averaged values of FQ - fires quantity (aircraft 
data) and factor of integral turbidity T are showed. It is observed that FQ have seasonal 
variations with the maximum value in May, at the same time maximum for T is observed in 
July. We can also see the growth of T, connected with the El Chichon eruption in 1982 - 1983 
years. In Fig.17 the wavelet spectra of the fire quantity ( FQ) and factor of integral turbidity 
(T) series demonstrate the oscillations by 12 moths period ( in both series) up to 1982-83 
years (1982 y. - volcano eruption). Then the oscillations by 6 - 3 month periods are exist in 
the FQ series, which are connected with the variations of the FQ - fire quantity. Colorbar 
represents normalized variances. 

In Fig.18 the variation of the month averaged values of fires quantity FQ (aircraft data) and 
factor of integral turbidity T are showed during 1992 -2009 years. It is also observed that 
the FQ have seasonal variations with the maximum value in May, at the same time 
maximum for T is observed in July. We can also see the decrease of T, connected with the 
Pinatubo eruption during 1992-1993 years. In Fig.19 the wavelet spectra of the fire quantity 
( FQ) and factor of integral turbidity (T) series demonstrate the oscillations by 12 moths 
period ( in both series) from 1997 year up to 2005 year ( in FQ series) and up to 2006 year ( 
in T series) . Then the oscillations by 7- 3 monhs are exist in the FQ series, which may be 
also connected with the variations of the fire quantity. Colorbar represents normalized 
variances. 
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Period Month Mean 
(maximum) D 

Standard deviation in the 
series of monthly average 
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Table 4. Long-term monthly average values of the turbidity factor T (1994-2009 years) and the 
corresponding values for summer 2010 along with the regional maximum values of mean T. The 
number of daily average values of T used in the averaging is mentioned in the parenthesis in the second 
column. 
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AOD and T spatial distribution: prevailing air circulations, bearing of the aerosol and water 
vapor rich air masses (and vice versa), “constant” local aerosol sources, antropogenic or 
natural (for example, the forest or peat fires). 

From Fig. 14, 15 it is evident that in July it is exist the constant district in Trans-Baikal region 
with high AOD (may be the fires); in April a structure of the AOD field is formed by the air 
masses arriving from the south directions. But in April a structure of the T is not so 
apparent. In Fig.16 the variation of the month averaged values of FQ - fires quantity (aircraft 
data) and factor of integral turbidity T are showed. It is observed that FQ have seasonal 
variations with the maximum value in May, at the same time maximum for T is observed in 
July. We can also see the growth of T, connected with the El Chichon eruption in 1982 - 1983 
years. In Fig.17 the wavelet spectra of the fire quantity ( FQ) and factor of integral turbidity 
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In Fig.18 the variation of the month averaged values of fires quantity FQ (aircraft data) and 
factor of integral turbidity T are showed during 1992 -2009 years. It is also observed that 
the FQ have seasonal variations with the maximum value in May, at the same time 
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Figure 10. Spatial distribution of mean values of the turbidity factor T for June, July, and August in 
1994 – 2009 years (top part) and in summer 2010 year (lower part). 
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Figure 11. Layout of 17 actinometric stations whose data were analyzed in this section to investigate 
integral and aerosol atmospheric turbidity variability in Trans-Baikal and Central Siberia.  

 

 
Figure 12. Spatialdistribution of AOD in Trans-Baikal and Central Siberia region of Russia 
for the year and season AOD values:year,April,July and October values(from the top to the 
bottom), averaging period 1976-2010 years (14 stations). 
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Figure 13. Spatial distribution of T in Trans-Baikal and Central Siberia region of Russia for the year and 
season AOD values: year, April, July and October values (from the top to the bottom), averaging period 
1976-2010 years (14 stations). 

 
 
 

 YEAR 
 

APRIL 
 

JULY 
 

OCTOBER 
 

AOD 
 0.14 0.19 0.14 0.09 

variation 
coefficient % 13 16 15 16 

turbidity 
factor T 2.72 2.76 3.02 2.39 

variation 
coefficient % 36 43 44 66 

 
Table 5. Multiyear mean values of the T turbidity factors of the atmospheric aerosol optical thickness 
(AOD) and their variation coefficients (the period of averaging is 1976–2010) 
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Figure 14. Spatial distribution of AOD in Trans-Baikal and Central Siberia region of RF for the July 
(top) and April (bottom) values, averaging period 1976-2010 years, 17 stations. 
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Figure 13. Spatial distribution of T in Trans-Baikal and Central Siberia region of Russia for the year and 
season AOD values: year, April, July and October values (from the top to the bottom), averaging period 
1976-2010 years (14 stations). 

 
 
 

 YEAR 
 

APRIL 
 

JULY 
 

OCTOBER 
 

AOD 
 0.14 0.19 0.14 0.09 

variation 
coefficient % 13 16 15 16 

turbidity 
factor T 2.72 2.76 3.02 2.39 

variation 
coefficient % 36 43 44 66 

 
Table 5. Multiyear mean values of the T turbidity factors of the atmospheric aerosol optical thickness 
(AOD) and their variation coefficients (the period of averaging is 1976–2010) 
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Figure 15. Spatial distribution of T in Trans-Baikal and Central Siberia region of RF for the July (top) 
and April (bottom) values, averaging period 1976-2010 years, 17 stations. 
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Figure 16. Fire quantity (FQ) (dotted line) and factor of integral turbidity T (firm line) during 1977 -
1986 years in Trans-Baikal region. 

 

 
Figure 17. A result of the one-dimensional wavelet transformation of the two signals: fire quantity FQ 
(top) and factor of integral turbidity T (bottom) during 1977 -1986 years in Trans-Baikal region. 
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Figure 17. A result of the one-dimensional wavelet transformation of the two signals: fire quantity FQ 
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Figure 18. Fire quantity FQ (dotted line) and factor of integral turbidity T (firm line) during 1992 - 2009 
years in Trans-Baikal region. 

 

 
Figure 19. A result of the one-dimensional wavelet transformation of the two signals: fire quantity FQ 
(top) and factor of integral turbidity T (bottom) during 1992 - 2009 years in Trans-Baikal region. 
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Figure 20. A result of the WTC transformation of the two signals: fire quantity FQ and factor of integral 
turbidity T during 1987- 1986 years (top) and 1992 – 2009 years (bottom) in Trans-Baikal region. Units of 
the colorbar are wavelet squared coherencies. An arrow, pointing from left to right signifies in-phase, 
and an arrow, pointing upward means that T series lags FQ series by 90° (phase angle is 270°). 

 
Figure 21. A result of the XWT transformation of the two signals: fire quantity FQ and factor of integral 
turbidity T during 1987- 1986 years (top) and during 1992 – 2009 years (bottom) in Trans-Baikal region. 
Units of the colorbar are wavelet squared coherencies. An arrow, pointing from left to right signifies in-
phase, and an arrow, pointing upward means that T series lags FQ series by 90° (phase angle is 270°). 
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Notice:  

The continuous WT (wavelet transformation) expands the time series into time frequency 
space. Cross wavelet transform (XWT) finds regions in time frequency space where the time 
series show high common power. Wavelet coherence (WTC) finds regions in time frequency 
space where the two time series co-vary (but does not necessarily have high power); See 

(Grinsted et al., 2004; Jevrejeva, 2003)  

9. Conclusions 
The application of the AOD and T estimationtechnique for processing the results of 
observations at the Russia actinometric network stations allows obtaining qualitatively new 
and detailed information on the level of aerosol content of the atmosphere in separate regions 
and in Russia as a whole. Our analysis has made it possible to formulate the following 
conclusions about the spatiotemporal distribution of AOD over Russia. The spatial 
distribution of the AOD values averaged over the 35-year period underconsideration 
generally corresponds to the model of global aerosol distribution over Eurasia, which is 
represented in the IPCC third and fourth reports. This is manifested in the AOD decrease 
from the southwest to the northeast in the presence of regions with continuous increasing 
aerosol turbidity in southwestern and southeastern Russia. Against this background, 
regions with increased troposphere aerosol loads are pronounced that have been more 
noticeable under the global purification of the atmosphere from the stratospheric aerosol 
layer that started in 1995. These troposphere sources are related either to an anthropogenic 
load (cities in southern Russia, western Siberia, and Primorskii Krai) or to forest and tundra 
fires in Siberia, in particular, at the Tura station in the Evenki Area. One more cause of the 
decreased transparency in the atmosphere over eastern Russia, which is manifested in the 
annual means of AOD, is the volcanoes of Kamchatka. On the whole, for Russia, the trends 
of multiyear variations have been negative in the last decades. However, there are stations 
at which the AOD trends are positive; this is particularly true of the stations of Kamchatka 
and the Far East.We have ascertained the peculiarities of spatial variations in the air 
turbidity factor in summer 2010 year in comparison with the long-term average spatial 
variations, which have been manifested in both distribution character and the value of the 
anomalies of the turbidity factor at ETR. Also we have ascertained the peculiarities of spatial 
and seasonal variations in the air turbidity factor T and aerosol optical depth AOD in Trans-
Baikal and Central Siberia region of RF for the year and different season  

The analysis of AOD variationsduring the last 35 years shows the following concrete 
estimations: 

1. Total averaged AOD over all stations and the whole period under study (0.14) is very 
close to the annual mean global AOD value (0.14) calculated from the ECHAM-HAM 
model and to the estimates obtained from satellite data (0.16); 

2. Maximum annual mean AOD (0.29) is reached in Krasnodar (№ 4) and the minimum 
one (0.07) is observed at the “aerosol pure” station of Srednekolymsk (№ 51). The 
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averaged special-time changes (standard deviations from the all year-averaged values 
of AOD for all stations) are 0.04 and are equal to mean space changes (standard 
deviations of mean AOD over all stations) which are found to be 0.03; 

3. Minimum annual AOD values for European and Asian parts of Russia are, respectively: 
0.03 and 0.02; 

4. “Purification” of the atmosphere from aerosol is caused by the absence of large volcanic 
eruptions and by industrial “calm” conditions during the last decades. The mean AOD 
for the last 15 years {[AOD (1976-1994 ) – AOD (1995- 2010)] / AOD (1976-2010)}100%=28% is lower 
than in the preceding 19 years. Negative tendencies are almost similar for remote and 
urban (as well as for rural) stations; they are less pronounced in the fall than in spring 
and summer; 

5. Local effect of the AOD increase due to volcanic eruptions can reach 100%, while the 
average effects, within our consideration period, are of some percents. 
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1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) have been drawing attention as a major 
hazardous air pollutant due to their potential carcinogenicity and mutagenicity [1-2]. 
Polycyclic aromatic hydrocarbons are formed during the incomplete combustion of oil, coal, 
gas, wood and other organic substances. PAHs are initially generated in the gas phase, and 
they are adsorbed on pre-existing particles undergoing condensation during further cooling 
of the emission. Thus, most atmospheric PAHs exist in the particulate phase, while some 
higher volatility PAHs or low molecular weight PAHs remain partly in the gas phase (e.g., 
[3]). There are basically five major emission source components: domestic, mobile, 
industrial, agricultural and natural. The relative importance of these sources changes 
depending on the place or regulatory views; however, in the urban environment with heavy 
traffic, mobile source, that is vehicle exhaust is the main contributor to the atmospheric 
PAHs (e.g., [3-6]). Thus, health risk of the dense urban population by the exposure to those 
PAHs has been of concern both in developed and developing countries.  

Currently, PM10 or finer particles are major air pollutants in many urban areas. In the 
atmosphere, PAHs are partitioned between gaseous and particulate phases as explained 
earlier. Especially, PAHs of higher molecular weight species, which are often of higher 
carcinogenic potential, are mostly associated with fine particulate matter (e.g., [2, 7]). 
However, atmospheric behavior of particulate matter is known to be highly complicated in 
terms of its chemical compositions, size distributions, physical behavior, reactions, and so 
on. Accordingly, atmospheric behavior of PAHs associated with particulate matter is 
subjected to uncertainties and still poorly explained, including their temporal and spatial 
variations. 

© 2012 Hoshiko et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 28 

IPCC, Climate Change (2001). Working Group I, Contribution to the Intergovernmental Panel 
on Climate Change. 3rd Assessment Report Climate Change 2001: the PhysicalSciense Basis 
(Cambridge Univ., UK, New York);  

 http://www.grida.no/climate/ipcc_tar/wg1/166.html 
IPCC, Climate Change (2007). Working Group I, Contribution to the Intergovernmental Panel 

on ClimateChange. 4th Assessment Report of Climate Change: ThePhysical Science Basis 
(Cambridge Univ., UK, New York), Ch. 2, pp. 130–234  

Isaev, A.A. (2001). Ecological Climatology (Naucka. Mir, Moscow, 2001) 
Jevrejeva, S., Moore, J., Grinsted, A. (2003). Influence of the Arctic Oscillation and El Nino-

Southern Oscillation (ENSO) on ice conditions in the Baltic Sea: The wavelet approach, 
J. Geophys. Res., 108(D21), 4677, doi:10.1029/2003JD003417, 2003  

Luts’ko, L.; Makhotkina, E.; Klevantsova, V. (2001). The Development of Actinometric 
Observations, Current Studies of the Main Geophysical Observatory: A Jubilee Collection , 
Gidrometeoizdat, St. Petersburg, pp. 184–202 [in Russian] 

Makhotkina, E.; Plakhina, I.; Lukin, A. (2005). Some Feature of Atmospheric Turbidity 
Change over the Russian Territory in the Last Quarter of the 20th Century . Russian 
Meteorology and Hydrology, No. 1, pp. 28 – 36, ISSN 0130 – 2906 

Makhotkina, E.; Lukin, A. Plakhina, I. ( 2007). Monitoring of Integral Atmosphere 
Transparency. Proc. of the All-Russ. Conf. on Development of Monitoring System of 
Atmosphere Structure (RSMSA) (Max Press, Moscow, 2007), p. 104 

Makhotkina, E.; Plakhina, I.; Lukin, A. (2010). Changes in Integral and Aerosol Atmospheric 
Turbidity in Trans-Baikal and Central Siberia. Russian Meteorology and Hydrology, Vol.35, 
No. 1, pp. 34 – 46, ISSN 1068 – 3739  

Ohmura, A. (2006). Observed Long-term Variations of Solar Irradiance at the Earth Surface. 
Space Sceince Reviews, Vol.125, No 1- 4, pp.111-128 

Plakhina, I.; Makhotkina, E.; Pankratova, N. (2007). Variations of Aerosol Optical Thickness 
of the Atmosphere in Russia in 1976-2003. Russian Meteorology and Hydrology, Vol. 32, 
No. 2, pp. 85 – 92, ISSN 1068 – 3739 

Plakhina, I.; Pankratova, N., Makhotkina, E. (2009). Variations in the Aerosol Optical Depth 
from the Data Obtained at the Russian Actinometric Network in 1976-2006. Izvestiya, 
Atmospheric and Oceanic Physics, Vol. 45, No. 4, pp. 456 – 466, ISSN 0001 – 4338 

Plakhina, I.; Pankratova, N., Makhotkina, E. (2011). Spatial Variations in the Air Turbidity 
Factor above the European part of Russia under Conditions of Abnormal Summer of 
2010. Izvestiya, Atmospheric and Oceanic Physics, Vol. 47, No. 6, pp. 708 – 713, ISSN 0001 – 
4338 

Sitnov, S. (2010). The Results of Satellite Monitoring of the Content of Trace Gases in the 
Atmospheric and Optical Characteristics of Aerosol over the European Territory of 
Russia in April–September 2010, in AllRussia Meeting on the Problem of the State of the 
Air Basin in Moscow and European Part of Russia under the Extreme Weather 
Conditions in Summer 2010 pp. 26–27, http://www.ifaran.ru/messaging/forum/ 

Chapter 2 

 

 

 
 

© 2012 Hoshiko et al., licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Temporal Variation of Particle Size Distribution 
of Polycyclic Aromatic Hydrocarbons at Different 
Roadside Air Environments in Bangkok, Thailand 

Tomomi Hoshiko, Kazuo Yamamoto,  
Fumiyuki Nakajima and Tassanee Prueksasit 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48432 

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) have been drawing attention as a major 
hazardous air pollutant due to their potential carcinogenicity and mutagenicity [1-2]. 
Polycyclic aromatic hydrocarbons are formed during the incomplete combustion of oil, coal, 
gas, wood and other organic substances. PAHs are initially generated in the gas phase, and 
they are adsorbed on pre-existing particles undergoing condensation during further cooling 
of the emission. Thus, most atmospheric PAHs exist in the particulate phase, while some 
higher volatility PAHs or low molecular weight PAHs remain partly in the gas phase (e.g., 
[3]). There are basically five major emission source components: domestic, mobile, 
industrial, agricultural and natural. The relative importance of these sources changes 
depending on the place or regulatory views; however, in the urban environment with heavy 
traffic, mobile source, that is vehicle exhaust is the main contributor to the atmospheric 
PAHs (e.g., [3-6]). Thus, health risk of the dense urban population by the exposure to those 
PAHs has been of concern both in developed and developing countries.  

Currently, PM10 or finer particles are major air pollutants in many urban areas. In the 
atmosphere, PAHs are partitioned between gaseous and particulate phases as explained 
earlier. Especially, PAHs of higher molecular weight species, which are often of higher 
carcinogenic potential, are mostly associated with fine particulate matter (e.g., [2, 7]). 
However, atmospheric behavior of particulate matter is known to be highly complicated in 
terms of its chemical compositions, size distributions, physical behavior, reactions, and so 
on. Accordingly, atmospheric behavior of PAHs associated with particulate matter is 
subjected to uncertainties and still poorly explained, including their temporal and spatial 
variations. 

© 2012 Hoshiko et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 30 

Thailand’s capital city, Bangkok was selected as the field of this study, where traffic air 
pollution and its health effects have long been a serious problem due to the heavy traffic and 
the chronic state of traffic congestion. It was reported that about 88% of PAH emission is 
attributed to motor vehicles, and a minor contributions are from biomass burning and oil 
combustion [6]. In Bangkok, road traffic is the main transport. Diesel buses have been the 
primary public transport, and ownership of passenger cars- both gasoline and diesel- and 
motorcycles has been increasing. The mass rapid transit network is still insufficient to meet 
the dramatically increased travel demand, which arose concurrently with the rapid 
economic development and rise in population in the last several decades. Thus, road traffic is 
heavily congested. At present, overall air quality in Bangkok has been significantly improved 
owing to several effective policies taken in the last decade, and the initiation and ongoing 
extension of railways and reinforcement of vehicle emission controls are quite promising for 
the further improvement. This is recognized as a successful case of urban air quality 
improvement in Southeast Asia, where many cities are still suffering from serious air 
pollution. In spite of the improvement, the present roadside PM10 levels in Bangkok have 
still been constantly exceeding the standard values; 24 hour standard 120 μg/m3 and annual 
standard 50μg/m3 [8]. Given the situation, carcinogenic PAHs associated with particulate 
matter are suspected to contribute to an increased health risk for the people living in the city. 

Previous studies on roadside measurements reported much higher levels of PAHs than 
those at ambient sites, which has been the case for Bangkok as well [6,9-13]. It is stressed 
that environmental monitoring of PAHs is needed in more comprehensive ways with higher 
resolutions of time and space, especially at roadside areas, which are possible hot spots of 
high levels of exposure. In PAH monitoring, temporal variations of concentrations are an 
important aspect, for example, seasonal and diurnal changes. As for seasonal variations, 
monitoring data in developed countries in the temperate regions, such as Western Europe 
and the USA, are relatively abundant, whereas in developing countries in the tropical 
regions including Thailand, data are limited. For diurnal variations, there have not been 
many cases reported because PAH concentrations are usually reported as daily average. 
However, some previous reports showed remarkable diurnal changes in PAH 
concentrations, with morning and evening peaks in parallel with traffic rush hours (e.g., 
[5,12,14-17]). If we further look into the behavior of PAHs, information on diurnal variations 
of particle size-fractioned PAH concentrations become of interest, because particulate matter 
of different sizes is known to exert different levels of adverse health effects in the human 
body and finer particles penetrate into deeper parts of the human body and cause 
respiratory or cardiovascular disorders. However, studies concerning such information have 
been quite limited. Therefore, the specific objective of this study is to investigate diurnal 
variations of particle size distribution of PAHs by conducting field measurements.  

2. Methodology 

2.1. Study sites and time 

Bangkok has a population of more than eight million people. Its climate is classified as 
tropical savanna with three seasons: hot (March – mid May), wet (mid-May - October) and 
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cool (November - February). In terms of their characteristics, the hot season is hot and dry, 
the wet season is hot and wet, and the cool season is cool and dry. Field measurements were 
conducted in March and April, 2006, in the hot season. Concentrations of particulate phase 
PAHs were measured on the roadside in Bangkok. Diurnal variations of PAH 
concentrations were investigated by comparing two roadside sites with different road 
configurations. The measurement sites were Rama6 (R6) and Chockchai4 (CC). The R6 site is 
located in the area of government offices in the Bangkok city center, where one of the main 
roads, R6, carries heavy traffic. The R6 road is covered by an elevated highway (Figure 1a), 
and this configuration, together with large roadside buildings, is likely to cause a stagnant 
air mass within the road space. By contrast, the CC site has an ordinary open-space 
configuration along the Ladphrao road, with low-rise small buildings (Figure 1b). The 
measurement points were approximately three meters distance from the roads at both sites, 
1.5 meters height from the ground at R6 (Figure 2a) and three meters height at CC in a 
Pollution Control Department’s (PCD) air monitoring station, where the rooftop space of the 
station was provided to install measurement equipment for this study (Figure 2b). 

 
Figure 1. Figure 1. Study sites. a) Rama6; b) Chockchai4 

2.2. Air sampling 

Particle mass was collected using a 10-stage Micro Orifice Uniform Deposit Impactor 
(MOUDI, Model 110, MSP Corporation, U.S.A.) [18] (Figure 3). The principle operation of the 
MOUDI is the same as any inertial cascade impactor with multiple nozzles. At each stage, jets 
of particle-laden air impinge upon an impaction plate, and particles larger than the cut-size of 
that stage cross the air stream lines and are collected upon the impaction plate. The smaller 
particles with less inertia do not cross the streamline and proceed to the next stage where the 
nozzles are smaller and where the air velocity through the nozzle is higher, and there, the 
finer particles are collected. This continues through the cascade impactor until the smallest 
particles are collected by the after-filter [19]. Figure 4 shows a schematic diagram of one stage 
of the MOUDI, showing its relation to the above and below stages [19]. 
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Figure 2. Measurement locations. a) Rama6; b) Chockchai4 

 
Figure 3. Micro Orifice Uniform Deposit Impactors (MOUDI) 

Polytetrafluoroethylene (PTFE) membrane filters of 47-mm diameters (ADVANTEC, Japan) 
were used as the impaction substrates, and 37-mm glass filters (ADVANTEC, Japan) were 
used as the after-filter. The aerodynamic diameter size cut points with 50% collection 
efficiency were 0.18, 0.31, 0.56, 1.0, 1.8, 3.2, 5.6, 10, and 18 μm. The MOUDI operated at 30 
L/min, and the particle mass in the filters was determined gravimetrically. Before each 
weighing, the filters were conditioned in a desiccator with silica gel for about three days to 
eliminate humidity. Afterward, the filters were wrapped in aluminum foil and stored at 4 °C 
until the extraction was performed. After ultrasonic extraction, 13 kinds of PAHs with three 
to six aromatic rings (Table 1 and Figure 4) were determined by Gas Chromatography / 
Mass Spectrometry (GC/MS) analysis. Among the 13 PAHs, 12 of them, not including 
Benzo(e)pyrene (BeP), have been included in the priority pollutant list of the Clean Water 
Act of the United States Environmental Protection Agency (US EPA) since the 1970s. 

(a) (b)
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Figure 4. Schematic diagram of a MOUDI stage showing its relation to the above and below stages [19] 

Compound Abbr.
Molecular 
formula 

Molecular  
weight 

No. of 
aromatic rings 

Vapor pressure 
(Pa at 25 ºC) 

Solubility in 
water  
(μg/L at 25 ºC) 

Phenanthrene Phe C14H10 178 3 1.6×10-2 1.3×103 
Anthracene Ant C14H10 178 3 8.0×10-4 73 
Fluoranthene Fluo C16H10 202 4 1.2×10-3 260 
Pyrene Pyr C16H10 202 4 6.0×10-4 135 
Benzo(a)anthracene BaA C18H12 228 4 2.8×10-5 5.6 
Chrysene Chr C18H12 228 4 8.4×10-5 * 2.0 
Benzo(b)fluoranthene BbF C20H12 252 5 6.7×10-5 * 0.80 
Benzo(k)fluoranthene BkF C20H12 252 5 1.3×10-8 * 0.76 
Benzo(e)pyrene BeP C20H12 252 5 7.6×10-7  6.3 
Benzo(a)pyrene BaP C20H12 252 5 7.4×10-7 3.8 
Indeno(1,2,3-
cd)pyrene 

IP C22H12 276 6 1.3×10-8 * 62 

Dibenz(a,h)anthracene DahA C22H14 278 5 1.3×10-8 * 1.0 
Benzo(g,h,i)perylene BghiP C20H12 276 6 1.4×10-8 0.26 

*Pa at 20 ºC 

Table 1. Physico-chemical properties of 13 PAHs measured in this study [2] 

To monitor the temporal variations of total concentrations of particulate PAHs, photoelectric 
aerosol sensors (model PAS2000CE, EcoChem Analytics, Germany) [20] were used for real-
time monitoring (Figure 5). Photoelectric aerosol sensors (PAS) work on the basis of 
photoelectric ionization of PAHs adsorbed onto particles [21]. The measurement techniques 
of this instrument have been described in detail elsewhere [22]. Briefly, a vacuum pump is 
used to draw ambient air through a quartz tube around which a UV lamp is mounted. 
Irradiation with UV light causes particles to emit electrons, which are then captured by 
surrounding gas molecules. Negatively charged particles are removed from the air stream,  
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aerosol sensors (model PAS2000CE, EcoChem Analytics, Germany) [20] were used for real-
time monitoring (Figure 5). Photoelectric aerosol sensors (PAS) work on the basis of 
photoelectric ionization of PAHs adsorbed onto particles [21]. The measurement techniques 
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Irradiation with UV light causes particles to emit electrons, which are then captured by 
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Figure 5. Structural formulas of the 13 PAHs 

and the remaining positively charged particles are collected on a particle filter mounted in a 
Faraday cage. The particle filter converts the ion current to an electrical current, which is then 
amplified and measured with an electrometer (Figure 6). The electric current establishes 
signals that are proportional to the concentrations of total PAHs [20]. The target particle size 
is below 1 μm and the signals are recorded every 2 minutes. In the results of this study, PAS 
monitoring data are indicated as PAS signals without particular units, because the purpose of 
use of PAS is to know relative levels of temporal variations of total PAH concentrations, not 
to know absolute values of the total PAH concentrations, for which actual kinds of PAHs 
which compose the total concentrations cannot be identified by the PAS.  

 
Figure 6. PAS2000CE 
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Figure 7. Scheme of PAS2000CE [49] 

2.3. Particle size distribution 

Particle sizes in the atmosphere are known to distribute with certain frequency modes, 
namely, nuclei mode, accumulation mode and coarse mode [23]. The nuclei mode, or 
ultrafine mode is mainly primary emission of vehicle exhaust and is carbonaceous 
particulate matter. The accumulation mode is responsible for formation of secondary 
organic aerosols especially through photochemical reactions with VOCs including gas phase 
PAHs and also for coagulation of particles. The coarse mode (>1.8 um) particles are mostly 
grown particles in the atmosphere and/or re-suspended road dust, which are reported to be 
subject to condensation of volatile materials including lighter PAHs. From previous studies, 
concentrations of PAHs are found to be highly dependent upon the size of particles. In view 
of association mechanisms and atmospheric processes of PAHs to urban aerosols, those 
particle size modes are applied to this study [7]. Based on previous studies on PAHs 
measurement using cascade air samplers (e.g., [24-25]) three particle size modes are defined 
for this study: ultrafine mode (< 0.18 μm), accumulation mode (0.18-1.8 μm) and coarse 
mode (1.8μm <) according to the particle cut sizes of the MOUDI.  

2.4. Traffic and meteorological data 

Road traffic was recorded using a video camera for 24 hours or shorter during the air 
sampling. The traffic volume was counted manually for 10 minutes in every hour, then 
multiplied by six to estimate hourly average volumes. At the CC site, hourly meteorological 
data monitored by the PCD were obtained. The meteorological data included temperature, 
solar radiation, relative humidity, rain, wind speed and wind direction. At the R6 site, wind 
speed and wind directions were monitored at 10-minute intervals using KADEC wind 
monitors (Kona Systems, Japan), and temperature, solar radiation, relative humidity and 
rainfall were monitored at 5-minute intervals using an AutoMet meteorology monitor (MET 
ONE Instruments, USA). 
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mode (1.8μm <) according to the particle cut sizes of the MOUDI.  

2.4. Traffic and meteorological data 

Road traffic was recorded using a video camera for 24 hours or shorter during the air 
sampling. The traffic volume was counted manually for 10 minutes in every hour, then 
multiplied by six to estimate hourly average volumes. At the CC site, hourly meteorological 
data monitored by the PCD were obtained. The meteorological data included temperature, 
solar radiation, relative humidity, rain, wind speed and wind direction. At the R6 site, wind 
speed and wind directions were monitored at 10-minute intervals using KADEC wind 
monitors (Kona Systems, Japan), and temperature, solar radiation, relative humidity and 
rainfall were monitored at 5-minute intervals using an AutoMet meteorology monitor (MET 
ONE Instruments, USA). 
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3. Diurnal variation of particle size distribution of PAHs 

3.1. Preliminary measurement 

One of the most influential and distinctive factors for diurnal PAH concentration variations was 
expected to be diurnal variations of vehicle emissions. Thus, it was considered most appropriate 
to investigate diurnal variations of particle size distributions of PAHs in accordance with 
morning and evening traffic peak hours and two off-peak hours in between, namely daytime 
and night time, in total four different time periods of the day for separate measurements. 
Preliminary PAS real-time monitoring was conducted to see if the PAS signals show morning 
and evening peaks corresponding to the traffic. The measurements were conducted from March 
27th to April 2nd, 2006, at R6 and from April 21st to 23rd, 2006 at CC, right before the MOUDI 
air sampling, respectively. Figure 7 presents the results from the PAS signals. Although the 
timing of the PAS signal peaks were somewhat varied on different days, the morning and 
evening peak hours and the daytime and overnight off-peak hours were confirmed. Based on 
these observations, the following four time periods were decided for the MOUDI air sampling 
durations at each site to investigate diurnal variations of particle size distributions of PAHs: 
6:00-10:00 (morning (m)), 12:00-16:00 (daytime (d)), 18:00-21:00 (evening (e)) and 22:00-5:00 
(overnight (o)) at R6; and 6:00-9:30 (m), 13:00-17:00 (d), 18:30-21:30 (e) and 22:00-5:00 (o) at CC. 

 
Figure 8. Preliminary real-time monitoring for the selection of four time periods corresponding to peak 
and off-peak hours of PAS signals for MOUDI air sampling [35] 
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3.2. Results and discussion 

Air sampling was conducted using the MOUDI during the four selected time periods for 
three consecutive days. The sampling periods were April 3rd (Mon.)-6th (Thu.), 2006, at R6 
and April 24th (Mon.)-27th (Thu.), 2006, at CC. Table 2 shows the 13 particle size-fractioned 
PAH concentrations (ng/m3) during the four time periods of the day. Particulate matter was  
collected cumulatively on the same filters in each time period, while the air sampling using   
 

(a) 

Time period PAH Total Detection limit
of day < 0.18 0.18～0.31 0.31～0.56 0.56～1.0 1.0～1.8 1.8～3.2 3.2～5.6 5.6～10 10～18 18 <  (ng/m3)  (ng/m3)

Morning Phe 0.064 0.072 0.061 0.026 0.020 0.017 0.0091 0.017 0.012 0.010 0.308 0.0015
Ant 0.021 0.024 0.018 0.013 0.015 0.013 0.0060 0.012 0.0092 0.018 0.151 0.0015
Fluo 0.065 0.074 0.054 0.024 0.017 0.014 0.0075 0.014 0.0090 0.0090 0.288 0.0015
Pyr 0.12 0.13 0.097 0.042 0.030 0.022 0.010 0.020 0.013 0.014 0.497 0.0015
BaA 0.074 0.094 0.065 0.023 0.014 0.012 0.007 0.014 0.013 0.012 0.329 0.0029
Chr 0.079 0.11 0.086 0.033 0.021 0.014 0.009 0.019 0.015 0.016 0.400 0.0029
BbF 0.19 0.17 0.15 0.046 0.017 0.014 0.010 0.017 0.013 0.015 0.642 0.0037
BkF 0.10 0.11 0.078 0.039 0.018 0.0090 0.0089 0.012 0.0092 0.015 0.398 0.0037
BeP 0.20 0.19 0.16 0.045 0.017 0.011 0.011 0.012 N.D. N.D. 0.65 0.0018
BaP 0.22 0.21 0.18 0.052 0.029 0.017 0.015 0.022 N.D. N.D. 0.74 0.0037
IP 0.14 0.11 0.086 0.034 N.D. N.D. N.D. N.D. N.D. N.D. 0.37 0.0037

DahA 0.023 0.010 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.033 0.015
BghiP 0.27 0.19 0.18 0.059 N.D. N.D. N.D. N.D. N.D. N.D. 0.69 0.0037

Σ13 PAHs 1.6 1.5 1.2 0.44 0.20 0.14 0.094 0.16 0.094 0.109 5.5
Ratio(%) 28.4 26.9 22.1 7.9 3.6 2.6 1.7 2.9 1.7 2.0 100.0

Daytime Phe 0.042 0.097 0.11 0.049 0.045 0.039 0.032 0.033 0.039 0.034 0.51 0.0034
Ant 0.023 0.045 0.053 0.030 0.057 0.037 0.028 0.027 0.035 0.033 0.37 0.0034
Fluo 0.045 0.081 0.095 0.055 0.048 0.022 0.026 0.023 0.022 0.021 0.44 0.0034
Pyr 0.075 0.16 0.18 0.091 0.067 0.032 0.034 0.032 0.028 0.027 0.73 0.0034
BaA 0.048 0.086 0.095 0.059 0.055 0.027 0.047 0.024 0.038 0.032 0.51 0.0067
Chr 0.073 0.10 0.12 0.058 0.061 0.039 0.059 0.038 0.048 0.038 0.64 0.0067
BbF 0.11 0.21 0.22 0.079 0.048 0.040 0.045 0.033 0.039 N.D. 0.83 0.0084
BkF 0.064 0.12 0.14 0.067 0.043 0.047 0.035 0.028 0.036 N.D. 0.58 0.0084
BeP 0.077 0.19 0.21 0.053 0.023 N.D. 0.027 N.D. N.D. N.D. 0.58 0.0042
BaP 0.099 0.18 0.17 0.049 0.064 N.D. 0.085 N.D. N.D. N.D. 0.65 0.0084
IP 0.19 0.21 0.24 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.64 0.0084

DahA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.034
BghiP 0.23 0.26 0.27 0.035 N.D. N.D. N.D. N.D. N.D. N.D. 0.80 0.0084

Σ13 PAHs 1.1 1.7 1.9 0.63 0.51 0.28 0.42 0.24 0.29 0.19 7.3
Ratio(%) 14.8 23.9 26.2 8.6 7.0 3.9 5.8 3.3 3.9 2.6 100.0

Particle size fraction (μm)

Evening Phe 0.050 0.096 0.096 0.049 0.036 0.036 0.037 0.038 0.035 0.032 0.50 0.0028
Ant 0.029 0.053 0.046 0.031 0.028 0.037 0.030 0.031 0.035 0.025 0.35 0.0028
Fluo 0.058 0.10 0.084 0.054 0.034 0.039 0.035 0.030 0.033 0.027 0.49 0.0028
Pyr 0.075 0.18 0.15 0.075 0.042 0.059 0.052 0.040 0.034 0.030 0.73 0.0028
BaA 0.073 0.11 0.12 0.035 0.039 0.032 0.037 0.033 0.036 0.039 0.55 0.0056
Chr 0.076 0.15 0.11 0.048 0.037 0.034 0.033 0.038 0.033 0.036 0.60 0.0056
BbF 0.12 0.25 0.23 0.051 0.053 0.029 0.033 0.037 0.041 0.033 0.89 0.0070
BkF 0.13 0.17 0.13 0.047 0.063 0.033 0.035 0.027 0.027 0.030 0.69 0.0070
BeP 0.10 0.17 0.22 0.051 N.D. 0.022 0.021 N.D. N.D. N.D. 0.58 0.0035
BaP 0.10 0.25 0.30 0.12 N.D. 0.062 0.050 N.D. N.D. N.D. 0.89 0.0070
IP 0.19 0.20 0.15 0.033 N.D. N.D. N.D. N.D. N.D. N.D. 0.57 0.0070

DahA 0.049 0.080 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.13 0.028
BghiP 0.29 0.30 0.26 0.055 N.D. N.D. N.D. N.D. N.D. N.D. 0.90 0.0070

Σ13 PAHs 1.3 2.1 1.9 0.65 0.33 0.38 0.36 0.27 0.27 0.25 7.9
Ratio(%) 17.1 26.9 23.9 8.2 4.2 4.9 4.6 3.5 3.5 3.2 100.0

Overnight Phe 0.017 0.036 0.031 0.020 0.021 0.014 0.013 0.019 0.011 0.013 0.20 0.0010
Ant 0.0088 0.017 0.013 0.011 0.011 0.012 0.010 0.022 0.0071 0.010 0.122 0.0010
Fluo 0.014 0.027 0.026 0.016 0.020 0.012 0.014 0.032 0.0074 0.010 0.177 0.0010
Pyr 0.028 0.052 0.049 0.031 0.038 0.023 0.018 0.037 0.011 0.013 0.30 0.0010
BaA 0.024 0.034 0.031 0.014 0.015 0.0083 0.016 0.031 0.0077 0.011 0.190 0.0021
Chr 0.023 0.043 0.039 0.026 0.024 0.014 0.014 0.031 0.0070 0.010 0.231 0.0021
BbF 0.022 0.055 0.053 0.012 0.027 0.013 0.018 0.028 0.011 0.012 0.25 0.0026
BkF 0.032 0.058 0.070 0.031 0.033 0.0094 0.020 0.030 0.011 0.013 0.307 0.0026
BeP 0.035 0.086 0.082 0.035 0.033 0.012 0.016 0.012 0.0086 0.011 0.329 0.0013
BaP 0.041 0.112 0.099 0.049 0.027 0.019 0.029 0.023 0.011 0.013 0.42 0.0026
IP 0.065 0.067 0.083 0.032 0.019 N.D. N.D. 0.017 N.D. N.D. 0.28 0.0026

DahA 0.017 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.017 0.010
BghiP 0.11 0.11 0.11 0.044 0.030 0.009 0.012 0.027 0.010 0.021 0.48 0.0026

Σ13 PAHs 0.436 0.69 0.68 0.32 0.30 0.145 0.18 0.31 0.102 0.14 3.3
Ratio(%) 13.2 21.0 20.7 9.8 9.0 4.4 5.4 9.3 3.1 4.1 100.0
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3. Diurnal variation of particle size distribution of PAHs 

3.1. Preliminary measurement 

One of the most influential and distinctive factors for diurnal PAH concentration variations was 
expected to be diurnal variations of vehicle emissions. Thus, it was considered most appropriate 
to investigate diurnal variations of particle size distributions of PAHs in accordance with 
morning and evening traffic peak hours and two off-peak hours in between, namely daytime 
and night time, in total four different time periods of the day for separate measurements. 
Preliminary PAS real-time monitoring was conducted to see if the PAS signals show morning 
and evening peaks corresponding to the traffic. The measurements were conducted from March 
27th to April 2nd, 2006, at R6 and from April 21st to 23rd, 2006 at CC, right before the MOUDI 
air sampling, respectively. Figure 7 presents the results from the PAS signals. Although the 
timing of the PAS signal peaks were somewhat varied on different days, the morning and 
evening peak hours and the daytime and overnight off-peak hours were confirmed. Based on 
these observations, the following four time periods were decided for the MOUDI air sampling 
durations at each site to investigate diurnal variations of particle size distributions of PAHs: 
6:00-10:00 (morning (m)), 12:00-16:00 (daytime (d)), 18:00-21:00 (evening (e)) and 22:00-5:00 
(overnight (o)) at R6; and 6:00-9:30 (m), 13:00-17:00 (d), 18:30-21:30 (e) and 22:00-5:00 (o) at CC. 

 
Figure 8. Preliminary real-time monitoring for the selection of four time periods corresponding to peak 
and off-peak hours of PAS signals for MOUDI air sampling [35] 
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3.2. Results and discussion 

Air sampling was conducted using the MOUDI during the four selected time periods for 
three consecutive days. The sampling periods were April 3rd (Mon.)-6th (Thu.), 2006, at R6 
and April 24th (Mon.)-27th (Thu.), 2006, at CC. Table 2 shows the 13 particle size-fractioned 
PAH concentrations (ng/m3) during the four time periods of the day. Particulate matter was  
collected cumulatively on the same filters in each time period, while the air sampling using   
 

(a) 

Time period PAH Total Detection limit
of day < 0.18 0.18～0.31 0.31～0.56 0.56～1.0 1.0～1.8 1.8～3.2 3.2～5.6 5.6～10 10～18 18 <  (ng/m3)  (ng/m3)

Morning Phe 0.064 0.072 0.061 0.026 0.020 0.017 0.0091 0.017 0.012 0.010 0.308 0.0015
Ant 0.021 0.024 0.018 0.013 0.015 0.013 0.0060 0.012 0.0092 0.018 0.151 0.0015
Fluo 0.065 0.074 0.054 0.024 0.017 0.014 0.0075 0.014 0.0090 0.0090 0.288 0.0015
Pyr 0.12 0.13 0.097 0.042 0.030 0.022 0.010 0.020 0.013 0.014 0.497 0.0015
BaA 0.074 0.094 0.065 0.023 0.014 0.012 0.007 0.014 0.013 0.012 0.329 0.0029
Chr 0.079 0.11 0.086 0.033 0.021 0.014 0.009 0.019 0.015 0.016 0.400 0.0029
BbF 0.19 0.17 0.15 0.046 0.017 0.014 0.010 0.017 0.013 0.015 0.642 0.0037
BkF 0.10 0.11 0.078 0.039 0.018 0.0090 0.0089 0.012 0.0092 0.015 0.398 0.0037
BeP 0.20 0.19 0.16 0.045 0.017 0.011 0.011 0.012 N.D. N.D. 0.65 0.0018
BaP 0.22 0.21 0.18 0.052 0.029 0.017 0.015 0.022 N.D. N.D. 0.74 0.0037
IP 0.14 0.11 0.086 0.034 N.D. N.D. N.D. N.D. N.D. N.D. 0.37 0.0037

DahA 0.023 0.010 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.033 0.015
BghiP 0.27 0.19 0.18 0.059 N.D. N.D. N.D. N.D. N.D. N.D. 0.69 0.0037

Σ13 PAHs 1.6 1.5 1.2 0.44 0.20 0.14 0.094 0.16 0.094 0.109 5.5
Ratio(%) 28.4 26.9 22.1 7.9 3.6 2.6 1.7 2.9 1.7 2.0 100.0

Daytime Phe 0.042 0.097 0.11 0.049 0.045 0.039 0.032 0.033 0.039 0.034 0.51 0.0034
Ant 0.023 0.045 0.053 0.030 0.057 0.037 0.028 0.027 0.035 0.033 0.37 0.0034
Fluo 0.045 0.081 0.095 0.055 0.048 0.022 0.026 0.023 0.022 0.021 0.44 0.0034
Pyr 0.075 0.16 0.18 0.091 0.067 0.032 0.034 0.032 0.028 0.027 0.73 0.0034
BaA 0.048 0.086 0.095 0.059 0.055 0.027 0.047 0.024 0.038 0.032 0.51 0.0067
Chr 0.073 0.10 0.12 0.058 0.061 0.039 0.059 0.038 0.048 0.038 0.64 0.0067
BbF 0.11 0.21 0.22 0.079 0.048 0.040 0.045 0.033 0.039 N.D. 0.83 0.0084
BkF 0.064 0.12 0.14 0.067 0.043 0.047 0.035 0.028 0.036 N.D. 0.58 0.0084
BeP 0.077 0.19 0.21 0.053 0.023 N.D. 0.027 N.D. N.D. N.D. 0.58 0.0042
BaP 0.099 0.18 0.17 0.049 0.064 N.D. 0.085 N.D. N.D. N.D. 0.65 0.0084
IP 0.19 0.21 0.24 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.64 0.0084

DahA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.034
BghiP 0.23 0.26 0.27 0.035 N.D. N.D. N.D. N.D. N.D. N.D. 0.80 0.0084

Σ13 PAHs 1.1 1.7 1.9 0.63 0.51 0.28 0.42 0.24 0.29 0.19 7.3
Ratio(%) 14.8 23.9 26.2 8.6 7.0 3.9 5.8 3.3 3.9 2.6 100.0

Particle size fraction (μm)

Evening Phe 0.050 0.096 0.096 0.049 0.036 0.036 0.037 0.038 0.035 0.032 0.50 0.0028
Ant 0.029 0.053 0.046 0.031 0.028 0.037 0.030 0.031 0.035 0.025 0.35 0.0028
Fluo 0.058 0.10 0.084 0.054 0.034 0.039 0.035 0.030 0.033 0.027 0.49 0.0028
Pyr 0.075 0.18 0.15 0.075 0.042 0.059 0.052 0.040 0.034 0.030 0.73 0.0028
BaA 0.073 0.11 0.12 0.035 0.039 0.032 0.037 0.033 0.036 0.039 0.55 0.0056
Chr 0.076 0.15 0.11 0.048 0.037 0.034 0.033 0.038 0.033 0.036 0.60 0.0056
BbF 0.12 0.25 0.23 0.051 0.053 0.029 0.033 0.037 0.041 0.033 0.89 0.0070
BkF 0.13 0.17 0.13 0.047 0.063 0.033 0.035 0.027 0.027 0.030 0.69 0.0070
BeP 0.10 0.17 0.22 0.051 N.D. 0.022 0.021 N.D. N.D. N.D. 0.58 0.0035
BaP 0.10 0.25 0.30 0.12 N.D. 0.062 0.050 N.D. N.D. N.D. 0.89 0.0070
IP 0.19 0.20 0.15 0.033 N.D. N.D. N.D. N.D. N.D. N.D. 0.57 0.0070

DahA 0.049 0.080 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.13 0.028
BghiP 0.29 0.30 0.26 0.055 N.D. N.D. N.D. N.D. N.D. N.D. 0.90 0.0070

Σ13 PAHs 1.3 2.1 1.9 0.65 0.33 0.38 0.36 0.27 0.27 0.25 7.9
Ratio(%) 17.1 26.9 23.9 8.2 4.2 4.9 4.6 3.5 3.5 3.2 100.0

Overnight Phe 0.017 0.036 0.031 0.020 0.021 0.014 0.013 0.019 0.011 0.013 0.20 0.0010
Ant 0.0088 0.017 0.013 0.011 0.011 0.012 0.010 0.022 0.0071 0.010 0.122 0.0010
Fluo 0.014 0.027 0.026 0.016 0.020 0.012 0.014 0.032 0.0074 0.010 0.177 0.0010
Pyr 0.028 0.052 0.049 0.031 0.038 0.023 0.018 0.037 0.011 0.013 0.30 0.0010
BaA 0.024 0.034 0.031 0.014 0.015 0.0083 0.016 0.031 0.0077 0.011 0.190 0.0021
Chr 0.023 0.043 0.039 0.026 0.024 0.014 0.014 0.031 0.0070 0.010 0.231 0.0021
BbF 0.022 0.055 0.053 0.012 0.027 0.013 0.018 0.028 0.011 0.012 0.25 0.0026
BkF 0.032 0.058 0.070 0.031 0.033 0.0094 0.020 0.030 0.011 0.013 0.307 0.0026
BeP 0.035 0.086 0.082 0.035 0.033 0.012 0.016 0.012 0.0086 0.011 0.329 0.0013
BaP 0.041 0.112 0.099 0.049 0.027 0.019 0.029 0.023 0.011 0.013 0.42 0.0026
IP 0.065 0.067 0.083 0.032 0.019 N.D. N.D. 0.017 N.D. N.D. 0.28 0.0026

DahA 0.017 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.017 0.010
BghiP 0.11 0.11 0.11 0.044 0.030 0.009 0.012 0.027 0.010 0.021 0.48 0.0026

Σ13 PAHs 0.436 0.69 0.68 0.32 0.30 0.145 0.18 0.31 0.102 0.14 3.3
Ratio(%) 13.2 21.0 20.7 9.8 9.0 4.4 5.4 9.3 3.1 4.1 100.0
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Table 2. Particle size-fractioned 13 PAHs concentrations (ng/m3) in the four time periods of the day 
a) Rama6; b) Chockchai4 

the MOUDI was repeated for three consecutive days. After the sampling on the first and  
second days, the filters were kept in plastic cases and carried until the sampling on the 
second and third days. (N.B. Unfortunately, filter samples of CC overnight were mishandled 
and size-segregated PAH concentration data and particle weight data are not available. 
However, total atmospheric PAH concentrations are available using the amount of air 
pumped in by the MOUDI equipment as shown in Table 2.)  

Time period PAH Total Detection limit
of day < 0.18 0.18～0.31 0.31～0.56 0.56～1.0 1.0～1.8 1.8～3.2 3.2～5.6 5.6～10 10～18 18 < (ng/m3) (ng/m3)

Morning Phe 0.051 0.077 0.070 0.044 0.039 0.037 0.039 0.034 0.036 0.035 0.46 0.0035
Ant 0.020 0.021 0.019 0.018 0.017 0.016 0.021 0.016 0.019 0.020 0.19 0.0035
Fluo 0.031 0.040 0.046 0.026 0.023 0.020 0.022 0.016 0.022 0.019 0.27 0.0035
Pyr 0.058 0.069 0.068 0.040 0.029 0.027 0.025 0.022 0.022 0.023 0.38 0.0035
BaA 0.031 0.030 0.023 0.019 0.018 0.016 0.024 0.010 0.014 0.025 0.21 0.0070
Chr 0.057 0.061 0.048 0.025 0.021 0.020 0.023 0.022 0.032 0.034 0.34 0.0070
BbF 0.094 0.13 0.12 0.11 N.D. N.D. N.D. N.D. N.D. N.D. 0.46 0.0087
BkF 0.093 0.079 0.069 0.038 N.D. N.D. N.D. N.D. N.D. N.D. 0.28 0.0087
BeP 0.10 0.17 0.13 0.039 N.D. N.D. N.D. N.D. N.D. N.D. 0.45 0.0044
BaP 0.10 0.14 0.10 0.036 N.D. N.D. N.D. N.D. N.D. N.D. 0.38 0.0087
IP 0.059 0.11 0.058 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.23 0.0087

DahA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.035
BghiP 0.13 0.20 0.15 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.48 0.0087

Σ13 PAHs 0.84 1.1 0.91 0.39 0.15 0.14 0.15 0.12 0.14 0.16 4.1
Ratio(%) 20.2 27.5 22.0 9.5 3.6 3.3 3.7 2.9 3.5 3.8 100.0

Daytime Phe 0.050 0.072 0.082 0.042 0.039 0.039 0.038 0.033 0.047 0.044 0.48 0.0032
Ant 0.024 0.026 0.034 0.024 0.018 0.022 0.022 0.014 0.024 0.022 0.23 0.0032
Fluo 0.037 0.050 0.051 0.033 0.023 0.024 0.019 0.014 0.026 0.030 0.31 0.0032
Pyr 0.050 0.081 0.073 0.049 0.032 0.035 0.029 0.016 0.028 0.021 0.42 0.0032
BaA 0.042 0.045 0.044 0.026 0.020 0.028 0.030 0.015 0.027 0.028 0.31 0.0064
Chr 0.059 0.054 0.044 0.025 0.014 0.023 0.018 0.014 0.025 0.020 0.30 0.0064
BbF 0.11 0.12 0.086 0.055 0.041 0.028 N.D. 0.032 0.040 0.046 0.56 0.0081
BkF 0.057 0.045 0.059 0.028 0.018 0.017 N.D. 0.021 0.023 0.018 0.29 0.0081
BeP 0.11 0.10 0.097 0.032 N.D. N.D. N.D. N.D. 0.024 0.025 0.40 0.0040
BaP 0.056 0.055 0.061 0.012 N.D. N.D. N.D. N.D. 0.030 N.D. 0.21 0.0081
IP 0.052 0.128 0.099 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.28 0.0081

DahA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.032
BghiP 0.070 0.14 0.11 0.030 N.D. N.D. N.D. N.D. N.D. N.D. 0.35 0.0081

Σ13 PAHs 0.72 0.92 0.84 0.36 0.21 0.22 0.16 0.16 0.29 0.25 4.1
Ratio(%) 17.6 22.2 20.5 8.6 5.0 5.3 3.8 3.8 7.1 6.2 100.0

Evening Phe 0.048 0.070 0.086 0.064 0.053 0.042 0.042 0.033 0.035 0.033 0.51 0.0038
Ant 0.018 0.025 0.034 0.031 0.022 0.026 0.021 0.022 0.023 0.020 0.24 0.0038
Fluo 0.030 0.048 0.059 0.040 0.028 0.027 0.024 0.023 0.020 0.018 0.32 0.0038
Pyr 0.050 0.082 0.080 0.051 0.044 0.041 0.032 0.026 0.030 0.021 0.46 0.0038
BaA 0.006 0.036 0.033 0.030 0.029 0.020 0.031 0.020 0.023 0.033 0.26 0.0076
Chr 0.008 0.049 0.048 0.029 0.027 0.020 0.024 0.025 0.020 0.019 0.27 0.0076
BbF 0.10 0.12 0.11 0.051 0.039 0.031 N.D. N.D. N.D. N.D. 0.45 0.0094
BkF 0.038 0.050 0.060 0.035 0.023 0.015 N.D. N.D. N.D. N.D. 0.22 0.0094
BeP 0.096 0.12 0.12 0.044 0.041 N.D. N.D. N.D. N.D. N.D. 0.41 0.0047
BaP 0.077 0.075 0.087 0.054 0.057 N.D. N.D. N.D. N.D. N.D. 0.35 0.0094
IP 0.044 0.082 0.10 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.23 0.0094

DahA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.038
BghiP 0.065 0.11 0.14 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.32 0.0094

Σ13 PAHs 0.58 0.87 0.95 0.43 0.36 0.22 0.17 0.15 0.15 0.14 4.0
Ratio(%) 14.4 21.5 23.6 10.6 9.0 5.5 4.3 3.7 3.7 3.6 100.0

Overnight Phe 0.45 0.0026
Ant 0.28 0.0026
Fluo 0.33 0.0026
Pyr 0.41 0.0026
BaA 0.24 0.0051
Chr data not available 0.35 0.0051
BbF 0.42 0.0064
BkF 0.25 0.0064
BeP 0.25 0.0032
BaP 0.24 0.0064
IP 0.07 0.0064

DahA N.D. 0.026
BghiP 0.22 0.0064

Σ13 PAHs 3.5
Ratio(%)

Particle size fraction (μm)

Temporal Variation of Particle Size Distribution of Polycyclic Aromatic 
Hydrocarbons at Different Roadside Air Environments in Bangkok, Thailand 39 

Concurrent with the three-day air sampling using the MOUDI, PAS real-time monitoring 
was also conducted using the PASs, which showed similar trends of diurnal variations to 
those observed in the preliminary measurements. At R6, the PAH signal values sharply 
increased from approximately 5 am and reached morning peaks between 9 and 10 am 
during the three days. Daytime concentrations were lower than in the morning. In the 
daytime and evening, several small peaks appeared. From around midnight to 5 am, 
concentrations were remarkably low. At CC, sharp morning peaks were observed at 
approximately 7 am on April 24th and around 8 am on April 27th. In the evening, broader 
peaks appeared between 4 and 9 pm, and then the concentration decreased. The sharp 
increase in the morning was observed at both sites. This observation is consistent with that 
in previous reports [12,15-16]. The sharp morning peaks can be explained by both the strong 
atmospheric stability caused by the inversion layer and an increase in emissions from the 
morning traffic. Although the total traffic volume was smaller at R6 (74,000 vehicle/day on 
April 5th (Mon.)) than that at CC (92,000 vehicle/day on April 24th (Wed.)), higher 
concentrations were observed at R6 throughout the day, possibly due to the covered 
configuration that restricted the atmospheric dilution effect. According to the traffic 
monitoring, congestion occurred during the daytime at both sites, but daytime PAS signal 
levels at CC were constantly low compared with the large fluctuations of the daytime levels 
at R6. 

Table 3 shows the average local meteorological data during the three-day monitoring 
periods. At both sites, the mean wind directions were almost stable at southwest, which 
situates the both sampling locations at downwind of the road emissions. At R6, the wind 
speed, which ranged from 0.2-0.6 m/s, was low compared with that at CC. The observation 
implies the limited dispersion and long residence time of airborne PAHs within the site. On 
the other hand, the wind speed at CC was much higher, ranging 1.3-2.8 m/s, implying faster 
dispersion. Solar radiation, which promotes photochemical decomposition of PAHs [26], 
was more than 40% lower at R6 throughout the day because of the elevated highway and 
the large buildings along the R6 road. This road configuration may also explain the higher 
daytime concentrations at R6. 
 

Temperature (°C) Solar radiation (W/m2） Relative humidity (%） 
m d e o m d e o m d e o 

R6 29.5 35.9 31.2 29.7 26.1 284.8 0.2 0 85.3 57.9 76.3 83.8 
CC 27.9 29.1 29.6 28.0 129.3 762.5 12.7 0.4 69.5 61.9 55.9 68.2 

Wind speed (m/s） Wind direction 
m d e o m d e o 

R6 0.2 0.6 0.3 0.5 SW WSW SW W 
CC 1.9 1.3 1.8 2.8 SSW SSW SSW SW 

Table 3. Table 3. Local meteorological data; average during the four time periods of the day (April 3-
6th, 2006 at R6 and April 24-27th, 2006 at CC). 
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(b) 

Table 2. Particle size-fractioned 13 PAHs concentrations (ng/m3) in the four time periods of the day 
a) Rama6; b) Chockchai4 

the MOUDI was repeated for three consecutive days. After the sampling on the first and  
second days, the filters were kept in plastic cases and carried until the sampling on the 
second and third days. (N.B. Unfortunately, filter samples of CC overnight were mishandled 
and size-segregated PAH concentration data and particle weight data are not available. 
However, total atmospheric PAH concentrations are available using the amount of air 
pumped in by the MOUDI equipment as shown in Table 2.)  

Time period PAH Total Detection limit
of day < 0.18 0.18～0.31 0.31～0.56 0.56～1.0 1.0～1.8 1.8～3.2 3.2～5.6 5.6～10 10～18 18 < (ng/m3) (ng/m3)

Morning Phe 0.051 0.077 0.070 0.044 0.039 0.037 0.039 0.034 0.036 0.035 0.46 0.0035
Ant 0.020 0.021 0.019 0.018 0.017 0.016 0.021 0.016 0.019 0.020 0.19 0.0035
Fluo 0.031 0.040 0.046 0.026 0.023 0.020 0.022 0.016 0.022 0.019 0.27 0.0035
Pyr 0.058 0.069 0.068 0.040 0.029 0.027 0.025 0.022 0.022 0.023 0.38 0.0035
BaA 0.031 0.030 0.023 0.019 0.018 0.016 0.024 0.010 0.014 0.025 0.21 0.0070
Chr 0.057 0.061 0.048 0.025 0.021 0.020 0.023 0.022 0.032 0.034 0.34 0.0070
BbF 0.094 0.13 0.12 0.11 N.D. N.D. N.D. N.D. N.D. N.D. 0.46 0.0087
BkF 0.093 0.079 0.069 0.038 N.D. N.D. N.D. N.D. N.D. N.D. 0.28 0.0087
BeP 0.10 0.17 0.13 0.039 N.D. N.D. N.D. N.D. N.D. N.D. 0.45 0.0044
BaP 0.10 0.14 0.10 0.036 N.D. N.D. N.D. N.D. N.D. N.D. 0.38 0.0087
IP 0.059 0.11 0.058 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.23 0.0087

DahA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.035
BghiP 0.13 0.20 0.15 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.48 0.0087

Σ13 PAHs 0.84 1.1 0.91 0.39 0.15 0.14 0.15 0.12 0.14 0.16 4.1
Ratio(%) 20.2 27.5 22.0 9.5 3.6 3.3 3.7 2.9 3.5 3.8 100.0

Daytime Phe 0.050 0.072 0.082 0.042 0.039 0.039 0.038 0.033 0.047 0.044 0.48 0.0032
Ant 0.024 0.026 0.034 0.024 0.018 0.022 0.022 0.014 0.024 0.022 0.23 0.0032
Fluo 0.037 0.050 0.051 0.033 0.023 0.024 0.019 0.014 0.026 0.030 0.31 0.0032
Pyr 0.050 0.081 0.073 0.049 0.032 0.035 0.029 0.016 0.028 0.021 0.42 0.0032
BaA 0.042 0.045 0.044 0.026 0.020 0.028 0.030 0.015 0.027 0.028 0.31 0.0064
Chr 0.059 0.054 0.044 0.025 0.014 0.023 0.018 0.014 0.025 0.020 0.30 0.0064
BbF 0.11 0.12 0.086 0.055 0.041 0.028 N.D. 0.032 0.040 0.046 0.56 0.0081
BkF 0.057 0.045 0.059 0.028 0.018 0.017 N.D. 0.021 0.023 0.018 0.29 0.0081
BeP 0.11 0.10 0.097 0.032 N.D. N.D. N.D. N.D. 0.024 0.025 0.40 0.0040
BaP 0.056 0.055 0.061 0.012 N.D. N.D. N.D. N.D. 0.030 N.D. 0.21 0.0081
IP 0.052 0.128 0.099 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.28 0.0081

DahA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.032
BghiP 0.070 0.14 0.11 0.030 N.D. N.D. N.D. N.D. N.D. N.D. 0.35 0.0081

Σ13 PAHs 0.72 0.92 0.84 0.36 0.21 0.22 0.16 0.16 0.29 0.25 4.1
Ratio(%) 17.6 22.2 20.5 8.6 5.0 5.3 3.8 3.8 7.1 6.2 100.0

Evening Phe 0.048 0.070 0.086 0.064 0.053 0.042 0.042 0.033 0.035 0.033 0.51 0.0038
Ant 0.018 0.025 0.034 0.031 0.022 0.026 0.021 0.022 0.023 0.020 0.24 0.0038
Fluo 0.030 0.048 0.059 0.040 0.028 0.027 0.024 0.023 0.020 0.018 0.32 0.0038
Pyr 0.050 0.082 0.080 0.051 0.044 0.041 0.032 0.026 0.030 0.021 0.46 0.0038
BaA 0.006 0.036 0.033 0.030 0.029 0.020 0.031 0.020 0.023 0.033 0.26 0.0076
Chr 0.008 0.049 0.048 0.029 0.027 0.020 0.024 0.025 0.020 0.019 0.27 0.0076
BbF 0.10 0.12 0.11 0.051 0.039 0.031 N.D. N.D. N.D. N.D. 0.45 0.0094
BkF 0.038 0.050 0.060 0.035 0.023 0.015 N.D. N.D. N.D. N.D. 0.22 0.0094
BeP 0.096 0.12 0.12 0.044 0.041 N.D. N.D. N.D. N.D. N.D. 0.41 0.0047
BaP 0.077 0.075 0.087 0.054 0.057 N.D. N.D. N.D. N.D. N.D. 0.35 0.0094
IP 0.044 0.082 0.10 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.23 0.0094

DahA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.038
BghiP 0.065 0.11 0.14 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.32 0.0094

Σ13 PAHs 0.58 0.87 0.95 0.43 0.36 0.22 0.17 0.15 0.15 0.14 4.0
Ratio(%) 14.4 21.5 23.6 10.6 9.0 5.5 4.3 3.7 3.7 3.6 100.0

Overnight Phe 0.45 0.0026
Ant 0.28 0.0026
Fluo 0.33 0.0026
Pyr 0.41 0.0026
BaA 0.24 0.0051
Chr data not available 0.35 0.0051
BbF 0.42 0.0064
BkF 0.25 0.0064
BeP 0.25 0.0032
BaP 0.24 0.0064
IP 0.07 0.0064

DahA N.D. 0.026
BghiP 0.22 0.0064

Σ13 PAHs 3.5
Ratio(%)

Particle size fraction (μm)
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Concurrent with the three-day air sampling using the MOUDI, PAS real-time monitoring 
was also conducted using the PASs, which showed similar trends of diurnal variations to 
those observed in the preliminary measurements. At R6, the PAH signal values sharply 
increased from approximately 5 am and reached morning peaks between 9 and 10 am 
during the three days. Daytime concentrations were lower than in the morning. In the 
daytime and evening, several small peaks appeared. From around midnight to 5 am, 
concentrations were remarkably low. At CC, sharp morning peaks were observed at 
approximately 7 am on April 24th and around 8 am on April 27th. In the evening, broader 
peaks appeared between 4 and 9 pm, and then the concentration decreased. The sharp 
increase in the morning was observed at both sites. This observation is consistent with that 
in previous reports [12,15-16]. The sharp morning peaks can be explained by both the strong 
atmospheric stability caused by the inversion layer and an increase in emissions from the 
morning traffic. Although the total traffic volume was smaller at R6 (74,000 vehicle/day on 
April 5th (Mon.)) than that at CC (92,000 vehicle/day on April 24th (Wed.)), higher 
concentrations were observed at R6 throughout the day, possibly due to the covered 
configuration that restricted the atmospheric dilution effect. According to the traffic 
monitoring, congestion occurred during the daytime at both sites, but daytime PAS signal 
levels at CC were constantly low compared with the large fluctuations of the daytime levels 
at R6. 

Table 3 shows the average local meteorological data during the three-day monitoring 
periods. At both sites, the mean wind directions were almost stable at southwest, which 
situates the both sampling locations at downwind of the road emissions. At R6, the wind 
speed, which ranged from 0.2-0.6 m/s, was low compared with that at CC. The observation 
implies the limited dispersion and long residence time of airborne PAHs within the site. On 
the other hand, the wind speed at CC was much higher, ranging 1.3-2.8 m/s, implying faster 
dispersion. Solar radiation, which promotes photochemical decomposition of PAHs [26], 
was more than 40% lower at R6 throughout the day because of the elevated highway and 
the large buildings along the R6 road. This road configuration may also explain the higher 
daytime concentrations at R6. 
 

Temperature (°C) Solar radiation (W/m2） Relative humidity (%） 
m d e o m d e o m d e o 

R6 29.5 35.9 31.2 29.7 26.1 284.8 0.2 0 85.3 57.9 76.3 83.8 
CC 27.9 29.1 29.6 28.0 129.3 762.5 12.7 0.4 69.5 61.9 55.9 68.2 

Wind speed (m/s） Wind direction 
m d e o m d e o 

R6 0.2 0.6 0.3 0.5 SW WSW SW W 
CC 1.9 1.3 1.8 2.8 SSW SSW SSW SW 

Table 3. Table 3. Local meteorological data; average during the four time periods of the day (April 3-
6th, 2006 at R6 and April 24-27th, 2006 at CC). 
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Diurnal variations of particle size distribution of the 13 PAHs concentrations are shown in 
Figure 8 with classification of semi-volatile 3-4 ring PAHs and non-volatile 5-6 ring PAHs, 
respectively. Each graph of the size distribution is shown as Lungren type plots [27]. An 
overall trend of the size distribution was consistent with that in previous studies that 
concentrations of PAHs were found to be highly dependent upon the size of particulate 
matter, with the greatest concentrations being the submicron size range (e.g., [7, 28-30]). The 
higher concentrations at the submicron range can be explained by the condensation 
mechanism because larger specific surface areas are associated with such particles (e.g., 
[31]). On the other hand, there were clear differences of the size distribution between the 
groups of 3-4 ring and 5-6 ring PAHs. Contribution of coarser, or above 1μm range, was 
larger for 3-4 ring PAHs, while 5-6 ring PAHs were dominantly distributed in the finer size 
ranges at both of the sites, regardless of the time periods. The results regarding the 
relationship of PAH size distribution between ring number of PAHs and associated particle 
size were consistent with that in many other studies conducted previously, not only at 
Bangkok but also at various places (e.g., [7,13,32]). The Kelvin effect explains this trend. It 
determines the relationship between the particle diameter and vapor pressure, where more 
volatile species, namely lower weight PAHs, are associated with larger diameter particles. 

In terms of the temporal variations of PAH size distribution, at R6 in the morning, the 
distribution of 3-4 ring PAHs had a peak in the 0.18-0.31μm range, while the distribution of 
5-6 ring PAHs had a peak in the finest range of below 0.18μm. The ratios of the ultrafine 
mode were clearly higher than those of other time periods, indicating an elevated burden of 
primary vehicle exhaust emission in the morning rush. From the morning to daytime, the 
distribution of both 3-4 ring and 5-6 ring PAHs slightly shifted to a coarser range. It implies 
atmospheric processes of particles, such as coagulation, condensation and photochemical 
reactions, which lead to growth of particles under stronger solar radiation and less vehicle 
emissions in the daytime. In the evening, the distribution peaks shifted back to finer ranges 
possibly due to traffic increase again in the evening rush. In the nighttime, distribution in 
coarser range increased apparently, possibly due to increased re-suspension of road dust 
caused by a faster driving speed of motor vehicles.  

At CC, as a whole the coarser range contributed more than that at R6. This may be due to 
faster wind speed at CC enhancing re-suspension of coarse particles and/or faster dispersion 
of fine particles because of the open-space configuration of the road. Unlike at R6, any 
explicable trend of diurnal variations of the size distributions could not be identified at CC, 
rather some fluctuation of the size distribution was observed. This could be due to shorter 
residence time of particles in the site by the faster dispersion because of the open-structure 
configuration and faster wind, so atmospheric processes of particle growth might be limited 
compared to the R6’s case. 

To further support the discussion of diurnal variations of size distribution of PAHs, PAH 
contents in particulate matter (μg/g) were analyzed according to the three particle size 
modes in the four time periods of day (Figure 9). (N.B. Figure 8 showed PAH concentrations 
per unit air mass.) The PAH contents varied considerably according to the particle size 
modes and the different time periods. In general, smaller particle size modes had higher  
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Figure 9. Size distributions of 3-4 ring and 5-6 ring PAH concentrations in the four time periods of day. 
a) Rama6; b) Chockchai4 

PAH contents. An exceptional case was that low molecular PAHs up to Pyrene in the 
accumulation mode showed higher contents than those in the ultrafine mode in the daytime 
at both sites. It might again imply accelerated accumulation processes in the daytime. For 
example, accumulation mode particles went through photochemical reactions with VOCs 
accompanying condensation of low molecular weight gaseous phase PAHs in the daytime.  

According to previous reports [33-34] Zielinska (2004), elevated concentrations of high 
molecular weight PAHs, especially BghiP, indicate significant contribution of gasoline 
exhaust. As shown in the figure, BghiP content in the ultrafine mode were remarkably high 
in all the four time periods at R6 and in the morning at CC, again implying significant  
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Diurnal variations of particle size distribution of the 13 PAHs concentrations are shown in 
Figure 8 with classification of semi-volatile 3-4 ring PAHs and non-volatile 5-6 ring PAHs, 
respectively. Each graph of the size distribution is shown as Lungren type plots [27]. An 
overall trend of the size distribution was consistent with that in previous studies that 
concentrations of PAHs were found to be highly dependent upon the size of particulate 
matter, with the greatest concentrations being the submicron size range (e.g., [7, 28-30]). The 
higher concentrations at the submicron range can be explained by the condensation 
mechanism because larger specific surface areas are associated with such particles (e.g., 
[31]). On the other hand, there were clear differences of the size distribution between the 
groups of 3-4 ring and 5-6 ring PAHs. Contribution of coarser, or above 1μm range, was 
larger for 3-4 ring PAHs, while 5-6 ring PAHs were dominantly distributed in the finer size 
ranges at both of the sites, regardless of the time periods. The results regarding the 
relationship of PAH size distribution between ring number of PAHs and associated particle 
size were consistent with that in many other studies conducted previously, not only at 
Bangkok but also at various places (e.g., [7,13,32]). The Kelvin effect explains this trend. It 
determines the relationship between the particle diameter and vapor pressure, where more 
volatile species, namely lower weight PAHs, are associated with larger diameter particles. 

In terms of the temporal variations of PAH size distribution, at R6 in the morning, the 
distribution of 3-4 ring PAHs had a peak in the 0.18-0.31μm range, while the distribution of 
5-6 ring PAHs had a peak in the finest range of below 0.18μm. The ratios of the ultrafine 
mode were clearly higher than those of other time periods, indicating an elevated burden of 
primary vehicle exhaust emission in the morning rush. From the morning to daytime, the 
distribution of both 3-4 ring and 5-6 ring PAHs slightly shifted to a coarser range. It implies 
atmospheric processes of particles, such as coagulation, condensation and photochemical 
reactions, which lead to growth of particles under stronger solar radiation and less vehicle 
emissions in the daytime. In the evening, the distribution peaks shifted back to finer ranges 
possibly due to traffic increase again in the evening rush. In the nighttime, distribution in 
coarser range increased apparently, possibly due to increased re-suspension of road dust 
caused by a faster driving speed of motor vehicles.  

At CC, as a whole the coarser range contributed more than that at R6. This may be due to 
faster wind speed at CC enhancing re-suspension of coarse particles and/or faster dispersion 
of fine particles because of the open-space configuration of the road. Unlike at R6, any 
explicable trend of diurnal variations of the size distributions could not be identified at CC, 
rather some fluctuation of the size distribution was observed. This could be due to shorter 
residence time of particles in the site by the faster dispersion because of the open-structure 
configuration and faster wind, so atmospheric processes of particle growth might be limited 
compared to the R6’s case. 

To further support the discussion of diurnal variations of size distribution of PAHs, PAH 
contents in particulate matter (μg/g) were analyzed according to the three particle size 
modes in the four time periods of day (Figure 9). (N.B. Figure 8 showed PAH concentrations 
per unit air mass.) The PAH contents varied considerably according to the particle size 
modes and the different time periods. In general, smaller particle size modes had higher  
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Figure 9. Size distributions of 3-4 ring and 5-6 ring PAH concentrations in the four time periods of day. 
a) Rama6; b) Chockchai4 

PAH contents. An exceptional case was that low molecular PAHs up to Pyrene in the 
accumulation mode showed higher contents than those in the ultrafine mode in the daytime 
at both sites. It might again imply accelerated accumulation processes in the daytime. For 
example, accumulation mode particles went through photochemical reactions with VOCs 
accompanying condensation of low molecular weight gaseous phase PAHs in the daytime.  

According to previous reports [33-34] Zielinska (2004), elevated concentrations of high 
molecular weight PAHs, especially BghiP, indicate significant contribution of gasoline 
exhaust. As shown in the figure, BghiP content in the ultrafine mode were remarkably high 
in all the four time periods at R6 and in the morning at CC, again implying significant  
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N.B.) The particulate weight data of the ultrafine mode for CC evening, and size distribution data of particle weight for 
CC overnight were not obtained, thus their mode distribution data are not available in the figure. 

Figure 10. 13 PAH contents in the three particle modes in the four time periods of day (ultrafine: < 
0.18μm, accumulation: 0.18-1.8μm, coarse: 1.8μm <) 
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contribution of gasoline vehicles to the roadside atmospheric PAHs. Especially the BghiP 
content in the ultrafine mode in the evening at R6 had the highest value. In fact at this time 
period, the ratio of the gasoline vehicles to the total traffic volume was the highest (63%) 
among the four time periods at the two sites. 

4. Conclusion 

This study clearly showed diurnal variations of particle size distribution of PAHs in four 
different time periods of day by field measurements on the two different types of roads in 
Bangkok, Thailand. The data indicated possible influences on the temporal variations of size 
distribution of PAHs by diurnal changes in traffic emissions, road configurations in relation 
to dispersion efficiency, meteorological conditions, atmospheric processes of particles such 
as coagulation, condensation and photochemical reactions under daytime sunlight, also 
atmospheric processes of PAHs in the accumulation particle mode. In view of people’s 
exposure to vehicular emissions in an urban area with heavy road traffic, it is desired that 
urban air quality monitoring should be conducted in more comprehensive ways with higher 
resolutions of time and space, and actual behavior of pollutants be elucidated by various 
advanced approaches. 
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N.B.) The particulate weight data of the ultrafine mode for CC evening, and size distribution data of particle weight for 
CC overnight were not obtained, thus their mode distribution data are not available in the figure. 

Figure 10. 13 PAH contents in the three particle modes in the four time periods of day (ultrafine: < 
0.18μm, accumulation: 0.18-1.8μm, coarse: 1.8μm <) 
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contribution of gasoline vehicles to the roadside atmospheric PAHs. Especially the BghiP 
content in the ultrafine mode in the evening at R6 had the highest value. In fact at this time 
period, the ratio of the gasoline vehicles to the total traffic volume was the highest (63%) 
among the four time periods at the two sites. 

4. Conclusion 

This study clearly showed diurnal variations of particle size distribution of PAHs in four 
different time periods of day by field measurements on the two different types of roads in 
Bangkok, Thailand. The data indicated possible influences on the temporal variations of size 
distribution of PAHs by diurnal changes in traffic emissions, road configurations in relation 
to dispersion efficiency, meteorological conditions, atmospheric processes of particles such 
as coagulation, condensation and photochemical reactions under daytime sunlight, also 
atmospheric processes of PAHs in the accumulation particle mode. In view of people’s 
exposure to vehicular emissions in an urban area with heavy road traffic, it is desired that 
urban air quality monitoring should be conducted in more comprehensive ways with higher 
resolutions of time and space, and actual behavior of pollutants be elucidated by various 
advanced approaches. 
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1. Introduction 

The climatic and environmental effects of atmospheric aerosols are the critical issues in 
global science community because aerosols, derived from variety of natural and man-made 
(or anthropogenic) emission sources, are well known to affect the air quality, human health 
and radiation budget [1]. While comparing the third and fourth assessment report of the 
Intergovernmental Panel on Climate Change (IPCC) as shown in Figure 1, the level of 
scientific understanding for the role of green house gases (GHGs) in projected temperature 
changes is higher relative to that of aerosols [2,3]. This is because of inadequate 
measurements of aerosols, their microphysical and optical properties and poor 
understanding of their role in the Earth’s radiation budget. 

Aerosols influence the Earth’s climate directly by scattering and absorbing the solar and 
terrestrial radiations and indirectly by modifying the cloud macro- and micro-physical 
properties [4]. The direct and indirect effects of atmospheric aerosols are shown in the 
schematics in Figure 2a and 2b, respectively. Varity of aerosols present in the atmosphere 
from natural and anthropogenic emission sources can influence our Earth’s atmosphere 
directly by absorbing/scattering the incoming solar radiations (Figure 2a). It can also absorb 
and re-radiated the outgoing radiations emitted from the Earth. On the other hand, aerosols 
indirectly affect the climate system by acting as cloud condensation nuclei (CCN) and ice 
nuclei (IN) and thereby modify the cloud properties and their impacts depending upon the 
environment like polluted or un-polluted regions (Figure 2b). In a recent study, reported in 
[5], they have investigated the indirect aerosol effect during the successive contrasting 
monsoon seasons over Indian subcontinent. However, a different study reported in [6] was 
carried out to investigate the intensity and the spatial extent of the indirect effect over the 
Indo-Gangetic Basin (IGB) region. 
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Figure 1. A comparison between III and IV assessment reports of IPCC for 2001 and 2007 (Adopted from 
[2,3]). 

 
Figure 2. Schematics showing (a) Direct and (b) Indirect impacts of atmospheric aerosols. 

The uncertainty in quantifying these impacts have no doubt improved over the years due to 
assimilation of observations (especially after global observations of aerosols by EOS-Terra 
started in 1999), but not up to the desired level, particularly at regional scale [3]. The Indian 
subcontinent is one such region, where heterogeneity in aerosol optical and microphysical 
properties over a wide range of spatial and temporal scales continues to hinder in 
improving the estimates of aerosol-induced climate forcing. Thus, it is important to improve 
aerosol characterization with high spatio-temporal resolutions; particularly over the IGB 
region, which supports nearly 70% of the country's population and is one of the highly 
polluted regions in the world. The problem is also critical due to lack of adequate long-term 
measurements of aerosol properties and large uncertainty in emission factors, leading to 
poor representation of aerosol distribution by General Circular Model (GCM) [7]. 

Although, aerosol properties have been measured at many sites in India in continuous and 
campaign modes (the in-situ observations have summarized in [8]) in the last two decades, 
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only few of them have fairly long-term data of aerosol microphysical properties [9-11]. 
Satellites are proved to be a good tool to understand the broad spatio-temporal 
characteristics of aerosols and associated effects from global to local scales [12-15]; but they 
are unable to provide an in-depth view of aerosol properties on a local scale and pose higher 
uncertainties as compared to the ground-based instruments [16]. In the IGB, aerosols of 
natural and anthropogenic origins mix with each other during dust loading season [17,18]. 
As a result, aerosol properties change, leading to even larger uncertainty in satellite 
retrievals [14,19] as this is not considered in the aerosol retrieval algorithm [20]. National 
Aeronautics and Space Agency (NASA) has setup ground-based aerosol monitoring 
network under the Aerosol Robotic Network (AERONET) program [21], in which automatic 
sun/sky radiometers are deployed at various places around the world. As per India, 
particularly in the northern part, is concerned, the routine measurements of aerosols under 
this network were started initially by the deployment of the sun/sky radiometer at Kanpur 
over the IGB region in year 2001 [22]. At a later stage, it was deployed at other places in the 
IGB, considering the region as crucial for aerosol measurements where significant aerosol 
loads of pollution mostly from the combustion of biomass, bio-fuel/fossil fuel emissions and 
the transported mineral dust have led to one of the largest regional TOA energy losses 
worldwide (For Example see [11,23-25]). The measurements by individual instruments can 
particularly be useful for the quantification of the regional impact of aerosols on the 
radiative energy balance. Provided a parallel individuation of aerosol types is possible, 
these local studies can also help to reduce the uncertainties on the effect of individual 
aerosol species, which is necessary because the direct radiative forcing by individual aerosol 
species is less certain than the total direct radiative forcing by all aerosols [3]. The complex 
mixture of aerosols over the IGB has been evaluated in the literature over the last decade 
starting with Indian Ocean Experiment (INDOEX) [26], and the research has been continued 
with the AERONET data [27 and references therein]. 

Understanding and quantifying the aerosol effects are important in the IGB region due to 
several pathways have been hypothesized to explain the possible impacts of aerosols on the 
regional hydrological cycle. The region is of great research interest due to its unique 
topography surrounded by the Himalayas to the north, moderate hills to the south, Thar 
Desert and Arabian Sea in the west, and Bay of Bengal to the east. The IGB region is 
dominated by the urban/industrial aerosols [28-30], which demonstrate significant seasonal 
variability based on the complex mixture of these aerosols with the naturally produced 
aerosols, particularly during the pre-monsoon and monsoon seasons. In addition to the 
urban-industrial pollution, desert dust is one of the other major natural sources of the 
aerosols over the Ganga basin [24,27,31-36], transported frequently from the neighboring 
desert regions, mostly during pre-monsoon periods. Dust storms are often experienced in 
northern and northwestern part of India, including over different parts of the IGB region 
during the pre-monsoon season, when dust aerosols are transported by southwesterly 
summer winds from the western Thar Desert [37,38]. High dust loading over the IGB region 
during the pre-monsoon period has been established by remote sensing data [39,40]. These 
dust storms apparently deposited silty materials in the downwind directions, as observed 
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Aeronautics and Space Agency (NASA) has setup ground-based aerosol monitoring 
network under the Aerosol Robotic Network (AERONET) program [21], in which automatic 
sun/sky radiometers are deployed at various places around the world. As per India, 
particularly in the northern part, is concerned, the routine measurements of aerosols under 
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particularly be useful for the quantification of the regional impact of aerosols on the 
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aerosol species, which is necessary because the direct radiative forcing by individual aerosol 
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Desert and Arabian Sea in the west, and Bay of Bengal to the east. The IGB region is 
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urban-industrial pollution, desert dust is one of the other major natural sources of the 
aerosols over the Ganga basin [24,27,31-36], transported frequently from the neighboring 
desert regions, mostly during pre-monsoon periods. Dust storms are often experienced in 
northern and northwestern part of India, including over different parts of the IGB region 
during the pre-monsoon season, when dust aerosols are transported by southwesterly 
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dust storms apparently deposited silty materials in the downwind directions, as observed 
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on the quartzite ridges in the Delhi area [41]. The wind also carries heavy metals to the IGB 
during the summer season [42] along with the dusts, causing severe air pollution and 
degradation in the visibility. On contrary, the spatial distribution of aerosols (in terms of 
AOD) during the winter season also revealed high aerosol loading over the IGB and its 
outflow to the northern Bay of Bengal due to high anthropogenic emission sources, which 
was observed by satellite [8,12,13,15] and ground-based measurements [22,43-46]. 

2. Factors affecting aerosol characteristics over IGB 

Complex nature of aerosols over the IGB is mainly because the region is very diverse in 
topography, population distribution, meteorology and emission sources. Figure 3 shows 
unique topography of the IGB region, surrounded by the variety of aerosol emission sources 
and thus making it hotspot for aerosol research. 

 
Figure 3. IGB region, showing unique topography surrounded by the variety of aerosol emission 
sources (Adopted after modification from personal presentation of William K. M. Lau on Aerosol, 
Monsoon Rainfall Variability and Climate Change). 

2.1. Topography 

The IGB region, world’s most populated river basin having more than 700 million 
populations, stretches from Pakistan in the west to Bangladesh in the east, encompassing 
most of the northern part of India. The region is bounded by the Himalayas to the north, 
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and by Vindhyan and Satpura range of mountains in the south. Due to its unique 
topography, this region can be summarized as a type of region, where, both 
anthropogenic and natural, aerosols show distinct seasonal characteristics and mixing 
[13,17,22,25,28,30,47]. General seasonal abundance shows that the winter months are 
dominated by the fine-mode aerosols, produced by various anthropogenic sources from 
the IGB region, and pre-monsoon or summer months are dominated by the coarse-mode 
mineral dust, primarily from the Thar Desert region in the western Rajasthan and its 
frequent transportation over the IGB region. Further details regarding geography, climate, 
regional sources and emissions of these aerosols over the IGB as well as over the other 
Indian region, however, can be found in [15]. This region also provides favorable climate 
for the agricultural activities due to its fertile soils and abundant water supply from the 
southwest monsoon and the rivers originating from the Himalayan glaciers such as the 
Ganges. Consequently, the cultivable land forms a major fraction of the total geographical 
area in the IGP region (∼76%) as compared to the rest of India (∼50%) 
(http://dacnet.nic.in/). 

2.2. Synoptic conditions and aerosol characteristics over IGB 

Synoptic meteorology (e.g. wind pattern, air temperature and specific humidity) over the 
IGB region along with its surroundings is shown in Figure 4 for (a) winter and (b) summer 
seasons for the period of 2007-2008. The European Centre for Medium-Range Weather 
Forecasts (ECMWF) reanalysis monthly data of weather parameters such as wind, air 
temperature and specific humidity at 850 hPa pressure level were used to study the synoptic 
meteorological conditions over the region. In both the figures, winds are shown with arrows 
pointing towards the wind direction, where length of arrows defines the magnitude of wind 
speed (in ms−1), line contour represents air temperature (in oC) and shaded color contour 
represents specific humidity (in kg kg-1), showing in dark blue color for low and red color 
for high magnitude of specific humidity. Results reveal that the IGB region during the 
winter period is relatively drier than during the summer. The persistence of low 
temperature and the westerlies (with low intensity) can be seen over the region during the 
winter whereas during the summer, relatively high temperature with intense southwesterly 
winds was observed to dominate. These winds are found to pass through arid regions of the 
western India (particularly from the Thar Desert) and bring dry air masses over the region 
[24,27,48]. 

The general aerosol characteristics over the entire IGB region are shown in Figure 5 as mean 
AOD values at 550 nm for (a) winter and (b) summer seasons for the period of 2007-2008 in 
color codes, obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS). 
Large spatial heterogeneity in AOD can readily be noticed over the IGB region during both 
winter and summer periods, which has also been confirmed through various ground-based 
measurements, discussed in the later section of this chapter. Relatively large magnitude of 
AOD was observed throughout the IGB region during the summer, which is mainly due to 
frequent occurrence of dust storms over the Thar Desert region that caused large amount of 
dust particles to be transported over the station (showing the highest AOD). However, large 
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AOD during the winter is confined mostly over the eastern part of IGB. During the winter, 
the IGB region is often enveloped by thick fog and haze [49]. The prevailing winds over the 
region are westerly to northwesterly with relatively low wind speeds (<5 ms−1) as compared 
to the summer (as can be seen in Figure 4a) and the eastern parts of the IGB are impacted by 
a localized area of strong subsidence in winter [8,12,13,50]. These conditions tend to trap the 
pollution at low altitudes and responsible for the higher AOD along the eastern part of IGB. 
Results obtained, although, include the impacts of aerosol emissions from various natural 
and anthropogenic sources and the prevailing meteorology over the region, it also 
encourages to further investigate the plausible causes and impacts over the radiation budget 
as well as on weather and climate. 

 
Figure 4. Synoptic meteorological conditions over the entire IGB region derived from ECMWF at 850 
hPa pressure level during (a) winter and (b) summer periods (Adopted from [46]). 
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Figure 5. General aerosol characteristics in terms of AOD (550 nm) over the entire IGB region derived 
from MODIS during (a) winter and (b) summer periods (Adopted from [46]). 

2.3. Emission sources 

The IGB region, apart from being a major source region for aerosols, is bordered by densely 
populated and industrialized areas on the west and eastern sides from where different 
aerosol species such as mineral dust, soot, nitrate, sulfate particles and organics are 
produced and transported to this region and thus making it an aerosol hotspot, as can also 
be seen in Figure 3. The region itself has both, rural and urban population and various kinds 
of emission sources such as natural and industrial. In rural areas, bio-fuels burning such as 
wood, dung cake and crop waste, predominantly contribute to the major aerosols loading 
[51]. However, in urban areas, aerosol emissions from fossil fuels burning such as coal, 
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petrol and diesel oil dominate [52,53]. Large fluxes of absorbing aerosol emissions (black 
carbon and inorganic oxidized matter, which is mostly fly ash from coal-based power plants 
and particles from open burning of crop waste/forest-fires) were reported over the IGB [51]. 
Apart from the dust emissions from the Thar Desert, predominantly during the pre-
monsoon months, the influence of emissions from the forest-fires and open burning of crop 
waste from the central India were also found over IGB during these months as biomass 
aerosol contribution [15,27]. 

3. Measurements 

3.1. Ground-based 

Aerosol measurements in the Indian sub-continent started as early as the 1960s, when [54] 
studied Angstrom turbidity from solar radiance measurements. Later, a multi-wavelength 
radiometer was developed by the Indian Space Research Organization (ISRO) to monitor 
spectral AOD at Trivandrum in the year 1985 [55] and in the same year, aerosol vertical 
distribution measurement by ground-based lidar was initiated at Pune [56]. Further, NASA 
has setup ground-based aerosol monitoring network in India under the Aerosol Robotic 
Network (AERONET) program [21], in which automatic sun/sky radiometers are deployed 
at various places, particularly in the northern part of India, including the Himalayan 
foothills. The routine measurements of aerosols under this network were started initially by 
the deployment of the automatic sun/sky radiometer at Kanpur over the IGB region in year 
2001 [22]. At a later stage, it was deployed at other places in the IGB, considering the region 
as crucial for aerosol measurements [36]. 

Using ground-based radiometric measurements, [22] have reported for the first time the 
seasonal characteristics of aerosol optical properties and the spectral behavior of AODs over 
Kanpur, an urban-industrial city, situated in the central part of the IGB. They showed 
pronounced seasonal influence of various aerosol properties, with maximum dust loading 
during the pre-monsoon season. The increase of pollution has a direct impact on climatic 
conditions, especially the increase of haze, fog, and cloudy conditions, which decrease the 
visibility especially during the winter season. On the other hand, in-situ aerosol 
measurements by Central Pollution Control Board (CPCB) have also showed very high 
annual average concentrations (>210 µg/m3, in the critical range compared to the air quality 
standard in India) of particulate matter of diameter less than 10 µm (PM10) in the 
atmosphere of the major cities of the Ganga basin like Delhi, Kanpur and Kolkata 
(http://www.cpcb.nic.in). These high PM10 concentrations provide an opportunity for SO4 
formation on the particulate surface, leading to very high concentration of sulfate aerosols in 
the atmosphere, which is the case observed over the IGB and reported in [29]. Several 
studies indicate strong seasonal variability in aerosol loading and changes in aerosol 
properties over the IGB [14,22,25,31,33-36,48,57,58]. In the recent studies, [23] and [24] have 
demonstrated the distribution of aerosols and associated optical and radiative properties in 
the IGB region and its further expansion to the foothills of Himalayas during the pre-
monsoon period. The pre-monsoon period is of particular interest because this is the key 
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period when locally generated and regionally transported aerosol loading peaks over the 
IGB region and spread up to the foothills of Himalayas [23,35,59-62], which has been linked 
to influence the monsoon circulation in India [63,64]. Significant gradient in the magnitude 
of most of the aerosol characteristics was observed over the IGB, which may be due to the 
gradual changes in weather parameters and/or emission sources. Such gradient is, 
ultimately, found to impact the Earth-atmosphere system by negative radiative forcing, thus 
causing cooling, at the surface, and positive aerosol forcing, thus causing heating in the 
atmosphere for the study period. Such gradient in heating rate raises several climatic issues, 
and is needed to be answered on the basis of longer period investigations at several stations 
to improve the scientific understanding of the regional climate in inter-annual as well as 
intra-seasonal scale. 

The first simultaneous measurements of chemical composition (carbonaceous and inorganic 
species) and optical properties (absorption coefficient and mass absorption efficiency) of 
ambient aerosols (PM2.5 and PM10) have been recently reported in [58] at an urban site 
(Kanpur) in the IGB region. The study provides important information on the temporal 
variability in the abundance of organic matter and mineral dust over the IGB region, which 
has large implications to the large temporal variability in the atmospheric radiative forcing 
due to these aerosols. Based on the measured aerosol chemical composition, other studies 
have been carried out to understand the characteristics of anthropogenic aerosols and their 
quantification to the total radiative forcing over the IGB region, which are limited only at 
Kanpur [11] and Delhi [25]. Figure 6 shows seasonal variability of optical properties of 
composite aerosols estimated over Delhi (a typical urban station at the western part of the 
IGB near to the Thar Desert) during the winter, summer and post-monsoon seasons; 
however, the same for anthropogenic aerosols are shown in Figure 7. The anthropogenic 
components were found to be contributing ∼72% to the composite aerosol optical depth 
(AOD0.5 ∼0.84) at Delhi. The contribution was found to be more during the winter (∼84%) 
and post-monsoon (∼78%) periods and less during the summer (∼58%). On the other hand, 
mean SSA for composite aerosols was found to be ∼0.70 (ranging from 0.63 to 0.79). 
However, SSA for anthropogenic aerosols was found to be slightly less (by ∼1%) than that 
for composite aerosols, and the difference may be due to the mixing of natural dusts with 
anthropogenic aerosols in the region (for composite aerosols). 

The resultant atmospheric forcing due to composite and anthropogenic aerosols at Delhi is 
shown in Figure 8. The anthropogenic contributions to the composite aerosol were found to 
be ∼93%, 54%, and 88%, respectively during the winter, summer, and post-monsoon seasons 
(with a mean contribution of ∼75%). However, the anthropogenic fraction of ∼73% is 
responsible for the composite aerosol atmospheric heating rate (2.42±0.72 Kday−1) at Delhi. 
On the other hand at Kanpur, another typical urban station at central part of the IGB region, 
the heating rate due to anthropogenic aerosols was reported to be ∼65% to the heating due 
to composite aerosols [11]. Relatively higher heating rate at Delhi may be caused by the 
large contribution of transported mineral dust aerosols due to the proximity of the station to 
the Thar Desert region as compare to Kanpur and their probable mixing with the other 
absorbing aerosol species like black carbon (BC) [27]. 
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petrol and diesel oil dominate [52,53]. Large fluxes of absorbing aerosol emissions (black 
carbon and inorganic oxidized matter, which is mostly fly ash from coal-based power plants 
and particles from open burning of crop waste/forest-fires) were reported over the IGB [51]. 
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2001 [22]. At a later stage, it was deployed at other places in the IGB, considering the region 
as crucial for aerosol measurements [36]. 

Using ground-based radiometric measurements, [22] have reported for the first time the 
seasonal characteristics of aerosol optical properties and the spectral behavior of AODs over 
Kanpur, an urban-industrial city, situated in the central part of the IGB. They showed 
pronounced seasonal influence of various aerosol properties, with maximum dust loading 
during the pre-monsoon season. The increase of pollution has a direct impact on climatic 
conditions, especially the increase of haze, fog, and cloudy conditions, which decrease the 
visibility especially during the winter season. On the other hand, in-situ aerosol 
measurements by Central Pollution Control Board (CPCB) have also showed very high 
annual average concentrations (>210 µg/m3, in the critical range compared to the air quality 
standard in India) of particulate matter of diameter less than 10 µm (PM10) in the 
atmosphere of the major cities of the Ganga basin like Delhi, Kanpur and Kolkata 
(http://www.cpcb.nic.in). These high PM10 concentrations provide an opportunity for SO4 
formation on the particulate surface, leading to very high concentration of sulfate aerosols in 
the atmosphere, which is the case observed over the IGB and reported in [29]. Several 
studies indicate strong seasonal variability in aerosol loading and changes in aerosol 
properties over the IGB [14,22,25,31,33-36,48,57,58]. In the recent studies, [23] and [24] have 
demonstrated the distribution of aerosols and associated optical and radiative properties in 
the IGB region and its further expansion to the foothills of Himalayas during the pre-
monsoon period. The pre-monsoon period is of particular interest because this is the key 
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period when locally generated and regionally transported aerosol loading peaks over the 
IGB region and spread up to the foothills of Himalayas [23,35,59-62], which has been linked 
to influence the monsoon circulation in India [63,64]. Significant gradient in the magnitude 
of most of the aerosol characteristics was observed over the IGB, which may be due to the 
gradual changes in weather parameters and/or emission sources. Such gradient is, 
ultimately, found to impact the Earth-atmosphere system by negative radiative forcing, thus 
causing cooling, at the surface, and positive aerosol forcing, thus causing heating in the 
atmosphere for the study period. Such gradient in heating rate raises several climatic issues, 
and is needed to be answered on the basis of longer period investigations at several stations 
to improve the scientific understanding of the regional climate in inter-annual as well as 
intra-seasonal scale. 

The first simultaneous measurements of chemical composition (carbonaceous and inorganic 
species) and optical properties (absorption coefficient and mass absorption efficiency) of 
ambient aerosols (PM2.5 and PM10) have been recently reported in [58] at an urban site 
(Kanpur) in the IGB region. The study provides important information on the temporal 
variability in the abundance of organic matter and mineral dust over the IGB region, which 
has large implications to the large temporal variability in the atmospheric radiative forcing 
due to these aerosols. Based on the measured aerosol chemical composition, other studies 
have been carried out to understand the characteristics of anthropogenic aerosols and their 
quantification to the total radiative forcing over the IGB region, which are limited only at 
Kanpur [11] and Delhi [25]. Figure 6 shows seasonal variability of optical properties of 
composite aerosols estimated over Delhi (a typical urban station at the western part of the 
IGB near to the Thar Desert) during the winter, summer and post-monsoon seasons; 
however, the same for anthropogenic aerosols are shown in Figure 7. The anthropogenic 
components were found to be contributing ∼72% to the composite aerosol optical depth 
(AOD0.5 ∼0.84) at Delhi. The contribution was found to be more during the winter (∼84%) 
and post-monsoon (∼78%) periods and less during the summer (∼58%). On the other hand, 
mean SSA for composite aerosols was found to be ∼0.70 (ranging from 0.63 to 0.79). 
However, SSA for anthropogenic aerosols was found to be slightly less (by ∼1%) than that 
for composite aerosols, and the difference may be due to the mixing of natural dusts with 
anthropogenic aerosols in the region (for composite aerosols). 

The resultant atmospheric forcing due to composite and anthropogenic aerosols at Delhi is 
shown in Figure 8. The anthropogenic contributions to the composite aerosol were found to 
be ∼93%, 54%, and 88%, respectively during the winter, summer, and post-monsoon seasons 
(with a mean contribution of ∼75%). However, the anthropogenic fraction of ∼73% is 
responsible for the composite aerosol atmospheric heating rate (2.42±0.72 Kday−1) at Delhi. 
On the other hand at Kanpur, another typical urban station at central part of the IGB region, 
the heating rate due to anthropogenic aerosols was reported to be ∼65% to the heating due 
to composite aerosols [11]. Relatively higher heating rate at Delhi may be caused by the 
large contribution of transported mineral dust aerosols due to the proximity of the station to 
the Thar Desert region as compare to Kanpur and their probable mixing with the other 
absorbing aerosol species like black carbon (BC) [27]. 
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Figure 6. Seasonal mean spectral variation of (a) AOD and (b) SSA for composite aerosols over Delhi 
(Adopted from [25]). 

 
Figure 7. Same as figure 6, except for anthropogenic aerosols (Adopted from [25]). 

Large atmospheric heating rate of the order of more than 2 Kday−1 is quite significant. 
Moreover, the large surface cooling due to negative forcing at the surface and strong heating 
due to positive forcing in the atmosphere, particularly for the anthropogenic aerosols, can 
strongly affect the atmospheric dynamics over the region. The warmer atmosphere close to 
the surface (due to high atmospheric absorption) and the colder surface during winter and 
post-monsoon periods over Delhi would create low-level inversions and strengthen the 
boundary layer stability [11], which restrict the mixing and dispersion of aerosols into the 
atmosphere. On the other hand, during summer, the observed large heating in the 
atmosphere, which is probably due to the mixing of anthropogenic aerosols with abundance 
of natural dusts, may supply excess energy to be trapped in the atmosphere during dry 
season and can have significant impact on regional climate and monsoon circulation 
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systems [65,66]. Anomalous atmospheric heating due to absorbing aerosols (dust and BC) 
over the northern part of India during pre-monsoon season has been reported in [63]. A 
comparative study of aerosol direct radiative forcing was made with the available estimates 
from the literatures at various regions and given in Table 1. Various regions, characterized 
by different kinds of aerosol sources and prevailing meteorological conditions, are 
associated with different values of aerosol forcing and have provided an understanding of 
the aerosol radiative effect on regional scales, which are significantly different from the 
global mean radiative effect (indicating slightly cooling of the atmosphere). 

 
Figure 8. Monthly variation of atmospheric forcing for composite and anthropogenic aerosols over 
Delhi. The corresponding heating rate values for respective aerosols are given in the parenthesis 
(Adopted from [25]). 

 

Location Type of Location Period 
Aerosol DRF (Wm-2) at 

References 
Surface Atmosphere 

New Delhi Urban Annual -67 71 [57] 

Kanpur Urban Annual -32 28 [11] 

Ahmedabad Urban Annual -49 44 [131] 

New Delhi Urban Jan-Nov 2007 -79 87 [25] 
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Location Type of Location Period 
Aerosol DRF (Wm-2) at 

References 
Surface Atmosphere 

New Delhi Urban Mar-Jun 2006 -77 80 [48] 

Kanpur Urban Apr-Jun 2009 -26.1 to -29.2 19.5 to 16.1 [24] 

Gandhi College Rural Apr-Jun 2009 -29.7 to -31.9 20.9 to 16.6 [24] 

New Delhi Urban 
Winter (Dec 

2004) 
-66 67 [132] 

Hissar Urban 
Winter (Dec 

2004) 

-10 (before fog)
-20 to -25 

(during fog) 

15 (before fog) 
25 to 40 

(during fog) 
[128] 

Pune Urban 
Nov-Apr 2001 

and 2002 
-33 33 [133] 

Hyderabad Urban Jan-May 2003 -33 42 [134] 

Bangalore Urban Oct-Dec 2001 -23 28 [135] 

Central India 
(multiple 
stations) 

Urban and Rural
Winter (Feb 

2004) 
-15 to -40 16 to 29 [72] 

Nainital 
Rural (high-

altitude) 
Winter (Dec 

2004) 
-4.2 0.7 [77] 

Nainital 
Rural (high-

altitude) 
July 2006-May 

2007 
-14 14 [62] 

Kathmandu 
Urban (high-

altitude) 
Winter 2003 -25 25 [136] 

Chennai Urban Feb-Mar -19 13 [137] 

Arabian Sea Polluted Marine Mar-Apr -27 15 [70] 

Bay of Bengal Polluted Marine Mar -27 23 [138] 

Indian Ocean Polluted Urban Feb-Mar -29 19 [139] 

Global mean 
Natural and 

Anthropogenic   
-0.5±0.4 [3] 

Table 1. Aerosol direct radiative forcing (DRF) at different locations in India. 

Due to high level of anthropogenic emissions, aerosol distribution in terms of type and 
loading undergo strong variability associated with the episodic yet strong influence of dust 
transport and biomass burning during the pre-monsoon period [23]. Dust was found to be 
one of the major components of aerosol composition (apart from other species) over the 
region [32], which significantly affects the region during pre-monsoon period due to 
enhanced surface convection activities [24,25,31,33-36,48,67], and thus essential to quantify 
its contribution over the region. Aerosol composition was measured with the chemical 
analysis method over IGB during different periods of time as reported in [44,52,53]. 
Retrieval of columnar black carbon and organic carbon has been carried out over IGB using 
the AERONET data [60,68]. Moreover, [7] have integrated AERONET and Cloud-Aerosol 
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Lidar with Orthogonal Polarization (CALIOP) data into atmospheric GCM to infer aerosol 
types at two AERONET sites in the IGB. However, in a recent study, [27] have discriminated 
the major aerosol types over the IGB region during pre-monsoon period using multi-year 
AERONET measured aerosol products associated with the size of aerosols (mainly fine 
mode fraction, FMF) and radiation absorptivity (mainly single scattering albedo, SSA). 
Figure 9a shows density plot of SSA versus FMF at Kanpur (KNP, a typical urban 
AERONET site over the central IGB region) and Gandhi College (GC, a typical rural 
AERONET site over the central IGB region) for different aerosol types. High dust enriched 
aerosols (i.e. polluted dust, PD) were found to contribute more over the central IGB station 
at Kanpur (~62%) as compared to the eastern IGB station at Gandhi College (~31%) whereas 
vice-versa was observed for polluted continental (PC) aerosols, which contain high 
anthropogenic and less dust aerosols. Contributions of carbonaceous particles having high 
absorbing (mostly black carbon, MBC) and low absorbing (mostly organic carbon, MOC) 
aerosols were found to be 11% and 10%, respectively at Gandhi College, which was ~46% 
and 62% higher than the observed contributions at Kanpur; however, very less contribution 
of non-absorbing (NA) aerosols was observed only at Gandhi College (2%). The mean SSA 
and FMF based on cluster analysis of daily-averaged data at Kanpur and Gandhi College, 
associated with the different aerosol categories is also shown in Figure 9b. The horizontal 
and vertical lines indicate the standard deviations of SSA and FMF from their respective 
means, indicating the variability of these parameters for different aerosol types. Although 
similar magnitude of SSA was observed for PD, PC and MBC type aerosols, they are further 
distinguished based on FMF thresholds following Lee et al. (2010), i.e. FMF<0.4 indicates 
dominantly coarse-mode and hence is assigned to PD aerosols, FMF>0.6 indicates 
dominantly fine-mode and hence is assigned to MBC aerosols, and PC aerosols are 
considered for 0.4FMF0.6. MOC and NA type aerosols have similar FMF, but higher 
scattering relative to the other aerosol types. 

 
Figure 9. (a) Density plot and corresponding (b) cluster plot of AERONET-derived SSA vs. FMF for two 
stations over the IGB region (showing different aerosol types) during pre-monsoon period (Adopted from 
[27]). 
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one of the major components of aerosol composition (apart from other species) over the 
region [32], which significantly affects the region during pre-monsoon period due to 
enhanced surface convection activities [24,25,31,33-36,48,67], and thus essential to quantify 
its contribution over the region. Aerosol composition was measured with the chemical 
analysis method over IGB during different periods of time as reported in [44,52,53]. 
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Lidar with Orthogonal Polarization (CALIOP) data into atmospheric GCM to infer aerosol 
types at two AERONET sites in the IGB. However, in a recent study, [27] have discriminated 
the major aerosol types over the IGB region during pre-monsoon period using multi-year 
AERONET measured aerosol products associated with the size of aerosols (mainly fine 
mode fraction, FMF) and radiation absorptivity (mainly single scattering albedo, SSA). 
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AERONET site over the central IGB region) and Gandhi College (GC, a typical rural 
AERONET site over the central IGB region) for different aerosol types. High dust enriched 
aerosols (i.e. polluted dust, PD) were found to contribute more over the central IGB station 
at Kanpur (~62%) as compared to the eastern IGB station at Gandhi College (~31%) whereas 
vice-versa was observed for polluted continental (PC) aerosols, which contain high 
anthropogenic and less dust aerosols. Contributions of carbonaceous particles having high 
absorbing (mostly black carbon, MBC) and low absorbing (mostly organic carbon, MOC) 
aerosols were found to be 11% and 10%, respectively at Gandhi College, which was ~46% 
and 62% higher than the observed contributions at Kanpur; however, very less contribution 
of non-absorbing (NA) aerosols was observed only at Gandhi College (2%). The mean SSA 
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and vertical lines indicate the standard deviations of SSA and FMF from their respective 
means, indicating the variability of these parameters for different aerosol types. Although 
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distinguished based on FMF thresholds following Lee et al. (2010), i.e. FMF<0.4 indicates 
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Figure 9. (a) Density plot and corresponding (b) cluster plot of AERONET-derived SSA vs. FMF for two 
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Spectral information of SSA for each aerosol type was also shown and discussed in [27], 
which clearly discriminates the dominance of natural dust (SSA increases with increasing 
wavelength) with anthropogenic aerosols (SSA decreases with increasing wavelength) at 
Kanpur and Gandhi College over the IGB. As expected, SSA for PD and PC aerosols was 
found to have spectrally increased, suggesting relative importance of dust. PD has higher 
spectral trend relative to PC due to larger fraction of dust, which was found to be 
dominated at Kanpur as compared to Gandhi College. On the contrary to PD and PC type 
aerosols at Gandhi College, SSA for NA aerosols was found to have spectrally decreased 

with relatively larger magnitude at all the wavelengths. However, relatively less spectral 
dependence in SSA was seen for MBC and MOC aerosols, which shows slight decrease in 
spectral SSA at Gandhi College and opposite at Kanpur. 

Further, the absorption aerosol optical depth (AODabs) at different wavelengths (λ) can be 
obtained, suggested in [69] as 

      AOD   1  SSA   AODabs         (1) 

The absorption Ångström exponent (AAE) has been computed as negative of the slope of 
fitted line of the natural logarithm of AODabs vs. natural logarithm of the respective 
wavelengths and used to substantiate the inferred aerosol types over IGB, as shown in 
Figure 10. The magnitude of AAE near to 1.0 (marked by dotted line in Figure 10) represents 
a theoretical AAE value for black carbon as reported in [69]. AAE values for PD and PC 
aerosol types were found to be 1.70 and 1.43, respectively at Kanpur and 1.30 and 1.18, 
respectively at Gandhi College. However, for MBC and MOC type aerosols, AAE values 
were relatively higher at Kanpur (~20%) than at Gandhi College, where values were found 
to be closer to the theoretical AAE value for black carbon (i.e. AAE≈1.0), thus indicating the 
presence of fresh BC at Gandhi College, which can be expected from the potential source of 
combustion of fossil fuel and biomass burning used for domestic purposes. On the other 
hand, aged BC or mixed BC can be expected at Kanpur (mostly from biomass burning and 
urban/industrial sources), which is favorable scenario during the summer periods [17-36]. 
The estimated AAE values over the IGB thus suggest relative dominance of absorbing type 
aerosols over the central part of IGB (due to dominant dust mixed with other absorbing 
aerosols) as compared to the eastern part during pre-monsoon period. 

Apart from these continuous measurements, various field campaigns have also been 
conducted regionally to study and improve the aerosol remote sensing measurements as 
well as provide data for atmospheric prediction over the past decade. Campaigns 
conducted in or near India, which used space-based, airborne, and surface-based 
instrumentations to observe high aerosol loading over the Indian subcontinent and the 
surrounding Oceanic regions, included the Indian Ocean Experiment (INDOEX) reported 
in [26], Arabian Sea Monsoon Experiment (ARMEX) reported in [70], Indian Space 
Research Organization Geosphere Biosphere Programme (ISRO-GBP) Land Campaign 
reported in [43-45]. The first phase of Land Campaign (LC-I) was conducted during 
February to March 2004, to understand the spatial distribution of aerosols and trace gases 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 61 

over central/peninsular India. The details of these campaigns and the major findings have 
been reported in literatures in [71-74]. As a continuation of this experiment, second phase 
of land campaign (LC-II) was conducted during December 2004, to characterize the 
regional aerosol properties and trace gases across the entire IGB region including the 
Himalayan foothills. This phase of the campaign provided a comprehensive database on 
the optical, microphysical and chemical properties of aerosols over the IGB and the 
foothills of Himalayas and reported in [44,45,75-80]. All these studies showed the 
persistence of high aerosol loading (in terms of high AOD) and black carbon mass 
concentrations over the region. 

 
Figure 10. Mean AAE values for each aerosol type at Kanpur and Gandhi College over the IGB 
(Adopted from [27]). 

Further, an International TIGERZ experiment was conducted by the NASA AERONET 
group within the IGB region around the industrial city of Kanpur during the pre-monsoon 
period [36]. The major objectives of TIGERZ include the spatial and temporal 
characterization of columnar aerosol optical, microphysical and absorption properties; the 
identification of aerosol particle types/mixtures; and the validation of remotely sensed 
aerosol properties from satellites. In a recent past, Ramanathan group from the Scripps 
Institution of Oceanography, University of California, USA conducted a field measurement 
(from November 2009–September 2010), called Project Surya, in a rural area over the IGB 
region. Studies were focused on to establish the role of both solid biomass based cooking in 
traditional stoves and diesel vehicles in contributing to high BC and organic carbon (OC), 
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Spectral information of SSA for each aerosol type was also shown and discussed in [27], 
which clearly discriminates the dominance of natural dust (SSA increases with increasing 
wavelength) with anthropogenic aerosols (SSA decreases with increasing wavelength) at 
Kanpur and Gandhi College over the IGB. As expected, SSA for PD and PC aerosols was 
found to have spectrally increased, suggesting relative importance of dust. PD has higher 
spectral trend relative to PC due to larger fraction of dust, which was found to be 
dominated at Kanpur as compared to Gandhi College. On the contrary to PD and PC type 
aerosols at Gandhi College, SSA for NA aerosols was found to have spectrally decreased 

with relatively larger magnitude at all the wavelengths. However, relatively less spectral 
dependence in SSA was seen for MBC and MOC aerosols, which shows slight decrease in 
spectral SSA at Gandhi College and opposite at Kanpur. 

Further, the absorption aerosol optical depth (AODabs) at different wavelengths (λ) can be 
obtained, suggested in [69] as 

      AOD   1  SSA   AODabs         (1) 

The absorption Ångström exponent (AAE) has been computed as negative of the slope of 
fitted line of the natural logarithm of AODabs vs. natural logarithm of the respective 
wavelengths and used to substantiate the inferred aerosol types over IGB, as shown in 
Figure 10. The magnitude of AAE near to 1.0 (marked by dotted line in Figure 10) represents 
a theoretical AAE value for black carbon as reported in [69]. AAE values for PD and PC 
aerosol types were found to be 1.70 and 1.43, respectively at Kanpur and 1.30 and 1.18, 
respectively at Gandhi College. However, for MBC and MOC type aerosols, AAE values 
were relatively higher at Kanpur (~20%) than at Gandhi College, where values were found 
to be closer to the theoretical AAE value for black carbon (i.e. AAE≈1.0), thus indicating the 
presence of fresh BC at Gandhi College, which can be expected from the potential source of 
combustion of fossil fuel and biomass burning used for domestic purposes. On the other 
hand, aged BC or mixed BC can be expected at Kanpur (mostly from biomass burning and 
urban/industrial sources), which is favorable scenario during the summer periods [17-36]. 
The estimated AAE values over the IGB thus suggest relative dominance of absorbing type 
aerosols over the central part of IGB (due to dominant dust mixed with other absorbing 
aerosols) as compared to the eastern part during pre-monsoon period. 

Apart from these continuous measurements, various field campaigns have also been 
conducted regionally to study and improve the aerosol remote sensing measurements as 
well as provide data for atmospheric prediction over the past decade. Campaigns 
conducted in or near India, which used space-based, airborne, and surface-based 
instrumentations to observe high aerosol loading over the Indian subcontinent and the 
surrounding Oceanic regions, included the Indian Ocean Experiment (INDOEX) reported 
in [26], Arabian Sea Monsoon Experiment (ARMEX) reported in [70], Indian Space 
Research Organization Geosphere Biosphere Programme (ISRO-GBP) Land Campaign 
reported in [43-45]. The first phase of Land Campaign (LC-I) was conducted during 
February to March 2004, to understand the spatial distribution of aerosols and trace gases 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 61 

over central/peninsular India. The details of these campaigns and the major findings have 
been reported in literatures in [71-74]. As a continuation of this experiment, second phase 
of land campaign (LC-II) was conducted during December 2004, to characterize the 
regional aerosol properties and trace gases across the entire IGB region including the 
Himalayan foothills. This phase of the campaign provided a comprehensive database on 
the optical, microphysical and chemical properties of aerosols over the IGB and the 
foothills of Himalayas and reported in [44,45,75-80]. All these studies showed the 
persistence of high aerosol loading (in terms of high AOD) and black carbon mass 
concentrations over the region. 

 
Figure 10. Mean AAE values for each aerosol type at Kanpur and Gandhi College over the IGB 
(Adopted from [27]). 

Further, an International TIGERZ experiment was conducted by the NASA AERONET 
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characterization of columnar aerosol optical, microphysical and absorption properties; the 
identification of aerosol particle types/mixtures; and the validation of remotely sensed 
aerosol properties from satellites. In a recent past, Ramanathan group from the Scripps 
Institution of Oceanography, University of California, USA conducted a field measurement 
(from November 2009–September 2010), called Project Surya, in a rural area over the IGB 
region. Studies were focused on to establish the role of both solid biomass based cooking in 
traditional stoves and diesel vehicles in contributing to high BC and organic carbon (OC), 
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and solar absorption [81,82]. In continuation to this, [83] have studied the link between local 
scale aerosol properties and column averaged regional aerosol optical properties and 
atmospheric radiative forcing. 

Apart from ground-based aerosol measurements, vertical distribution of aerosols were 
carried out for the first time over Kanpur in the IGB region during the winter and summer 
of the year 2005, reported in [84-85]. Vertical measurements of aerosols up to 1.5 km 
provided useful information during the winter because aerosols were mostly confined to the 
boundary layer; however, during summer, aerosols get convected and reached up to the 
higher altitudes. The Integrated Campaign for Aerosols, gases, and Radiation Budget 
(ICARB) was initiated to address these issues with multi-institutional, multi-instrumental, 
multi-platform field campaign, where integrated observations and measurements of 
aerosols with special emphasis on black carbon, radiation and trace gases along with other 
complementary measurements on boundary layers and meteorological parameters were 
made simultaneously [86]. The ICARB was conducted during February-May period of 2006 
as an integrated campaign, comprising three segments namely the land, ocean and air, to 
assess the regional radiative impact of aerosols and trace gases, and to quantify the effect of 
the long-range transport of aerosols and trace gases over the Indian mainland, Arabian Sea, 
Bay of Bengal and the tropical Indian Ocean. The details of this campaign and the major 
findings have been reported in different literatures in [86-90]. ICARB was covered only the 
eastern part of the IGB (Bhubaneswar) [91] while focusing mostly on the peninsular India 
and surrounding oceans. Continental Tropical Convergence Zone (CTCZ) campaign, 
focused on the aerosol distribution in the pre-monsoon and monsoon (June–September) 
seasons was initiated in the year 2008, and covering the continental part of the more 
common tropical convergence zone over India, including the IGB [92]. During the 
campaign, Aircraft and ground-based measurements together were carried out over the IGB 
and Central part of India to quantify the aerosol indirect effect. The details of the campaign 
and the major findings have been reported in a recent publication in [61]. 

Even though all these national and international field experiments and campaigns have 
greatly improved our understanding on aerosol optical, physical as well as chemical 
properties and have indeed reduced the uncertainty in regional aerosol direct radiative 
forcing at various parts of India including the IGB region, they are limited to a certain 
period or location due to their specific goals. In this perspective, long-term experiments with 
a high spatio-temporal scale can add advantages of understanding aerosol influences on a 
longer time scale, thereby helping to infer the signs of anthropogenic impacts. This is where 
satellite data become very useful and can complement the ground-based and/or in-situ 
measurements. 

3.2. Space-borne 

Satellite retrievals of aerosol properties over land have only been available in recent years 
and a few studies have been done using these data over the Indian subcontinent, focusing 
on the IGB region. In reference [12], they were the first to study the spatial distribution of 
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AOD over India using Multiangle Imaging Spectroradiometer (MISR) during the winter 
period from 2001 to 2004, where they were able to explain the enormous pollution observed 
over the IGB based on meteorology, topography and potential aerosol emission sources. 
Further, subsequent studies using Moderate Resolution Imaging Spectroradiometer 
(MODIS) data have confirmed this observation [13,15,93] with additional information on the 
seasonal variability of AOD and fine mode fraction, to some extent. In continuation to that 
recently in reference [8], they have presented a detailed analysis of a 9 year (2000–2008) 
seasonal climatology of size‐ and shape‐segregated aerosol properties over the Indian 
subcontinent derived from the MISR. The spatial heterogeneity of the aerosol parameters are 
shown in Figure 11 for each season. 

The spatial distribution of AOD in the winter season reveals high AOD over the IGB and its 
outflow to the northern Bay of Bengal because of high anthropogenic emission sources, as 
previously observed from satellite [12,13,15,93] and ground‐based [22,43,45] measurements. 
It is well known that the IGB region is often enveloped by thick fog/haze during this period, 
which is typically associated with high aerosol loading over the region [43,49,94-96]. AOD 
averaged over eight winter seasons is highest (>0.4) over the eastern part of IGB, which was 
referred to as the ‘Bihar pollution pool’ in [12]. As pointed out in [12], this observation has 
strong implications for the large population residing in this area and thus calls for further 
work. In [97], they have used CO retrieved from MOPITT (version 3 data) and found a 
corresponding pool of high CO mixing ratios at 850 hPa level in the same area in winter. In 
continuation of this, in [50], they have further demonstrated the extensive pollution along 
the eastern parts of the IGB during winter months using the improved version 4 CO data 
from MOPITT and the new version 3 height resolved aerosol data from CALIPSO as well as 
the tropospheric column ozone from two different data products. Both the CO and aerosol 
data from this study confirm the trapping of pollution at low altitudes by subsidence. 
Aerosols across the IGB was found to be transported from west to east by northwesterly 
winds, encounter a narrowing valley floor and are trapped efficiently within the 
atmospheric column in the eastern part of the IGB by subsiding air [8]. Relatively low AE 
(<0.8) in the eastern IGB than the other parts, suggests high concentration of coarse dust 
particles emitted possibly by rural activities (e.g., agriculture, etc.) from the densely 
populated rural population. 
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seasons was initiated in the year 2008, and covering the continental part of the more 
common tropical convergence zone over India, including the IGB [92]. During the 
campaign, Aircraft and ground-based measurements together were carried out over the IGB 
and Central part of India to quantify the aerosol indirect effect. The details of the campaign 
and the major findings have been reported in a recent publication in [61]. 
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greatly improved our understanding on aerosol optical, physical as well as chemical 
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forcing at various parts of India including the IGB region, they are limited to a certain 
period or location due to their specific goals. In this perspective, long-term experiments with 
a high spatio-temporal scale can add advantages of understanding aerosol influences on a 
longer time scale, thereby helping to infer the signs of anthropogenic impacts. This is where 
satellite data become very useful and can complement the ground-based and/or in-situ 
measurements. 
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Satellite retrievals of aerosol properties over land have only been available in recent years 
and a few studies have been done using these data over the Indian subcontinent, focusing 
on the IGB region. In reference [12], they were the first to study the spatial distribution of 
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AOD over India using Multiangle Imaging Spectroradiometer (MISR) during the winter 
period from 2001 to 2004, where they were able to explain the enormous pollution observed 
over the IGB based on meteorology, topography and potential aerosol emission sources. 
Further, subsequent studies using Moderate Resolution Imaging Spectroradiometer 
(MODIS) data have confirmed this observation [13,15,93] with additional information on the 
seasonal variability of AOD and fine mode fraction, to some extent. In continuation to that 
recently in reference [8], they have presented a detailed analysis of a 9 year (2000–2008) 
seasonal climatology of size‐ and shape‐segregated aerosol properties over the Indian 
subcontinent derived from the MISR. The spatial heterogeneity of the aerosol parameters are 
shown in Figure 11 for each season. 

The spatial distribution of AOD in the winter season reveals high AOD over the IGB and its 
outflow to the northern Bay of Bengal because of high anthropogenic emission sources, as 
previously observed from satellite [12,13,15,93] and ground‐based [22,43,45] measurements. 
It is well known that the IGB region is often enveloped by thick fog/haze during this period, 
which is typically associated with high aerosol loading over the region [43,49,94-96]. AOD 
averaged over eight winter seasons is highest (>0.4) over the eastern part of IGB, which was 
referred to as the ‘Bihar pollution pool’ in [12]. As pointed out in [12], this observation has 
strong implications for the large population residing in this area and thus calls for further 
work. In [97], they have used CO retrieved from MOPITT (version 3 data) and found a 
corresponding pool of high CO mixing ratios at 850 hPa level in the same area in winter. In 
continuation of this, in [50], they have further demonstrated the extensive pollution along 
the eastern parts of the IGB during winter months using the improved version 4 CO data 
from MOPITT and the new version 3 height resolved aerosol data from CALIPSO as well as 
the tropospheric column ozone from two different data products. Both the CO and aerosol 
data from this study confirm the trapping of pollution at low altitudes by subsidence. 
Aerosols across the IGB was found to be transported from west to east by northwesterly 
winds, encounter a narrowing valley floor and are trapped efficiently within the 
atmospheric column in the eastern part of the IGB by subsiding air [8]. Relatively low AE 
(<0.8) in the eastern IGB than the other parts, suggests high concentration of coarse dust 
particles emitted possibly by rural activities (e.g., agriculture, etc.) from the densely 
populated rural population. 
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Figure 11. Spatial distribution of climatological mean mid-visible AOD (first panel) and AE (second 
panel) during the winter, pre-monsoon, monsoon and post-monsoon seasons over the Indian 
subcontinent (including IGB region) for the period from March 2000 to November 2008 (Adopted from [8]). 

In the pre-monsoon season, aerosol spectral optical properties change significantly from the 
preceding winter season because of enhancement in dust loading, particularly over the IGB 
region [15,31,24]. Large emission of small particles from open biomass burning compensates 
the relative influence of dust on spectral AOD in the eastern part of the IGB [27] as indicated 
by an increase of AE during pre-monsoon season compared to the preceding winter season 
(Figure 11). This also leads to an overall increase in AOD in this region compared to the 
winter season. Thus, winter to pre-monsoon changes in aerosol properties are not just 
dominated by an increase in dust, as previously thought, but also by an increase in 
anthropogenic components, particularly in the regions where biomass combustion is in the 
common practice during this period. Changing atmospheric aerosol properties caused by 
anthropogenic activities carries serious implications for climate change and human health 
[98]. 

The anthropogenic emissions, particularly BC and sulfate aerosols are present throughout 
the year in northern India over the IGB [99,100]. Such aerosols form thick layers of haze in 
winter, termed as Atmospheric Brown Clouds (ABC), which block the solar radiation 
reaching to the surface [101]. In [102], they have reported in their study over India that the 
AODs derived from TOMS data from 1979 to 2000 increased by ~11% per decade during the 
winter with large values over the IGB region, which consequently affect the surface reaching 
solar radiation, known as “solar dimming” [103-105]. The average solar dimming observed 
over India is about −0.86 W m−2 yr−1, while during winter, pre-monsoon and monsoon 
seasons the same was observed to be about −0.94, −1.04 and −0.74 Wm−2, respectively [104]. 
The significant reduction in ground‐reaching solar radiation can directly be correlated with 
the increased aerosol loading in the atmosphere due to enhancement in industrialization, 
vehicular pollution, biomass burning and dust storm activities over the region [106,107]. 
Apart from solar dimming effect due to variety of aerosols in terms of haze/fog conditions, 
our understanding about the role of secondary organic aerosols (particulate organic matters 
produced by gas-to-particle conversion process), particularly in climate change and its 
connection to health effects is very limited by numerous uncertainties. In a recent study in 
[108], they have observed an enhanced production of secondary organic aerosols over 
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Kanpur in the IGB during the foggy periods of winter, which was hypothesized that the 
aqueous phase chemistry in fog drops is responsible for increased production of secondary 
organic aerosols. 

During the monsoon, stronger westerly winds were found to be transport greater components 
of dust from the Arabian Peninsula to the Indian subcontinent [8]. In general, the spatial 
distribution of AOD (Figure 11) in this season is largely influenced by monsoon precipitation. 
Suppressed precipitation in the monsoon break phase allows for a rapid buildup of aerosols in 
the high anthropogenic source regions (e.g. IGB), while particles are being washed out by the 
precipitation in the active monsoon phase. This also leads to very high intra-seasonal and 
inter-annual variability in aerosol characteristics. Aerosol regional mean climatology in the 
post-monsoon season is very similar to that for the winter season (Figure 11), but the spatial 
distribution differs in several regions. For example, the wintertime high AOD zone in the IGB 
shows a larger spread and higher inter-annual variability across the basin in this season, owing 
to a stronger peak in crop waste burning in the western part of IGB than the eastern part [109] 
and weaker subsidence in the eastern part of IGB compared to the winter season. As a result, 
IGB is the region with highest aerosol absorption and thus occurred large discrepancy in MISR 
and MODIS derived AODs [20]. 

4. Coupling of IGB aerosols to the Himalayan region and their possible 
impacts 

Due to combined effects of IGB topography and the Himalayan orography, aerosols over the 
IGB region are lifted up quite often and found to be extended up to the Himalayan foothills 
and also to the other high-altitude regions [23,61,110-113]. Absorbing aerosols in the 
elevated regions heat the mid-troposphere by absorbing solar radiation, and produce an 
atmospheric dynamical feedback called as elevated heat pump (EHP) effect. Consequently, 
this can lead to an increase in the summer monsoon rainfall over India [63] and 
enhancement in the rate of snow melting in the Himalayan regions [64], which is one of the 
potential themes for global scientific community and need to be addressed to improve 
scientific understanding of the regional climate on inter-annual as well as intra-seasonal 
scales. In particular, the main emphasis of the IGB region coupled with the Himalayan 
foothills is due to the highest AOD values in this region among the South Asia regions, 
which are persistent throughout the winter and spring seasons [114]. 

In a recent study in [115], they have shown a possible influence of desert dust aerosols 
originated and transported from the Thar Desert region to the high-altitude station at 
Manora Peak, Nainital in the central Himalayas (Figure 12). The high values of aerosol index 
(AI) derived from the Ozone Monitoring Instrument (OMI) attest to the presence of 
absorbing aerosol particles over the region; however, air mass back-trajectory analysis over 
the station shows different pathways for the transport of air masses from the source region 
to the experimental site over different time periods (Figure 12). In this study, [115] observed 
a thick aerosol layer at ~1500 m altitude (Figure 13), above the station level, which was 
substantiated by the air mass back-trajectory analysis (Figure 14). 
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preceding winter season because of enhancement in dust loading, particularly over the IGB 
region [15,31,24]. Large emission of small particles from open biomass burning compensates 
the relative influence of dust on spectral AOD in the eastern part of the IGB [27] as indicated 
by an increase of AE during pre-monsoon season compared to the preceding winter season 
(Figure 11). This also leads to an overall increase in AOD in this region compared to the 
winter season. Thus, winter to pre-monsoon changes in aerosol properties are not just 
dominated by an increase in dust, as previously thought, but also by an increase in 
anthropogenic components, particularly in the regions where biomass combustion is in the 
common practice during this period. Changing atmospheric aerosol properties caused by 
anthropogenic activities carries serious implications for climate change and human health 
[98]. 

The anthropogenic emissions, particularly BC and sulfate aerosols are present throughout 
the year in northern India over the IGB [99,100]. Such aerosols form thick layers of haze in 
winter, termed as Atmospheric Brown Clouds (ABC), which block the solar radiation 
reaching to the surface [101]. In [102], they have reported in their study over India that the 
AODs derived from TOMS data from 1979 to 2000 increased by ~11% per decade during the 
winter with large values over the IGB region, which consequently affect the surface reaching 
solar radiation, known as “solar dimming” [103-105]. The average solar dimming observed 
over India is about −0.86 W m−2 yr−1, while during winter, pre-monsoon and monsoon 
seasons the same was observed to be about −0.94, −1.04 and −0.74 Wm−2, respectively [104]. 
The significant reduction in ground‐reaching solar radiation can directly be correlated with 
the increased aerosol loading in the atmosphere due to enhancement in industrialization, 
vehicular pollution, biomass burning and dust storm activities over the region [106,107]. 
Apart from solar dimming effect due to variety of aerosols in terms of haze/fog conditions, 
our understanding about the role of secondary organic aerosols (particulate organic matters 
produced by gas-to-particle conversion process), particularly in climate change and its 
connection to health effects is very limited by numerous uncertainties. In a recent study in 
[108], they have observed an enhanced production of secondary organic aerosols over 
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Kanpur in the IGB during the foggy periods of winter, which was hypothesized that the 
aqueous phase chemistry in fog drops is responsible for increased production of secondary 
organic aerosols. 

During the monsoon, stronger westerly winds were found to be transport greater components 
of dust from the Arabian Peninsula to the Indian subcontinent [8]. In general, the spatial 
distribution of AOD (Figure 11) in this season is largely influenced by monsoon precipitation. 
Suppressed precipitation in the monsoon break phase allows for a rapid buildup of aerosols in 
the high anthropogenic source regions (e.g. IGB), while particles are being washed out by the 
precipitation in the active monsoon phase. This also leads to very high intra-seasonal and 
inter-annual variability in aerosol characteristics. Aerosol regional mean climatology in the 
post-monsoon season is very similar to that for the winter season (Figure 11), but the spatial 
distribution differs in several regions. For example, the wintertime high AOD zone in the IGB 
shows a larger spread and higher inter-annual variability across the basin in this season, owing 
to a stronger peak in crop waste burning in the western part of IGB than the eastern part [109] 
and weaker subsidence in the eastern part of IGB compared to the winter season. As a result, 
IGB is the region with highest aerosol absorption and thus occurred large discrepancy in MISR 
and MODIS derived AODs [20]. 

4. Coupling of IGB aerosols to the Himalayan region and their possible 
impacts 

Due to combined effects of IGB topography and the Himalayan orography, aerosols over the 
IGB region are lifted up quite often and found to be extended up to the Himalayan foothills 
and also to the other high-altitude regions [23,61,110-113]. Absorbing aerosols in the 
elevated regions heat the mid-troposphere by absorbing solar radiation, and produce an 
atmospheric dynamical feedback called as elevated heat pump (EHP) effect. Consequently, 
this can lead to an increase in the summer monsoon rainfall over India [63] and 
enhancement in the rate of snow melting in the Himalayan regions [64], which is one of the 
potential themes for global scientific community and need to be addressed to improve 
scientific understanding of the regional climate on inter-annual as well as intra-seasonal 
scales. In particular, the main emphasis of the IGB region coupled with the Himalayan 
foothills is due to the highest AOD values in this region among the South Asia regions, 
which are persistent throughout the winter and spring seasons [114]. 

In a recent study in [115], they have shown a possible influence of desert dust aerosols 
originated and transported from the Thar Desert region to the high-altitude station at 
Manora Peak, Nainital in the central Himalayas (Figure 12). The high values of aerosol index 
(AI) derived from the Ozone Monitoring Instrument (OMI) attest to the presence of 
absorbing aerosol particles over the region; however, air mass back-trajectory analysis over 
the station shows different pathways for the transport of air masses from the source region 
to the experimental site over different time periods (Figure 12). In this study, [115] observed 
a thick aerosol layer at ~1500 m altitude (Figure 13), above the station level, which was 
substantiated by the air mass back-trajectory analysis (Figure 14). 
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Figure 12. OMI AI images showing the source and the progressive movement of the dust aerosols 
occurred in June 2006. Five-day air mass back-trajectories at Manora Peak for different time periods are 
superimposed on respective days AI images (Adopted from [115]). 

 
Figure 13. Altitude versus time variations in BSR on a dust day (12 June 2006, with color contour) along 
with the variations in lidar-derived AOD at 532 nm (with solid line, average AOD = 0.83 ± 0.12) (Adopted 
from [115]). 

Apart from dust transport from the Desert regions, recent study in [116], they have also 
demonstrated significant impact of north Indian biomass burning on aerosols and trace 
gases and the resultant radiation budget over the central Himalayas during the spring 
period through air mass back-trajectory analysis coupled with fire counts (Figure 15). The 
same has also been reported in [117] to be one of the major sources of BC over the same 
station in the central Himalayas, which was observed to be much lower (in terms of 
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magnitude) as compared to the urban location in the IGB, but was found to have significant 
contribution to the total aerosol optical depth (~17%) and the resultant atmospheric forcing 
(~70%) at Manora Peak [62]. Based on BC measured at two different wavelengths at ultra-
violet (370nm) and near-infrared (880nm), [117] have distinguished the potential sources of 
BC at Delhi (one of the densely populated and industrialized urban megacities in Asia and 
typically represents the plains of Ganga basin) and Manora Peak (one of the high-altitude 
and sparsely inhabited clean site in the Indian Himalayan foothills situated in the central 
Himalayas). Based on the analysis, [117] have found the major contribution of BC at Manora 
Peak is from biomass burning while fossil fuel is found to be the dominating contributor at 
Delhi.  

 
Figure 14. Temporal evolution of air masses at 1500 m altitude for three different time intervals on 12 
and 13 June 2006 (Adopted from [115]). 

 

 
Figure 15. Three day back‐air trajectories arriving at Manora Peak during the fire‐impacted periods in 
2007, 2008 and 2009 (triangle represents the observation site) (Adopted from [116]). 
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same has also been reported in [117] to be one of the major sources of BC over the same 
station in the central Himalayas, which was observed to be much lower (in terms of 
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magnitude) as compared to the urban location in the IGB, but was found to have significant 
contribution to the total aerosol optical depth (~17%) and the resultant atmospheric forcing 
(~70%) at Manora Peak [62]. Based on BC measured at two different wavelengths at ultra-
violet (370nm) and near-infrared (880nm), [117] have distinguished the potential sources of 
BC at Delhi (one of the densely populated and industrialized urban megacities in Asia and 
typically represents the plains of Ganga basin) and Manora Peak (one of the high-altitude 
and sparsely inhabited clean site in the Indian Himalayan foothills situated in the central 
Himalayas). Based on the analysis, [117] have found the major contribution of BC at Manora 
Peak is from biomass burning while fossil fuel is found to be the dominating contributor at 
Delhi.  

 
Figure 14. Temporal evolution of air masses at 1500 m altitude for three different time intervals on 12 
and 13 June 2006 (Adopted from [115]). 

 

 
Figure 15. Three day back‐air trajectories arriving at Manora Peak during the fire‐impacted periods in 
2007, 2008 and 2009 (triangle represents the observation site) (Adopted from [116]). 
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5. Summary and future directions 
The study over IGB region revealed different aerosol characteristics over the region from 
western to central and to the eastern parts, which show significant gradient in magnitude of 
most of the aerosol characteristics. Such gradient can be explained due to the gradual 
changes in weather parameters and/or emission sources apart from geographical 
heterogeneity. Such gradient is, ultimately, found to have impact on the Earth-atmosphere 
system by negative radiative forcing, thus causing cooling, at the surface, and positive 
aerosol forcing, thus causing heating in the atmosphere. Such gradient in heating rate raises 
several climatic issues, and is needed to be answered on the basis of longer period 
investigations at several stations to improve the scientific understanding of the regional 
climate in inter-annual as well as intra-seasonal scale. 

Due to large uncertainty in satellite derived aerosol products over the IGB during pre-
monsoon dust periods, long-term ground-based measurements during different seasons can 
indeed provide useful information of the characteristics of aerosol types over the region on 
seasonal and inter-annual basis, which are meager and crucial for the regional climate 
models. Further, the mixing of natural dust with anthropogenically produced aerosol 
particles, has been hypothesized in [17] over the IGB region, mostly during the pre-monsoon 
period and corroborated with the AERONET data [36], suggested the complication of the 
satellite retrieval of aerosol characteristics and quantifying the climatic effects [118]. Hence, 
it is also one of the important research areas in understanding aerosol characteristics over 
the IGB region to make realistic assessments of aerosol-hydro-climate interplay. 

The issue of black carbon or soot particles and its relationship with climate change has gained 
enormous scientific and popular interest over the last few years. The knowledge and 
understanding on aspects such as vertical distribution and mixing of black carbon with other 
aerosols, effects of cloud cover and monsoon still remains uncertain and incomplete. Few 
studies have shown that when sulphate or organics is coated over black carbon aerosols, its 
absorption effects are enhanced by 50% [119]. In case of black carbon mixed with large dust 
particles, absorption of the composite dust-black carbon aerosol system is enhanced by a factor 
of two to three compared to sum of black carbon and dust absorption [120]. However, we have 
no information on the state of mixing of black carbon. The proper assessment of mixing and/or 
coating of various aerosol species and their impacts on various aerosol characteristics have not 
been well quantified [121], which makes the investigation a real challenge [122]. IGB, being in 
proximity to the Thar Desert region, is found to be affected predominantly by the enhanced 
dust aerosols, mostly during the pre-monsoon period. As a result, the probability of this 
interaction (i.e. mixing) was suggested to be more over the region during this period [17,36] 
and is one of the future perspectives. To better understand these crucial issues, National 
Carbonaceous Aerosol Program (NCAP) was recently launched in India, focusing on the 
measurement of black carbon; their role in atmospheric stability and the consequent effect on 
cloud formation, monsoon and retreating of Himalayan glacier [123]. 

Based on recent observations using aircraft [61] and satellite measurements ([34,46], it has 
been reported that during pre-monsoon season, IGB region is characterized by the elevated 
aerosol layers extended up to the altitude from about 3 to 5 km. When the amount of 
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absorbing aerosols such as black carbon and dust, are significant in the atmosphere, the 
aerosol optical depth and chemical composition are not the only determinants of aerosol 
radiative effects, but the altitude of the aerosol layer and its altitude relative to clouds (if 
present) are also essential. Thus, it is also essential to gather information on vertical 
distribution of aerosols over this region.  

Further, fog over the IGB region is observed to be a common feature, occurs mostly during 
the winter period. The number of foggy days has been increasing in recent years as 
compared to earlier decades [124], with strong increasing trends of anthropogenic pollution 
in the IG plains [125]. Fog formation usually begins in the latter half of December and 
continues till the end of January, thus blanketing some regions for more than a month [126]. 
The low topography of the IGB, adjacent to the Himalayan range, favors formation of fog 
and provides high concentration of air pollutants in the plains which serve as additional 
CCN for nucleation. Fog affects day to day lives of millions of people living in this region, 
resulting in poor visibility down to less than 100 meters causing frequent flight and train 
delays and even a significant number of deaths from vehicular accidents in many severe 
events [127]. Though few studies were done focusing on fog-induced aerosol characteristics 
over the IGB region and their impacts to the aerosol radiative forcing [49,128], detailed 
studies of aerosol composition and inter-annual variation of aerosols are required to better 
understand the interaction of winter haze with the formation of fog over the IGB. 

Apart from the measurements for various aerosol characteristics through different ground-
based and space-born instrumentations, a 1-D aerosol optical model named as optical 
properties of aerosols and clouds (OPAC) has been developed by [129], estimating crucial 
optical properties of aerosols such as AOD and SSA, under the assumption of spherical aerosol 
particles and external mixing. In [130], they have shown that the optical depth and SSA of 
aerosol particles have strongest sensitivity on the direct radiative forcing, and these optical 
properties have found to be large deviation with shape and composition [18]. Further, with the 
model studies reported in [47,118], the particle composition (i.e. mixing state) and shape (i.e. 
morphology) attributes to more cooling at both top of the atmosphere and surface, and the 
combined effect is ~6% more warming than the spherical particles. The significance of 
consideration of particle shape is more in the regions where black carbon mixes with pure 
mineral dust, which are the most probable case over the IGB in northern India, because 
enhancement in the atmospheric warming will be under-estimated if particle morphology is 
not considered [47]. Thus, there is an urgent need for modeling studies over the IGB region to 
examine quantitatively the influence of particle morphology along with their mixing states on 
optical and radiative characteristics of aerosols with their size distribution. 
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Due to large uncertainty in satellite derived aerosol products over the IGB during pre-
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particles, absorption of the composite dust-black carbon aerosol system is enhanced by a factor 
of two to three compared to sum of black carbon and dust absorption [120]. However, we have 
no information on the state of mixing of black carbon. The proper assessment of mixing and/or 
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been well quantified [121], which makes the investigation a real challenge [122]. IGB, being in 
proximity to the Thar Desert region, is found to be affected predominantly by the enhanced 
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absorbing aerosols such as black carbon and dust, are significant in the atmosphere, the 
aerosol optical depth and chemical composition are not the only determinants of aerosol 
radiative effects, but the altitude of the aerosol layer and its altitude relative to clouds (if 
present) are also essential. Thus, it is also essential to gather information on vertical 
distribution of aerosols over this region.  

Further, fog over the IGB region is observed to be a common feature, occurs mostly during 
the winter period. The number of foggy days has been increasing in recent years as 
compared to earlier decades [124], with strong increasing trends of anthropogenic pollution 
in the IG plains [125]. Fog formation usually begins in the latter half of December and 
continues till the end of January, thus blanketing some regions for more than a month [126]. 
The low topography of the IGB, adjacent to the Himalayan range, favors formation of fog 
and provides high concentration of air pollutants in the plains which serve as additional 
CCN for nucleation. Fog affects day to day lives of millions of people living in this region, 
resulting in poor visibility down to less than 100 meters causing frequent flight and train 
delays and even a significant number of deaths from vehicular accidents in many severe 
events [127]. Though few studies were done focusing on fog-induced aerosol characteristics 
over the IGB region and their impacts to the aerosol radiative forcing [49,128], detailed 
studies of aerosol composition and inter-annual variation of aerosols are required to better 
understand the interaction of winter haze with the formation of fog over the IGB. 

Apart from the measurements for various aerosol characteristics through different ground-
based and space-born instrumentations, a 1-D aerosol optical model named as optical 
properties of aerosols and clouds (OPAC) has been developed by [129], estimating crucial 
optical properties of aerosols such as AOD and SSA, under the assumption of spherical aerosol 
particles and external mixing. In [130], they have shown that the optical depth and SSA of 
aerosol particles have strongest sensitivity on the direct radiative forcing, and these optical 
properties have found to be large deviation with shape and composition [18]. Further, with the 
model studies reported in [47,118], the particle composition (i.e. mixing state) and shape (i.e. 
morphology) attributes to more cooling at both top of the atmosphere and surface, and the 
combined effect is ~6% more warming than the spherical particles. The significance of 
consideration of particle shape is more in the regions where black carbon mixes with pure 
mineral dust, which are the most probable case over the IGB in northern India, because 
enhancement in the atmospheric warming will be under-estimated if particle morphology is 
not considered [47]. Thus, there is an urgent need for modeling studies over the IGB region to 
examine quantitatively the influence of particle morphology along with their mixing states on 
optical and radiative characteristics of aerosols with their size distribution. 

Author details 

A.K. Srivastava* 
Indian Institute of Tropical Meteorology (Branch), Prof. Ramnath Vij Marg, New Delhi, India 
                                                                 
* Corresponding Author 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 70 

Sagnik Dey 
Centre for Atmospheric Sciences, Indian Institute of Technology Delhi, New Delhi, India 

S.N. Tripathi 
Department of Civil Engineering and Centre for Environmental Science and Engineering,  
Indian Institute of Technology Kanpur, Kanpur, India 

Acknowledgement 
Authors are thankful to the various Journals for allowing the use of published materials for 
this chapter. Figures used in this chapter are considered after taking permission from the 
respective Journals. SNT acknowledges the support under the program, Changing Water 
Cycle funded jointly by the Ministry of Earth Sciences, India and Natural Environment 
Research Council, UK. AKS thanks to Prof. B. N. Goswami, Director, IITM, Pune and Dr. P. 
C. S. Devara for their encouragement and support. 

6. References 

[1] Pöschl U (2005) Atmospheric aerosols: composition, transformation, climate and health 
effects. Angew. Chem. Int. Ed. 44: 7520-7540. 

[2] Intergovernmental Panel on Climate Change (IPCC) (2001) Climate Change 2001: The 
Scientific Basis, edited by J. T. Houghton et al., Cambridge Univ. Press, New York, 881 p. 

[3] Intergovernmental Panel on Climate Change (IPCC) (2007) Climate change 2007: The 
physical science basis: Contribution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change, Chapter 2, Cambridge Univ. 
Press, New York, 129 p. 

[4] Schwartz SE, et al. (1995) Group Report: Connections between aerosol properties and 
forcing of climate, John Wiley, Hoboken, N. J, 251–280 p. 

[5] Panicker AS, Pandithurai G, Dipu S (2010) Aerosol indirect effect during successive 
contrasting monsoon seasons over Indian subcontinent using MODIS data. Atmos. 
Environ. 44: 1937-1943. 

[6] Tripathi SN, Pattnaik A, Dey S (2007a) Aerosol indirect effect over Indo-Gangetic plain. 
Atmos. Environ. 41: 7037–7047. 

[7] Ganguly D, Ginoux P, Ramaswamy V, Dubovik O, Welton J, Reid EA, Holben BN 
(2009) Inferring the composition and concentration of aerosols by combining AERONET 
and MPLNET data: Comparison with other measurements and utilization to evaluate 
GCM output. J. Geophys. Res. 114: D16203, doi:10.1029/2009JD011895. 

[8] Dey S and Di Girolamo L (2010) A climatology of aerosol optical and microphysical 
properties over the Indian subcontinent from 9 years (2000–2008) of Multiangle Imaging 
Spectroradiometer (MISR) data. J. Geophys. Res. 115: D15204, 
doi:10.1029/2009JD013395. 

[9] Moorthy KK, Babu SS, Satheesh SK (2007) Temporal heterogeneity in aerosol 
characteristics and the resulting radiative impact at a tropical coastal station—Part 1: 
Microphysical and optical properties. Ann. Geophys. 25: 2293–2308. 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 71 

[10] Devara PCS, Raj PE, Dani KK, Pandithurai G, Kalapureddy MCR, Sonbawne SM, Rao 
YJ, Saha SK (2008) Mobile lidar profiling of tropical aerosols and clouds. J. Atmos. 
Oceanic Technol. 25: 1288–1295, doi:10.1175/2007JTECHA995.1. 

[11] Dey S and Tripathi SN (2008) Aerosol direct radiative effects over Kanpur in the Indo-
Gangetic basin, northern India: Long-term (2001–2005) observations and implications to 
regional climate. J. Geophys. Res. 113: D04212, doi:10.1029/2007JD009029. 

[12] Di Girolamo L, et al. (2004) Analysis of Multi-angle Imaging Spectro-Radiometer 
(MISR) aerosol optical depths over greater India during winter 2001-2004. Geophys. 
Res. Lett. 31: L23115, doi:10.1029/2004GL021273. 

[13] Jethva H, Satheesh SK, Srinivasan J (2005) Seasonal variability of aerosols over the Indo-
Gangetic basin. J. Geophys. Res. 110: D21204, doi:10.1029/2005JD005938. 

[14] Prasad AK and Singh RP (2007) Changes in aerosol parameters during major dust 
storm events (2001–2005) over the Indo-Gangetic Plains using AERONET and MODIS 
data. J. Geophys. Res. 112: D09208, doi:10.1029/2006JD007778. 

[15] Ramachandran S, Cherian R (2008) Regional and seasonal variations in aerosol optical 
characteristics and their frequency distributions over India during 2001-2005. J. 
Geophys. Res. 113: D08207, doi:10.1029/2007JD008560. 

[16] El-Metwally M, Alfaro SC, Abdel Wahab MM, Favez O, Mohamed Z, Chatenet B (2011) 
Aerosol properties and associated radiative effects over Cairo (Egypt). Atmos. Res. 99: 
263–276. 

[17] Dey S, Tripathi SN, Mishra SK (2008) Probable mixing state of aerosols in the Indo-
Gangetic Basin, northern India. Geophys. Res. Lett. 35: L03808, 
doi:10.1029/2007GL032622. 

[18] Mishra SK, Tripathi SN (2008) Modeling optical properties of mineral dust over the 
Indian Desert. J. Geophys. Res. 113: D23201, doi:10.1029/2008JD010048. 

[19] Tripathi SN, Dey S, Chandel A, Srivastva S, Singh RP, Holben B (2005a) Comparison of 
MODIS and AERONET derived aerosol optical depth over the Ganga basin, India. Ann. 
Geophys. 23: 1093-1101. 

[20] Kahn RA, et al. (2009) MISR aerosol product attributes and statistical comparisons with 
MODIS. IEEE Transactions on Geoscience and Remote Sensing 47(12): 4095-4114. 

[21] Holben BN, et al. (1998) AERONET–A federated instrument network and data archive 
for aerosol characterization. Remote Sens. Environ. 66: 1–16, doi:10.1016/S0034-
4257(98)00031-5. 

[22] Singh RP, Dey S, Tripathi SN, Tare V, Holben B (2004) Variability of aerosol parameters 
over Kanpur, northern India. J. Geophys. Res. 109: D23206, doi:10.1029/2004JD004966. 

[23] Gautam R, Hsu NC, Tsay SC, Lau KM, Holben B, Bell S, Smirnov A, Li C, Hansell R, Ji 
Q, Payra S, Aryal D, Kayastha R, Kim KM (2011) Accumulation of aerosols over the 
Indo-Gangetic plains and southern slopes of the Himalayas: distribution, properties and 
radiative effects during the 2009 pre-monsoon season. Atmos. Chem. Phys. 11: 12841–
12863. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 70 

Sagnik Dey 
Centre for Atmospheric Sciences, Indian Institute of Technology Delhi, New Delhi, India 

S.N. Tripathi 
Department of Civil Engineering and Centre for Environmental Science and Engineering,  
Indian Institute of Technology Kanpur, Kanpur, India 

Acknowledgement 
Authors are thankful to the various Journals for allowing the use of published materials for 
this chapter. Figures used in this chapter are considered after taking permission from the 
respective Journals. SNT acknowledges the support under the program, Changing Water 
Cycle funded jointly by the Ministry of Earth Sciences, India and Natural Environment 
Research Council, UK. AKS thanks to Prof. B. N. Goswami, Director, IITM, Pune and Dr. P. 
C. S. Devara for their encouragement and support. 

6. References 

[1] Pöschl U (2005) Atmospheric aerosols: composition, transformation, climate and health 
effects. Angew. Chem. Int. Ed. 44: 7520-7540. 

[2] Intergovernmental Panel on Climate Change (IPCC) (2001) Climate Change 2001: The 
Scientific Basis, edited by J. T. Houghton et al., Cambridge Univ. Press, New York, 881 p. 

[3] Intergovernmental Panel on Climate Change (IPCC) (2007) Climate change 2007: The 
physical science basis: Contribution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change, Chapter 2, Cambridge Univ. 
Press, New York, 129 p. 

[4] Schwartz SE, et al. (1995) Group Report: Connections between aerosol properties and 
forcing of climate, John Wiley, Hoboken, N. J, 251–280 p. 

[5] Panicker AS, Pandithurai G, Dipu S (2010) Aerosol indirect effect during successive 
contrasting monsoon seasons over Indian subcontinent using MODIS data. Atmos. 
Environ. 44: 1937-1943. 

[6] Tripathi SN, Pattnaik A, Dey S (2007a) Aerosol indirect effect over Indo-Gangetic plain. 
Atmos. Environ. 41: 7037–7047. 

[7] Ganguly D, Ginoux P, Ramaswamy V, Dubovik O, Welton J, Reid EA, Holben BN 
(2009) Inferring the composition and concentration of aerosols by combining AERONET 
and MPLNET data: Comparison with other measurements and utilization to evaluate 
GCM output. J. Geophys. Res. 114: D16203, doi:10.1029/2009JD011895. 

[8] Dey S and Di Girolamo L (2010) A climatology of aerosol optical and microphysical 
properties over the Indian subcontinent from 9 years (2000–2008) of Multiangle Imaging 
Spectroradiometer (MISR) data. J. Geophys. Res. 115: D15204, 
doi:10.1029/2009JD013395. 

[9] Moorthy KK, Babu SS, Satheesh SK (2007) Temporal heterogeneity in aerosol 
characteristics and the resulting radiative impact at a tropical coastal station—Part 1: 
Microphysical and optical properties. Ann. Geophys. 25: 2293–2308. 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 71 

[10] Devara PCS, Raj PE, Dani KK, Pandithurai G, Kalapureddy MCR, Sonbawne SM, Rao 
YJ, Saha SK (2008) Mobile lidar profiling of tropical aerosols and clouds. J. Atmos. 
Oceanic Technol. 25: 1288–1295, doi:10.1175/2007JTECHA995.1. 

[11] Dey S and Tripathi SN (2008) Aerosol direct radiative effects over Kanpur in the Indo-
Gangetic basin, northern India: Long-term (2001–2005) observations and implications to 
regional climate. J. Geophys. Res. 113: D04212, doi:10.1029/2007JD009029. 

[12] Di Girolamo L, et al. (2004) Analysis of Multi-angle Imaging Spectro-Radiometer 
(MISR) aerosol optical depths over greater India during winter 2001-2004. Geophys. 
Res. Lett. 31: L23115, doi:10.1029/2004GL021273. 

[13] Jethva H, Satheesh SK, Srinivasan J (2005) Seasonal variability of aerosols over the Indo-
Gangetic basin. J. Geophys. Res. 110: D21204, doi:10.1029/2005JD005938. 

[14] Prasad AK and Singh RP (2007) Changes in aerosol parameters during major dust 
storm events (2001–2005) over the Indo-Gangetic Plains using AERONET and MODIS 
data. J. Geophys. Res. 112: D09208, doi:10.1029/2006JD007778. 

[15] Ramachandran S, Cherian R (2008) Regional and seasonal variations in aerosol optical 
characteristics and their frequency distributions over India during 2001-2005. J. 
Geophys. Res. 113: D08207, doi:10.1029/2007JD008560. 

[16] El-Metwally M, Alfaro SC, Abdel Wahab MM, Favez O, Mohamed Z, Chatenet B (2011) 
Aerosol properties and associated radiative effects over Cairo (Egypt). Atmos. Res. 99: 
263–276. 

[17] Dey S, Tripathi SN, Mishra SK (2008) Probable mixing state of aerosols in the Indo-
Gangetic Basin, northern India. Geophys. Res. Lett. 35: L03808, 
doi:10.1029/2007GL032622. 

[18] Mishra SK, Tripathi SN (2008) Modeling optical properties of mineral dust over the 
Indian Desert. J. Geophys. Res. 113: D23201, doi:10.1029/2008JD010048. 

[19] Tripathi SN, Dey S, Chandel A, Srivastva S, Singh RP, Holben B (2005a) Comparison of 
MODIS and AERONET derived aerosol optical depth over the Ganga basin, India. Ann. 
Geophys. 23: 1093-1101. 

[20] Kahn RA, et al. (2009) MISR aerosol product attributes and statistical comparisons with 
MODIS. IEEE Transactions on Geoscience and Remote Sensing 47(12): 4095-4114. 

[21] Holben BN, et al. (1998) AERONET–A federated instrument network and data archive 
for aerosol characterization. Remote Sens. Environ. 66: 1–16, doi:10.1016/S0034-
4257(98)00031-5. 

[22] Singh RP, Dey S, Tripathi SN, Tare V, Holben B (2004) Variability of aerosol parameters 
over Kanpur, northern India. J. Geophys. Res. 109: D23206, doi:10.1029/2004JD004966. 

[23] Gautam R, Hsu NC, Tsay SC, Lau KM, Holben B, Bell S, Smirnov A, Li C, Hansell R, Ji 
Q, Payra S, Aryal D, Kayastha R, Kim KM (2011) Accumulation of aerosols over the 
Indo-Gangetic plains and southern slopes of the Himalayas: distribution, properties and 
radiative effects during the 2009 pre-monsoon season. Atmos. Chem. Phys. 11: 12841–
12863. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 72 

[24] Srivastava AK, Tiwari S, Devara PCS, Bisht DS, Srivastava MK, Tripathi SN, Goloub P, 
Holben BN (2011a) Pre-monsoon aerosol characteristics over the Indo-Gangetic Basin: 
Implications to climatic impact. Ann. Geophys. 29: 789–804. 

[25] Srivastava AK, Singh S, Tiwari S, Bisht DS (2012a) Contribution of anthropogenic 
aerosols in direct radiative forcing and atmospheric heating rate over Delhi in the Indo-
Gangatic Basin. Environ. Sci. Pollut. Res. 19: 1144-1158, doi: 10.1007/s11356-011-0633-y. 

[26] Ramanathan V, et al. (2001) Indian Ocean Experiment: An integrated analysis of the 
climate forcing and effects of the great Indo‐Asian haze. J. Geophys. Res. 106(D22): 
28371–28398, doi:10.1029/2001JD900133. 

[27] Srivastava AK, Tripathi SN, Dey S, Kanawade VP, Tiwari S (2012b) Inferring aerosol 
types over the Indo-Gangetic Basin from ground based sunphotometer measurements. 
Atmos. Res. 109-110: 64–75. 

[28] Guttikunda SK, Carmichael GR, Calori G, Eck C, Woo JH (2003) The contribution of 
megacities to regional sulfur pollution in Asia. Atmos. Environ. 37: 11–22. 

[29] Sharma M, Kiran YNVM, Shandilya KK (2003) Investigations into formation of 
atmospheric sulfate under high PM10 concentration. Atmos. Environ. 37: 2005–2013. 

[30] Monkkonen P, et al. (2004) Relationship and variations of aerosol number and PM10 
mass concentrations in a highly polluted urban environment –New Delhi, India. Atmos. 
Environ. 38: 425– 433. 

[31] Dey S, Tripathi SN, Singh RP, Holben B (2004) Influence of dust storm on the aerosol 
parameters over the Indo-Gangetic basin. J. Geophys. Res. 109: D20211, 
doi:10.1029/2004JD004924. 

[32] Chinnam N, Dey S, Tripathi SN, Sharma M (2006) Dust events in Kanpur, northern 
India: chemical evidence for source and implications to radiative forcing. Geophys. Res. 
Lett. 33: L08803, doi:10.1029/2005GL025278. 

[33] Gautam R, Liu Z, Singh RP, Hsu NC (2009) Two contrasting dust-dominant periods 
over India observed from MODIS and CALIPSO data. Geophys. Res. Lett. 36: L06813, 
doi:10.1029/2008GL036967. 

[34] Gautam R, Hsu NC, Lau KM (2010) Pre-monsoon aerosol characterization and radiative 
effects over the Indo‐Gangetic Plains: Implications for regional climate warming. J. 
Geophys. Res. 115: D17208, doi:10.1029/2010JD013819. 

[35] Eck T, et al (2010) Climatological aspects of the optical properties of fine/coarse mode 
aerosol mixtures. J. Geophy. Res. 115: D19205, doi:10.1029/2010JD014002. 

[36] Giles DM, et al. (2011) Aerosol properties over the Indo‐Gangetic Plain: A mesoscale 
perspective from the TIGERZ experiment. J. Geophys. Res. 116: D18203, 
doi:10.1029/2011JD015809. 

[37] Middleton NJ (1986) A geography of dust storms in southwest Asia. Int. J. Climatol. 6: 
183–196. 

[38] Sikka DR (1997) Desert climate and its dynamics. Curr. Sci. 72(1): 35–46. 
[39] Prospero JM, Ginoux P, Torres O, Nicholson SE, Gill TE (2002) Environmental 

characterization of global sources of atmospheric soil dust identified with the Nimbus 7 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 73 

Total ozone Mapping Spectrometer (TOMS) absorbing aerosol product. Rev. Geophys. 
40(1): 1002, doi:10.1029/2000RG000095. 

[40] Washington R, Todd M, Middleton NJ, Goudie AS (2003) Dust storm source areas 
determined by the Total Ozone Monitoring Spectrometer and surface observations. 
Ann. Assoc. Am. Geogr. 93: 297–313. 

[41] Tripathi JK, Rajamani V (1999) Geochemistry of the loessic sediments on Delhi ridge, 
eastern Thar Desert, Rajasthan: Implications for exogenic processes. Chem. Geol. 155: 
265–278. 

[42] Yadav S, Rajamani V (2003) Aerosols of NW India—A potential Cu source. Curr. Sci. 
84(3): 278– 280. 

[43] Tripathi SN, et al. (2006) Measurements of atmospheric parameters during Indian Space 
Research Organization Geosphere Biosphere Programme Land Campaign II at a typical 
location in the Ganga basin: 1. Physical and optical properties. J. Geophys. Res. 111: 
D23209, doi:10.1029/2006JD007278. 

[44] Tare V, et al. (2006) Measurements of atmospheric parameters during Indian Space 
Research Organization Geosphere Biosphere Program Land Campaign II at a typical 
location in the Ganga Basin: 2. Chemical properties. J. Geophys. Res. 111: D23210, 
doi:10.1029/2006JD007279. 

[45] Nair VS, et al. (2007) Wintertime aerosol characteristics over the Indo‐Gangetic Plain 
(IGP): Impacts of local boundary layer processes and long‐range transport. J. Geophys. 
Res. 112: D13205, doi:10.1029/2006JD008099. 

[46] Srivastava AK, Singh S, Tiwari S, Kanawade VP, Bisht DS (2012c) Variation between 
near-surface and columnar aerosol characteristics during winter and summer at Delhi 
in the Indo-Gangatic Basin. Journal of Atmospheric and Solar-Terrestrial Physics 77: 57-
66. 

[47] Mishra SK, Dey S, Tripathi SN (2008) Implications of particle composition and shape to 
dust radiative effect: A case study from the Great Indian Desert. Geophys. Res. Lett. 35: 
L23814, doi:10.1029/2008GL036058. 

[48] Pandithurai G, Dipu S, Dani KK, Tiwari S, Bisht DS, Devara PCS, Pinker RT (2008) 
Aerosol radiative forcing during dust events over New Delhi, India. J. Geophys. Res. 
113: D13209, doi:10.1029/2008JD009804. 

[49] Gautam R, Hsu NC, Kafatos M, Tsay SC (2007) Influences of winter haze on fog/low 
cloud over the Indo-Gangetic plains. J. Geophys. Res. 112: D05207, 
doi:10.1029/2005JD007036. 

[50] Kar J, Deeter MN, Fishman J, Liu Z, Omar A, Creilson JK, Trepte CR, Vaughan MA, 
Winker DM (2010) Wintertime pollution over the Eastern Indo-Gangetic Plains as 
observed from MOPITT, CALIPSO and tropospheric ozone residual data. Atmos. 
Chem. Phys. 10: 12273–12283. 

[51] Habib G, Venkataraman C, Chiapello I, Ramachandran S, Boucher O, Reddy MS (2006) 
Seasonal and interannual variability in absorbing aerosols over India derived TOMS: 
Relationship to regional meteorology and emissions. Atmos. Environ. 40: 1909–1921. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 72 

[24] Srivastava AK, Tiwari S, Devara PCS, Bisht DS, Srivastava MK, Tripathi SN, Goloub P, 
Holben BN (2011a) Pre-monsoon aerosol characteristics over the Indo-Gangetic Basin: 
Implications to climatic impact. Ann. Geophys. 29: 789–804. 

[25] Srivastava AK, Singh S, Tiwari S, Bisht DS (2012a) Contribution of anthropogenic 
aerosols in direct radiative forcing and atmospheric heating rate over Delhi in the Indo-
Gangatic Basin. Environ. Sci. Pollut. Res. 19: 1144-1158, doi: 10.1007/s11356-011-0633-y. 

[26] Ramanathan V, et al. (2001) Indian Ocean Experiment: An integrated analysis of the 
climate forcing and effects of the great Indo‐Asian haze. J. Geophys. Res. 106(D22): 
28371–28398, doi:10.1029/2001JD900133. 

[27] Srivastava AK, Tripathi SN, Dey S, Kanawade VP, Tiwari S (2012b) Inferring aerosol 
types over the Indo-Gangetic Basin from ground based sunphotometer measurements. 
Atmos. Res. 109-110: 64–75. 

[28] Guttikunda SK, Carmichael GR, Calori G, Eck C, Woo JH (2003) The contribution of 
megacities to regional sulfur pollution in Asia. Atmos. Environ. 37: 11–22. 

[29] Sharma M, Kiran YNVM, Shandilya KK (2003) Investigations into formation of 
atmospheric sulfate under high PM10 concentration. Atmos. Environ. 37: 2005–2013. 

[30] Monkkonen P, et al. (2004) Relationship and variations of aerosol number and PM10 
mass concentrations in a highly polluted urban environment –New Delhi, India. Atmos. 
Environ. 38: 425– 433. 

[31] Dey S, Tripathi SN, Singh RP, Holben B (2004) Influence of dust storm on the aerosol 
parameters over the Indo-Gangetic basin. J. Geophys. Res. 109: D20211, 
doi:10.1029/2004JD004924. 

[32] Chinnam N, Dey S, Tripathi SN, Sharma M (2006) Dust events in Kanpur, northern 
India: chemical evidence for source and implications to radiative forcing. Geophys. Res. 
Lett. 33: L08803, doi:10.1029/2005GL025278. 

[33] Gautam R, Liu Z, Singh RP, Hsu NC (2009) Two contrasting dust-dominant periods 
over India observed from MODIS and CALIPSO data. Geophys. Res. Lett. 36: L06813, 
doi:10.1029/2008GL036967. 

[34] Gautam R, Hsu NC, Lau KM (2010) Pre-monsoon aerosol characterization and radiative 
effects over the Indo‐Gangetic Plains: Implications for regional climate warming. J. 
Geophys. Res. 115: D17208, doi:10.1029/2010JD013819. 

[35] Eck T, et al (2010) Climatological aspects of the optical properties of fine/coarse mode 
aerosol mixtures. J. Geophy. Res. 115: D19205, doi:10.1029/2010JD014002. 

[36] Giles DM, et al. (2011) Aerosol properties over the Indo‐Gangetic Plain: A mesoscale 
perspective from the TIGERZ experiment. J. Geophys. Res. 116: D18203, 
doi:10.1029/2011JD015809. 

[37] Middleton NJ (1986) A geography of dust storms in southwest Asia. Int. J. Climatol. 6: 
183–196. 

[38] Sikka DR (1997) Desert climate and its dynamics. Curr. Sci. 72(1): 35–46. 
[39] Prospero JM, Ginoux P, Torres O, Nicholson SE, Gill TE (2002) Environmental 

characterization of global sources of atmospheric soil dust identified with the Nimbus 7 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 73 

Total ozone Mapping Spectrometer (TOMS) absorbing aerosol product. Rev. Geophys. 
40(1): 1002, doi:10.1029/2000RG000095. 

[40] Washington R, Todd M, Middleton NJ, Goudie AS (2003) Dust storm source areas 
determined by the Total Ozone Monitoring Spectrometer and surface observations. 
Ann. Assoc. Am. Geogr. 93: 297–313. 

[41] Tripathi JK, Rajamani V (1999) Geochemistry of the loessic sediments on Delhi ridge, 
eastern Thar Desert, Rajasthan: Implications for exogenic processes. Chem. Geol. 155: 
265–278. 

[42] Yadav S, Rajamani V (2003) Aerosols of NW India—A potential Cu source. Curr. Sci. 
84(3): 278– 280. 

[43] Tripathi SN, et al. (2006) Measurements of atmospheric parameters during Indian Space 
Research Organization Geosphere Biosphere Programme Land Campaign II at a typical 
location in the Ganga basin: 1. Physical and optical properties. J. Geophys. Res. 111: 
D23209, doi:10.1029/2006JD007278. 

[44] Tare V, et al. (2006) Measurements of atmospheric parameters during Indian Space 
Research Organization Geosphere Biosphere Program Land Campaign II at a typical 
location in the Ganga Basin: 2. Chemical properties. J. Geophys. Res. 111: D23210, 
doi:10.1029/2006JD007279. 

[45] Nair VS, et al. (2007) Wintertime aerosol characteristics over the Indo‐Gangetic Plain 
(IGP): Impacts of local boundary layer processes and long‐range transport. J. Geophys. 
Res. 112: D13205, doi:10.1029/2006JD008099. 

[46] Srivastava AK, Singh S, Tiwari S, Kanawade VP, Bisht DS (2012c) Variation between 
near-surface and columnar aerosol characteristics during winter and summer at Delhi 
in the Indo-Gangatic Basin. Journal of Atmospheric and Solar-Terrestrial Physics 77: 57-
66. 

[47] Mishra SK, Dey S, Tripathi SN (2008) Implications of particle composition and shape to 
dust radiative effect: A case study from the Great Indian Desert. Geophys. Res. Lett. 35: 
L23814, doi:10.1029/2008GL036058. 

[48] Pandithurai G, Dipu S, Dani KK, Tiwari S, Bisht DS, Devara PCS, Pinker RT (2008) 
Aerosol radiative forcing during dust events over New Delhi, India. J. Geophys. Res. 
113: D13209, doi:10.1029/2008JD009804. 

[49] Gautam R, Hsu NC, Kafatos M, Tsay SC (2007) Influences of winter haze on fog/low 
cloud over the Indo-Gangetic plains. J. Geophys. Res. 112: D05207, 
doi:10.1029/2005JD007036. 

[50] Kar J, Deeter MN, Fishman J, Liu Z, Omar A, Creilson JK, Trepte CR, Vaughan MA, 
Winker DM (2010) Wintertime pollution over the Eastern Indo-Gangetic Plains as 
observed from MOPITT, CALIPSO and tropospheric ozone residual data. Atmos. 
Chem. Phys. 10: 12273–12283. 

[51] Habib G, Venkataraman C, Chiapello I, Ramachandran S, Boucher O, Reddy MS (2006) 
Seasonal and interannual variability in absorbing aerosols over India derived TOMS: 
Relationship to regional meteorology and emissions. Atmos. Environ. 40: 1909–1921. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 74 

[52] Tiwari S, Srivastava AK, Bisht DS, Bano T, Singh S, Behura S, Srivastava MK, Chate 
DM, Padmanabhamurty B (2009) Black carbon and chemical characteristics of PM10 and 
PM2.5 at an urban site of North India. J. Atmos. Chem. 62(3): 193–209. 

[53] Ram K, Sarin MM (2010) Spatio-temporal variability in atmospheric abundances of EC, 
OC and WSOC over Northern India. J. Aerosol Sci. 41: 88–98. 

[54] Mani A, Chacko O, Hariharan S (1969) A study of Ångström turbidity parameters from 
solar radiation measurements in India. Tellus 21: 829–843, doi:10.1111/j.2153-
3490.1969.tb00489.x. 

[55] Moorthy KK, et al. (1999) Aerosol climatology over India: ISRO GBP MWR network and 
database. Rep. ISRO GBP SR‐03‐99, Indian Space Res. Org., Bangalore, India. 

[56] Devara PCS, Maheskumar RS, Raj PE, Pandithurai G, Dani KK (2002) Recent trends in 
aerosol climatology and air pollution as inferred from multi‐year lidar observations 
over a tropical urban station. Int. J. Climatol. 22: 435–449, doi:10.1002/joc.745. 

[57] Singh S, Soni K, Bano T, Tanwar RS, Nath S, Arya BC (2010) Clear-sky direct aerosol 
radiative forcing variations over mega-city Delhi. Ann. Geophys. 28: 1157–1166. 

[58] Ram K, Sarin MM, Tripathi SN (2012) Temporal trends in atmospheric PM2.5, PM10, EC, 
OC, WSOC and optical properties: Impact of biomass burning emissions in the Indo-
Gangetic Plain. Environ. Sci. and Tech. 46: 686-695. 

[59] Venkataraman C, Habib G, Eiguren‐Fernandez A, Miguel AH, Friedlander SK (2005) 
Residential biofuels in South Asia: carbonaceous aerosol emissions and climate. Science 
307: 1454–1456. 

[60] Arola A, Schuster G, Myhre G, Kazadzis S, Dey S, Tripathi SN (2011) Inferring 
absorbing organic carbon content from AERONET data. Atmos. Chem. Phys. 11: 215–
225. 

[61] Devi JJ, Tripathi SN, Gupta T, Singh BN, Gopalakrishnan V, Dey S (2011) Observation-
based 3-D view of aerosol radiative properties over Indian Continental Tropical 
Convergence Zone: implications to regional climate. Tellus 63B: 971-989. 

[62] Srivastava AK, Ram K, Pant P, Hegde P, Joshi H (2012d) Black carbon aerosols over 
central Himalayas: implications to climate forcing. Environ. Res. Lett. 7: 014002, 
doi:10.1088/1748-9326/7/1/014002. 

[63] Lau KM, Kim MK, Kim KM (2006) Asian summer monsoon anomalies induced by 
aerosol direct forcing: The role of the Tibetan Plateau. Clim. Dyn. 26(7-8): 855-864, 
doi:10.1007/s00382-006-0114-z. 

[64] Lau KM, Kim MK, Kim KM, Lee WS (2010) Enhanced surface warming and accelerated 
snow melt in the Himalayas and Tibetan Plateau induced by absorbing aerosols. 
Environ. Res. Lett. 5: 1-10. 

[65] Pilewskie P (2007) Climate change: Aerosols heat up. Nature 448: 541-542, 
doi:10.1038/448541a. 

[66] Ramanathan V, Ramana MV, Roberts G, Kim D, Corrigan C, Chung C, Winker D (2007) 
Warming trends in Asia amplified by brown cloud solar absorption. Nature 448: 575-
578. 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 75 

[67] Srivastava AK, Tiwari S, Bisht DS, Devara PCS, Goloub P, Li Z, Srivastava MK (2011c) 
Aerosol characteristics during the coolest June month over New Delhi, northern India. 
Int. J. Remote Sens. 32(23): 8463–8483. 

[68] Dey S, Tripathi SN, Singh RP, Holben B (2006) Retrieval of black carbon and specific 
absorption over Kanpur city, Northern India during 2001-2003 using AERONET data. 
Atmos. Env. 40(3): 445-456. 

[69] Russell PB, Bergstrom RW, Shinozuka Y, Clarke AD, De-Carlo PF, Jimenez JL, 
Livingston JM, Redemann J, Dubovik O, Strawa A (2010) Absorption Angstrom 
Exponent in AERONET and related data as an indicator of aerosol composition. Atmos. 
Chem. Phys. 10: 1155–1169, doi:10.5194/acp-10-1155-2010. 

[70] Moorthy KK, Babu SS, Satheesh SK (2005a) Aerosol characteristics and radiative 
impacts over the Arabian Sea during the inter-monsoon season: Results from ARMEX 
Field campaign. J. Atmos. Sci. 62: 192–206. 

[71] Ganguly D, Jayaraman A, Gadhavi H, Rajesh TA (2005a) Features in wavelength 
dependence of aerosol absorption observed over central India. Geophys. Res. Lett. 32: 
L13821, doi:10.1029/2005GL023023. 

[72] Ganguly D, Gadhavi H, Jayaraman A, Rajesh TA, Mishra A (2005b) Single scattering 
albedo of aerosols over the central India: implications for the regional aerosol radiative 
forcing. Geophys. Res. Lett. 32: L18803, doi:10.1029/2005GL023903. 

[73] Moorthy KK, et al. (2005b) Wintertime spatial characteristics of boundary layer aerosols 
over peninsular India. J. Geophys. Res. 110: D08207, doi:10.1029/2004JD005520. 

[74] Singh S, Singh B, Gera BS, Srivastava MK, Dutta HN, Garg SC, Singh R (2006) A study 
of aerosol optical depth in the central Indian region (17.3–8.6 oN) during ISRO-GBP field 
campaign. Atmos. Environ. 40: 6494–6503. 

[75] Ganguly D, Jayaraman A, Rajesh TA, Gadhavi H (2006) Wintertime aerosol properties 
during foggy and non-foggy days over urban center Delhi and their implications for 
shortwave radiative forcing. J. Geophys. Res. 111: D15217, doi:10.1029/2005JD007029. 

[76] Niranjan K, Sreekanth V, Madhavan BL, Moorthy KK (2006) Wintertime aerosol 
characteristics at a north Indian site Kharagpur in the Indo-Gangetic plains located at 
the outflow region into Bay of Bengal. J. Geophys. Res. 111: D24209, 
doi:10.1029/2006JD007635. 

[77] Pant P, Hegde P, Dumka UC, Sagar R, Satheesh SK, Moorthy KK, Saha A, Srivastava 
MK (2006) Aerosol characteristics at a high-altitude location in central Himalayas: 
optical properties and radiative forcing. J. Geophys. Res. 111: D17206, 
doi:10.1029/2005JD006768. 

[78] Ramachandran S, et al. (2006) Aerosol radiative forcing during clear, hazy, and foggy 
conditions over a continental polluted location in north India. J. Geophys. Res. 111: 
D20214. 

[79] Srivastava MK, Singh S, Saha A, Dumka UC, Hegde P, Singh R, Pant P (2006) Direct 
solar ultraviolet irradiance over Nainital, India, in the central Himalayas for clear-sky 
day conditions during December 2004. J. Geophys. Res. 111: D08201. 
doi:10.1029/2005JD006141. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 74 

[52] Tiwari S, Srivastava AK, Bisht DS, Bano T, Singh S, Behura S, Srivastava MK, Chate 
DM, Padmanabhamurty B (2009) Black carbon and chemical characteristics of PM10 and 
PM2.5 at an urban site of North India. J. Atmos. Chem. 62(3): 193–209. 

[53] Ram K, Sarin MM (2010) Spatio-temporal variability in atmospheric abundances of EC, 
OC and WSOC over Northern India. J. Aerosol Sci. 41: 88–98. 

[54] Mani A, Chacko O, Hariharan S (1969) A study of Ångström turbidity parameters from 
solar radiation measurements in India. Tellus 21: 829–843, doi:10.1111/j.2153-
3490.1969.tb00489.x. 

[55] Moorthy KK, et al. (1999) Aerosol climatology over India: ISRO GBP MWR network and 
database. Rep. ISRO GBP SR‐03‐99, Indian Space Res. Org., Bangalore, India. 

[56] Devara PCS, Maheskumar RS, Raj PE, Pandithurai G, Dani KK (2002) Recent trends in 
aerosol climatology and air pollution as inferred from multi‐year lidar observations 
over a tropical urban station. Int. J. Climatol. 22: 435–449, doi:10.1002/joc.745. 

[57] Singh S, Soni K, Bano T, Tanwar RS, Nath S, Arya BC (2010) Clear-sky direct aerosol 
radiative forcing variations over mega-city Delhi. Ann. Geophys. 28: 1157–1166. 

[58] Ram K, Sarin MM, Tripathi SN (2012) Temporal trends in atmospheric PM2.5, PM10, EC, 
OC, WSOC and optical properties: Impact of biomass burning emissions in the Indo-
Gangetic Plain. Environ. Sci. and Tech. 46: 686-695. 

[59] Venkataraman C, Habib G, Eiguren‐Fernandez A, Miguel AH, Friedlander SK (2005) 
Residential biofuels in South Asia: carbonaceous aerosol emissions and climate. Science 
307: 1454–1456. 

[60] Arola A, Schuster G, Myhre G, Kazadzis S, Dey S, Tripathi SN (2011) Inferring 
absorbing organic carbon content from AERONET data. Atmos. Chem. Phys. 11: 215–
225. 

[61] Devi JJ, Tripathi SN, Gupta T, Singh BN, Gopalakrishnan V, Dey S (2011) Observation-
based 3-D view of aerosol radiative properties over Indian Continental Tropical 
Convergence Zone: implications to regional climate. Tellus 63B: 971-989. 

[62] Srivastava AK, Ram K, Pant P, Hegde P, Joshi H (2012d) Black carbon aerosols over 
central Himalayas: implications to climate forcing. Environ. Res. Lett. 7: 014002, 
doi:10.1088/1748-9326/7/1/014002. 

[63] Lau KM, Kim MK, Kim KM (2006) Asian summer monsoon anomalies induced by 
aerosol direct forcing: The role of the Tibetan Plateau. Clim. Dyn. 26(7-8): 855-864, 
doi:10.1007/s00382-006-0114-z. 

[64] Lau KM, Kim MK, Kim KM, Lee WS (2010) Enhanced surface warming and accelerated 
snow melt in the Himalayas and Tibetan Plateau induced by absorbing aerosols. 
Environ. Res. Lett. 5: 1-10. 

[65] Pilewskie P (2007) Climate change: Aerosols heat up. Nature 448: 541-542, 
doi:10.1038/448541a. 

[66] Ramanathan V, Ramana MV, Roberts G, Kim D, Corrigan C, Chung C, Winker D (2007) 
Warming trends in Asia amplified by brown cloud solar absorption. Nature 448: 575-
578. 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 75 

[67] Srivastava AK, Tiwari S, Bisht DS, Devara PCS, Goloub P, Li Z, Srivastava MK (2011c) 
Aerosol characteristics during the coolest June month over New Delhi, northern India. 
Int. J. Remote Sens. 32(23): 8463–8483. 

[68] Dey S, Tripathi SN, Singh RP, Holben B (2006) Retrieval of black carbon and specific 
absorption over Kanpur city, Northern India during 2001-2003 using AERONET data. 
Atmos. Env. 40(3): 445-456. 

[69] Russell PB, Bergstrom RW, Shinozuka Y, Clarke AD, De-Carlo PF, Jimenez JL, 
Livingston JM, Redemann J, Dubovik O, Strawa A (2010) Absorption Angstrom 
Exponent in AERONET and related data as an indicator of aerosol composition. Atmos. 
Chem. Phys. 10: 1155–1169, doi:10.5194/acp-10-1155-2010. 

[70] Moorthy KK, Babu SS, Satheesh SK (2005a) Aerosol characteristics and radiative 
impacts over the Arabian Sea during the inter-monsoon season: Results from ARMEX 
Field campaign. J. Atmos. Sci. 62: 192–206. 

[71] Ganguly D, Jayaraman A, Gadhavi H, Rajesh TA (2005a) Features in wavelength 
dependence of aerosol absorption observed over central India. Geophys. Res. Lett. 32: 
L13821, doi:10.1029/2005GL023023. 

[72] Ganguly D, Gadhavi H, Jayaraman A, Rajesh TA, Mishra A (2005b) Single scattering 
albedo of aerosols over the central India: implications for the regional aerosol radiative 
forcing. Geophys. Res. Lett. 32: L18803, doi:10.1029/2005GL023903. 

[73] Moorthy KK, et al. (2005b) Wintertime spatial characteristics of boundary layer aerosols 
over peninsular India. J. Geophys. Res. 110: D08207, doi:10.1029/2004JD005520. 

[74] Singh S, Singh B, Gera BS, Srivastava MK, Dutta HN, Garg SC, Singh R (2006) A study 
of aerosol optical depth in the central Indian region (17.3–8.6 oN) during ISRO-GBP field 
campaign. Atmos. Environ. 40: 6494–6503. 

[75] Ganguly D, Jayaraman A, Rajesh TA, Gadhavi H (2006) Wintertime aerosol properties 
during foggy and non-foggy days over urban center Delhi and their implications for 
shortwave radiative forcing. J. Geophys. Res. 111: D15217, doi:10.1029/2005JD007029. 

[76] Niranjan K, Sreekanth V, Madhavan BL, Moorthy KK (2006) Wintertime aerosol 
characteristics at a north Indian site Kharagpur in the Indo-Gangetic plains located at 
the outflow region into Bay of Bengal. J. Geophys. Res. 111: D24209, 
doi:10.1029/2006JD007635. 

[77] Pant P, Hegde P, Dumka UC, Sagar R, Satheesh SK, Moorthy KK, Saha A, Srivastava 
MK (2006) Aerosol characteristics at a high-altitude location in central Himalayas: 
optical properties and radiative forcing. J. Geophys. Res. 111: D17206, 
doi:10.1029/2005JD006768. 

[78] Ramachandran S, et al. (2006) Aerosol radiative forcing during clear, hazy, and foggy 
conditions over a continental polluted location in north India. J. Geophys. Res. 111: 
D20214. 

[79] Srivastava MK, Singh S, Saha A, Dumka UC, Hegde P, Singh R, Pant P (2006) Direct 
solar ultraviolet irradiance over Nainital, India, in the central Himalayas for clear-sky 
day conditions during December 2004. J. Geophys. Res. 111: D08201. 
doi:10.1029/2005JD006141. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 76 

[80] Rengarajan R, Sarin MM, Sudheer AK (2007) Carbonaceous and inorganic species in 
atmospheric aerosols during wintertime over urban and high-altitude sites in North 
India. J. Geophys. Res. 112: D21307. 

[81] Ramanathan V, Rehman IH, Ramanathan N (2010) Project Surya Prospectus. University 
of California, San Diego, USA, 14 p. 

[82] Rehman IH, Ahmed T, Praveen PS, Kar A, Ramanathan V (2011) Black carbon 
emissions from biomass and fossil fuels in rural India. Atmos. Chem. Phys. 11: 7289–
7299. 

[83] Praveen PS, Ahmed T, Kar A, Rehman IH, Ramanathan V (2012) Link between local 
scale BC emissions in the Indo-Gangetic Plains and large scale atmospheric solar 
absorption. Atmos. Chem. Phys. 12: 1173–1187. 

[84] Tripathi SN, Dey S, Tare V, Satheesh SK, Lal S, Venkataramni S (2005b) Enhanced layer 
of black carbon in a north Indian industrial city. Geophys. Res. Lett. 32(12): L12802. 

[85] Tripathi SN, Srivastva AK, Dey S, Satheesh SK, Krishnamoorthy K (2007b) The vertical 
profile of atmospheric heating rate profile due to black carbon at Kanpur (Northern 
India). Atmos. Env. 41(32): 6909-6915. 

[86] Satheesh SK, et al. (2009) Vertical structure and horizontal gradients of aerosol 
extinction coefficients over coastal India inferred from airborne lidar measurements 
during the Integrated Campaign for Aerosol, Gases and Radiation Budget (ICARB) field 
campaign. J. Geophys. Res. 114: D05204, doi:10.1029/2008JD011033. 

[87] Moorthy KK, Satheesh SK, Babu SS, Dutt CBS (2008) Integrated Campaign for Aerosols, 
gases and Radiation Budget (ICARB): An Overview. J. Earth. Sys. Sci. 117: 243-262. 

[88] Nair VS, Babu SS, Moorthy KK (2008) Aerosol characteristics in the marine atmospheric 
boundary layer over the Bay of Bengal and Arabian Sea during ICARB: Spatial 
distribution and latitudinal and longitudinal gradients. J. Geophys. Res. 113: D15208. 

[89] Satheesh SK, Moorthy KK, Babu SS, Vinoj V, Dutt CBS (2008) Climate implications of 
large warming by elevated aerosol over India. Geophys. Res. Lett. 35: L19809, 
doi:10.1029/2008GL034944. 

[90] Satheesh SK, Vinoj V, Moorthy KK (2010) Radiative effects of aerosols at an urban 
location in southern India: Observations versus model. Atmos. Environ. 44: 5295-5304. 

[91] Babu SS. et al. (2008) Aircraft measurements of aerosol black carbon from a coastal 
location in the north-east part of peninsular India during ICARB. J. Earth System 
Science 117 (Sp. Iss. 1): 263-271. 

[92] Department of Science and Technology (DST), Continental Tropical Convergence Zone 
(CTCZ) Programme (2008) Science Plan, Indian Clim. Res. Programme, Gov. of India, 
New Delhi, 167 p. 

[93] Prasad AK, Singh RP, Singh A (2006) Seasonal climatology of aerosol optical depth over 
the Indian subcontinent: Trend and departures in recent years. Int. J. Remote Sens. 
27(12): 2323–2329, doi:10.1080/01431160500043665. 

[94] Jenamani RK (2007) Alarming rise in fog and pollution causing a fall in maximum 
temperature over Delhi. Curr. Sci. 93: 314–322. 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 77 

[95] Badarinath KVS, Kharol SK, Sharma AR, Roy PS (2009) Fog over Indo-Gangetic 
Plains—A study using multi-satellite data and ground observations. IEEE J. Selec. 
Topics Appl. Earth Obs. Remote Sens. 2(3): 185–195, doi:10.1109/JSTARS.2009.2019830. 

[96] Eck T, et al (2012) Fog- and cloud-induced aerosol modification observed by the Aerosol 
Robotic Network (AERONET). J. Geophys. Res. 117: D07206, doi:10.1029/2011JD016839. 

[97] Kar J, Jones DBA, Drummond JR, Attie JL, Liu J, Zou J, Nichitiu F, Seymour MD, 
Edwards DP, Deeter MN, Gille JC, Richter A (2008) Measurement of low altitude CO 
over the Indian subcontinent by MOPITT. J. Geophys. Res. 113: D16307, 
doi;10.1029/2007JD009362. 

[98] Dey S and Di Girolamo L (2011) A decade of change in aerosol properties over the 
Indian subcontinent. Geophys. Res. Lett. 38: L14811, doi:10.1029/2011GL048153. 

[99] Reddy MS and Venketaraman C (2002a) Inventories of aerosols and sulphur dioxide 
emissions from India: I. Fossil fuel combustion. Atmos. Environ. 36: 677–697. 

[100] Reddy MS and Venketaraman C (2002b) Inventories of aerosols and sulphur dioxide 
emissions from India: II. Biomass combustion. Atmos. Environ. 36: 699–712. 

[101] Ramanathan V, et al. (2005) Atmospheric brown clouds: Impacts on South Asian 
climate and hydrological cycle, Proc. Natl. Acad. Sci., U.S.A. 102: 5326-5333. 

[102] Massie ST, Torris O, Smith SJ (2004) Total Ozone Mapping Spectrometer (TOMS) 
observations of increases in Asian aerosol in winter from 1979 to 2000. J. Geophys. Res. 
109: D18211, doi:10.1029/2004JD004620. 

[103] Wild M, Gilgen H, Roesch A, Ohmura A, Long CN, Dutton EG, Forgan B, Kallis A, 
Russak V, Tsvetkov A (2005) From dimming to brightening: Decadal changes in surface 
solar radiation. Science 308: 847–850, doi:10.1126/science.1103215. 

[104] Kumari BP, Londhe AL, Daniel S, Jadhav DB (2007) Observational evidence of solar 
dimming: Offsetting surface warming over India. Geophys. Res. Lett. 34: L21810, 
doi:10.1029/2007GL031133. 

[105] Badarinath KVS, Sharma AR, Kaskaoutis DG, Kharol SK, Kambezidis HD (2010) Solar 
dimming over the tropical urban region of Hyderabad, India: Effect of increased 
cloudiness and increased anthropogenic aerosols. J. Geophys. Res. 115: D21208, 
doi:10.1029/2009JD013694. 

[106] Streets DG, Wu Y, Chin M (2006) Two‐decadal aerosol trends as a likely explanation of 
the global dimming/brightening transition. Geophys. Res. Lett. 33: L15806, 
doi:10.1029/2006GL026471. 

[107] Porch W, Chyleka P, Dubeya M, Massie S (2007) Trends in aerosol optical depth for 
cities in India. Atmos. Environ. 41: 7524–7532. 

[108] Kaul DS, Gupta T, Tripathi SN, Tare V, Collett Jr JL (2011) Secondary Organic Aerosol: 
A comparison between foggy and non-foggy days. Environ. Sci. Technol. 45: 7307–7313. 

[109] Venkataraman C, Habib G, Kadamba D, Shrivastava M, Leon JF, Crouzille B, Boucher 
O, Streets DG (2006) Emissions from open biomass burning in India: Integrating the 
inventory approach with high resolution Moderate Resolution Imaging 
Spectroradiometer (MODIS) active‐fire and land cover data. Global Biogeochem. Cycles 
20: GB2013, doi:10.1029/2005GB002547. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 76 

[80] Rengarajan R, Sarin MM, Sudheer AK (2007) Carbonaceous and inorganic species in 
atmospheric aerosols during wintertime over urban and high-altitude sites in North 
India. J. Geophys. Res. 112: D21307. 

[81] Ramanathan V, Rehman IH, Ramanathan N (2010) Project Surya Prospectus. University 
of California, San Diego, USA, 14 p. 

[82] Rehman IH, Ahmed T, Praveen PS, Kar A, Ramanathan V (2011) Black carbon 
emissions from biomass and fossil fuels in rural India. Atmos. Chem. Phys. 11: 7289–
7299. 

[83] Praveen PS, Ahmed T, Kar A, Rehman IH, Ramanathan V (2012) Link between local 
scale BC emissions in the Indo-Gangetic Plains and large scale atmospheric solar 
absorption. Atmos. Chem. Phys. 12: 1173–1187. 

[84] Tripathi SN, Dey S, Tare V, Satheesh SK, Lal S, Venkataramni S (2005b) Enhanced layer 
of black carbon in a north Indian industrial city. Geophys. Res. Lett. 32(12): L12802. 

[85] Tripathi SN, Srivastva AK, Dey S, Satheesh SK, Krishnamoorthy K (2007b) The vertical 
profile of atmospheric heating rate profile due to black carbon at Kanpur (Northern 
India). Atmos. Env. 41(32): 6909-6915. 

[86] Satheesh SK, et al. (2009) Vertical structure and horizontal gradients of aerosol 
extinction coefficients over coastal India inferred from airborne lidar measurements 
during the Integrated Campaign for Aerosol, Gases and Radiation Budget (ICARB) field 
campaign. J. Geophys. Res. 114: D05204, doi:10.1029/2008JD011033. 

[87] Moorthy KK, Satheesh SK, Babu SS, Dutt CBS (2008) Integrated Campaign for Aerosols, 
gases and Radiation Budget (ICARB): An Overview. J. Earth. Sys. Sci. 117: 243-262. 

[88] Nair VS, Babu SS, Moorthy KK (2008) Aerosol characteristics in the marine atmospheric 
boundary layer over the Bay of Bengal and Arabian Sea during ICARB: Spatial 
distribution and latitudinal and longitudinal gradients. J. Geophys. Res. 113: D15208. 

[89] Satheesh SK, Moorthy KK, Babu SS, Vinoj V, Dutt CBS (2008) Climate implications of 
large warming by elevated aerosol over India. Geophys. Res. Lett. 35: L19809, 
doi:10.1029/2008GL034944. 

[90] Satheesh SK, Vinoj V, Moorthy KK (2010) Radiative effects of aerosols at an urban 
location in southern India: Observations versus model. Atmos. Environ. 44: 5295-5304. 

[91] Babu SS. et al. (2008) Aircraft measurements of aerosol black carbon from a coastal 
location in the north-east part of peninsular India during ICARB. J. Earth System 
Science 117 (Sp. Iss. 1): 263-271. 

[92] Department of Science and Technology (DST), Continental Tropical Convergence Zone 
(CTCZ) Programme (2008) Science Plan, Indian Clim. Res. Programme, Gov. of India, 
New Delhi, 167 p. 

[93] Prasad AK, Singh RP, Singh A (2006) Seasonal climatology of aerosol optical depth over 
the Indian subcontinent: Trend and departures in recent years. Int. J. Remote Sens. 
27(12): 2323–2329, doi:10.1080/01431160500043665. 

[94] Jenamani RK (2007) Alarming rise in fog and pollution causing a fall in maximum 
temperature over Delhi. Curr. Sci. 93: 314–322. 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 77 

[95] Badarinath KVS, Kharol SK, Sharma AR, Roy PS (2009) Fog over Indo-Gangetic 
Plains—A study using multi-satellite data and ground observations. IEEE J. Selec. 
Topics Appl. Earth Obs. Remote Sens. 2(3): 185–195, doi:10.1109/JSTARS.2009.2019830. 

[96] Eck T, et al (2012) Fog- and cloud-induced aerosol modification observed by the Aerosol 
Robotic Network (AERONET). J. Geophys. Res. 117: D07206, doi:10.1029/2011JD016839. 

[97] Kar J, Jones DBA, Drummond JR, Attie JL, Liu J, Zou J, Nichitiu F, Seymour MD, 
Edwards DP, Deeter MN, Gille JC, Richter A (2008) Measurement of low altitude CO 
over the Indian subcontinent by MOPITT. J. Geophys. Res. 113: D16307, 
doi;10.1029/2007JD009362. 

[98] Dey S and Di Girolamo L (2011) A decade of change in aerosol properties over the 
Indian subcontinent. Geophys. Res. Lett. 38: L14811, doi:10.1029/2011GL048153. 

[99] Reddy MS and Venketaraman C (2002a) Inventories of aerosols and sulphur dioxide 
emissions from India: I. Fossil fuel combustion. Atmos. Environ. 36: 677–697. 

[100] Reddy MS and Venketaraman C (2002b) Inventories of aerosols and sulphur dioxide 
emissions from India: II. Biomass combustion. Atmos. Environ. 36: 699–712. 

[101] Ramanathan V, et al. (2005) Atmospheric brown clouds: Impacts on South Asian 
climate and hydrological cycle, Proc. Natl. Acad. Sci., U.S.A. 102: 5326-5333. 

[102] Massie ST, Torris O, Smith SJ (2004) Total Ozone Mapping Spectrometer (TOMS) 
observations of increases in Asian aerosol in winter from 1979 to 2000. J. Geophys. Res. 
109: D18211, doi:10.1029/2004JD004620. 

[103] Wild M, Gilgen H, Roesch A, Ohmura A, Long CN, Dutton EG, Forgan B, Kallis A, 
Russak V, Tsvetkov A (2005) From dimming to brightening: Decadal changes in surface 
solar radiation. Science 308: 847–850, doi:10.1126/science.1103215. 

[104] Kumari BP, Londhe AL, Daniel S, Jadhav DB (2007) Observational evidence of solar 
dimming: Offsetting surface warming over India. Geophys. Res. Lett. 34: L21810, 
doi:10.1029/2007GL031133. 

[105] Badarinath KVS, Sharma AR, Kaskaoutis DG, Kharol SK, Kambezidis HD (2010) Solar 
dimming over the tropical urban region of Hyderabad, India: Effect of increased 
cloudiness and increased anthropogenic aerosols. J. Geophys. Res. 115: D21208, 
doi:10.1029/2009JD013694. 

[106] Streets DG, Wu Y, Chin M (2006) Two‐decadal aerosol trends as a likely explanation of 
the global dimming/brightening transition. Geophys. Res. Lett. 33: L15806, 
doi:10.1029/2006GL026471. 

[107] Porch W, Chyleka P, Dubeya M, Massie S (2007) Trends in aerosol optical depth for 
cities in India. Atmos. Environ. 41: 7524–7532. 

[108] Kaul DS, Gupta T, Tripathi SN, Tare V, Collett Jr JL (2011) Secondary Organic Aerosol: 
A comparison between foggy and non-foggy days. Environ. Sci. Technol. 45: 7307–7313. 

[109] Venkataraman C, Habib G, Kadamba D, Shrivastava M, Leon JF, Crouzille B, Boucher 
O, Streets DG (2006) Emissions from open biomass burning in India: Integrating the 
inventory approach with high resolution Moderate Resolution Imaging 
Spectroradiometer (MODIS) active‐fire and land cover data. Global Biogeochem. Cycles 
20: GB2013, doi:10.1029/2005GB002547. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 78 

[110] Beegum IN, Moorthy KK, Babu SS, Satheesh SK, Vinoj V, Badarinath KVS, Safai PD, 
Devara PCS, Singh S, Vinod, Dumka UC, Pant P (2009) Spatial distribution of aerosol 
black carbon over India during pre-monsoon season. Atmos. Environ. 43: 1071–1078. 

[111] Bonasoni P, et al. (2010) Atmospheric Brown Clouds in the Himalayas: first two years 
of continuous observations at the Nepal Climate Observatory-Pyramid (5079 m). 
Atmos. Chem. Phys. 10: 7515–7531. 

[112] Decesari S, et al. (2010) Chemical composition of PM10 and PM1 at the high-altitude 
Himalayan station Nepal Climate Observatory-Pyramid (NCO-P) (5079m a.s.l.). Atmos. 
Chem. Phys. 10: 4583–4596. 

[113] Gobbi GP, Angelini F, Bonasoni P, Verza GP, Marinoni A, Barnaba F (2010) 
Sunphotometry of the 2006-2007 aerosol optical/radiative properties at the Himalayan 
Nepal Climate Observatory-Pyramid (5079ma.s.l.). Atmos. Chem. Phys. 10: 11209–
11221, doi:10.5194/acp-10-11209-2010. 

[114] Ramanathan V, Ramana MV (2005) Persistent, widespread, and strongly absorbing 
haze over the Himalayan foothills and the Indo-Gangetic plains. Pure Appl. Geophys. 
162: 1609–1626. 

[115] Srivastava AK, Pant P, Hegde P, Singh S, Dumka UC, Naja M, Singh N, Bhavanikumar 
Y (2011d) Influence of south Asian dust storm on aerosol radiative forcing at a high-
altitude station in central Himalayas. Int. J. Remote Sens. 32(22): 7827–7845. 

[116] Kumar R, et al. (2011) First ground based observations of influences of springtime 
Northern Indian biomass burning over the central Himalayas. J. Geophys. Res. 116: 
D19302. 

[117] Srivastava AK, Singh S, Pant P, Dumka UC (2012e) Characteristics of black carbon 
over Delhi and Manora Peak-a comparative study. Atmos. Sci. Let., doi: 10.1002/asl.386 
(in press). 

[118] Mishra SK, Tripathi SN, Aggarwal A, Arola A (2012) Optical properties of 
accumulation mode polluted mineral dust: Effects of particle shape, hematite content 
and semi-external mixing with carbonaceous species. Tellus (accepted). 

[119] Bond TC, Streets DG, Yarber KF, Nelson SM, Woo J, Klimont Z (2004) A technology‐
based global inventory of black and organic carbon emissions from combustion. J. 
Geophys. Res. 109: D14203, doi:10.1029/2003JD003697. 

[120] Chandra S, Satheesh SK, Srinivasan J (2004) Can the mixing state of black carbon 
aerosols explain the mystery of ‘excess’ atmospheric absorption?. Geophys. Res. Lett. 
31: L19109, doi:10.1029/2004GL020662. 

[121] Xue M, Ma J, Yan P, Pan X (2011) Impacts of pollution and dust aerosols on the 
atmospheric optical properties over a polluted rural area near Beijing city. Atmos. Res. 
101: 835–843. 

[122] Das SK, Jayaraman A (2011) Role of black carbon in aerosol properties and radiative 
forcing over western India during pre-monsoon period. Atmos. Res. 102: 320–334. 

[123] National Carbonaceous Aerosols Programme (NCEP), Science Plan, Indian Network 
for Climate Change Assessment (2011) Gov. of India, New Delhi, 44 p. 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 79 

[124] Singh S, Singh R, Rao VUM (2004) Temporal dynamics of dew and fog events and 
their impact on wheat productivity in semi-arid region of India, Third International 
Conference on Fog, Fog Collection and Dew, NetSys Int. (Pty) Ltd., Cape Town, South 
Africa, 11 – 15 Oct.  
(http://www.up.ac.za/academic/geog/meteo/EVENTS/fogdew2003/PAPERS/C65.pdf). 

[125] Sarkar S, Chokngamwong R, Cervone G, Singh RP, Kafatos M (2006) Variability of 
aerosol optical depth and aerosol forcing over India. Adv. Space Res. 37(12): 2153– 2159. 

[126] Ali K, Momin GA, Tewari S, Safai PD, Chate DM, Rao PSP (2004) Fog and 
precipitation chemistry at Delhi, north India. Atmos. Environ. 38: 4215–4222. 

[127] Hameed S, Mirza MI, Ghauri BM, Siddiqui ZR, Javed R, Khan AR, Rattigan OV, 
Qureshi S, Husain L (2000) On the widespread winter fog in Northeastern Pakistan and 
India. Geophys. Res. Lett. 27: 1891–1894. 

[128] Das SK, Jayaraman A, Mishra A (2008) Fog-induced variations in aerosol optical and 
physical properties over the Indo-Gangetic Basin and impact to aerosol radiative 
forcing. Ann Geophys. 26: 1345–1354. 

[129] Hess M, Koepke P, Schultz I (1998) Optical properties of aerosols and clouds: the 
software package OPAC. Bull. Am. Meteorol. Soc. 79: 831–844. 

[130] McComiskey A, Schwartz SE, Schmid B, Guan H, Lewis ER, Ricchiazzi P, Ogren JA 
(2008) Direct aerosol forcing: Calculation from observables and sensitivities to inputs. J. 
Geophys. Res. 113: D09202, doi:10.1029/2007JD009170. 

[131] Ganguly D and Jayaraman A (2006) Physical and optical properties of aerosols over an 
urban location in western India: implications for shortwave radiative forcing. J. 
Geophys. Res. 111: D24207, doi:10.1029/2006JD007393. 

[132] Ganguly D, Jayaraman A, Rajesh TA, Gadhavi H (2006) Wintertime aerosol properties 
during foggy and non-foggy days over urban center Delhi and their implications for 
shortwave radiative forcing. J. Geophys. Res. 111: D15217, doi:10.1029/2005JD007029. 

[133] Pandithurai G, Pinker RT, Takamura T, Devara PCS (2004) Aerosol radiative forcing 
over a tropical urban site in India. Geophys. Res. Lett. 31: L12107, 
doi:10.1029/2004GL019702. 

[134] Badarinath KVS, Latha KM (2006) Direct radiative forcing from black carbon aerosols 
over urban environment. Adv. Space. Res. 37(12): 2183–2188. 

[135] Babu SS, Satheesh SK, Moorthy KK (2002) Aerosol radiative forcing due to enhanced 
black carbon at an urban site in India. Geophys. Res. Lett. 29(18): 1880, 
doi:10.1029/2002GL015826. 

[136] Ramana MV, Ramanathan V, Podgorny IA, Pradhan BB, Shrestha B (2004) The direct 
observations of large aerosol radiative forcing in the Himalayan region. Geophys. Res. 
Lett. 31: L05111. 

[137] Ramachandran S (2003) Aerosol radiative forcing over Bay of Bengal and Chennai: 
Comparison with maritime, continental, and urban aerosol models. J. Geophys. Res. 
110: D21206, doi:10.1029/2005JD005861. 

[138] Satheesh SK (2002) Radiative forcing by aerosols over Bay of Bengal region. Geophys. 
Res. Lett. 29(22): 2083, doi:10.1029/2002GL015334. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 78 

[110] Beegum IN, Moorthy KK, Babu SS, Satheesh SK, Vinoj V, Badarinath KVS, Safai PD, 
Devara PCS, Singh S, Vinod, Dumka UC, Pant P (2009) Spatial distribution of aerosol 
black carbon over India during pre-monsoon season. Atmos. Environ. 43: 1071–1078. 

[111] Bonasoni P, et al. (2010) Atmospheric Brown Clouds in the Himalayas: first two years 
of continuous observations at the Nepal Climate Observatory-Pyramid (5079 m). 
Atmos. Chem. Phys. 10: 7515–7531. 

[112] Decesari S, et al. (2010) Chemical composition of PM10 and PM1 at the high-altitude 
Himalayan station Nepal Climate Observatory-Pyramid (NCO-P) (5079m a.s.l.). Atmos. 
Chem. Phys. 10: 4583–4596. 

[113] Gobbi GP, Angelini F, Bonasoni P, Verza GP, Marinoni A, Barnaba F (2010) 
Sunphotometry of the 2006-2007 aerosol optical/radiative properties at the Himalayan 
Nepal Climate Observatory-Pyramid (5079ma.s.l.). Atmos. Chem. Phys. 10: 11209–
11221, doi:10.5194/acp-10-11209-2010. 

[114] Ramanathan V, Ramana MV (2005) Persistent, widespread, and strongly absorbing 
haze over the Himalayan foothills and the Indo-Gangetic plains. Pure Appl. Geophys. 
162: 1609–1626. 

[115] Srivastava AK, Pant P, Hegde P, Singh S, Dumka UC, Naja M, Singh N, Bhavanikumar 
Y (2011d) Influence of south Asian dust storm on aerosol radiative forcing at a high-
altitude station in central Himalayas. Int. J. Remote Sens. 32(22): 7827–7845. 

[116] Kumar R, et al. (2011) First ground based observations of influences of springtime 
Northern Indian biomass burning over the central Himalayas. J. Geophys. Res. 116: 
D19302. 

[117] Srivastava AK, Singh S, Pant P, Dumka UC (2012e) Characteristics of black carbon 
over Delhi and Manora Peak-a comparative study. Atmos. Sci. Let., doi: 10.1002/asl.386 
(in press). 

[118] Mishra SK, Tripathi SN, Aggarwal A, Arola A (2012) Optical properties of 
accumulation mode polluted mineral dust: Effects of particle shape, hematite content 
and semi-external mixing with carbonaceous species. Tellus (accepted). 

[119] Bond TC, Streets DG, Yarber KF, Nelson SM, Woo J, Klimont Z (2004) A technology‐
based global inventory of black and organic carbon emissions from combustion. J. 
Geophys. Res. 109: D14203, doi:10.1029/2003JD003697. 

[120] Chandra S, Satheesh SK, Srinivasan J (2004) Can the mixing state of black carbon 
aerosols explain the mystery of ‘excess’ atmospheric absorption?. Geophys. Res. Lett. 
31: L19109, doi:10.1029/2004GL020662. 

[121] Xue M, Ma J, Yan P, Pan X (2011) Impacts of pollution and dust aerosols on the 
atmospheric optical properties over a polluted rural area near Beijing city. Atmos. Res. 
101: 835–843. 

[122] Das SK, Jayaraman A (2011) Role of black carbon in aerosol properties and radiative 
forcing over western India during pre-monsoon period. Atmos. Res. 102: 320–334. 

[123] National Carbonaceous Aerosols Programme (NCEP), Science Plan, Indian Network 
for Climate Change Assessment (2011) Gov. of India, New Delhi, 44 p. 

 
Aerosol Characteristics over the Indo-Gangetic Basin: Implications to Regional Climate 79 

[124] Singh S, Singh R, Rao VUM (2004) Temporal dynamics of dew and fog events and 
their impact on wheat productivity in semi-arid region of India, Third International 
Conference on Fog, Fog Collection and Dew, NetSys Int. (Pty) Ltd., Cape Town, South 
Africa, 11 – 15 Oct.  
(http://www.up.ac.za/academic/geog/meteo/EVENTS/fogdew2003/PAPERS/C65.pdf). 

[125] Sarkar S, Chokngamwong R, Cervone G, Singh RP, Kafatos M (2006) Variability of 
aerosol optical depth and aerosol forcing over India. Adv. Space Res. 37(12): 2153– 2159. 

[126] Ali K, Momin GA, Tewari S, Safai PD, Chate DM, Rao PSP (2004) Fog and 
precipitation chemistry at Delhi, north India. Atmos. Environ. 38: 4215–4222. 

[127] Hameed S, Mirza MI, Ghauri BM, Siddiqui ZR, Javed R, Khan AR, Rattigan OV, 
Qureshi S, Husain L (2000) On the widespread winter fog in Northeastern Pakistan and 
India. Geophys. Res. Lett. 27: 1891–1894. 

[128] Das SK, Jayaraman A, Mishra A (2008) Fog-induced variations in aerosol optical and 
physical properties over the Indo-Gangetic Basin and impact to aerosol radiative 
forcing. Ann Geophys. 26: 1345–1354. 

[129] Hess M, Koepke P, Schultz I (1998) Optical properties of aerosols and clouds: the 
software package OPAC. Bull. Am. Meteorol. Soc. 79: 831–844. 

[130] McComiskey A, Schwartz SE, Schmid B, Guan H, Lewis ER, Ricchiazzi P, Ogren JA 
(2008) Direct aerosol forcing: Calculation from observables and sensitivities to inputs. J. 
Geophys. Res. 113: D09202, doi:10.1029/2007JD009170. 

[131] Ganguly D and Jayaraman A (2006) Physical and optical properties of aerosols over an 
urban location in western India: implications for shortwave radiative forcing. J. 
Geophys. Res. 111: D24207, doi:10.1029/2006JD007393. 

[132] Ganguly D, Jayaraman A, Rajesh TA, Gadhavi H (2006) Wintertime aerosol properties 
during foggy and non-foggy days over urban center Delhi and their implications for 
shortwave radiative forcing. J. Geophys. Res. 111: D15217, doi:10.1029/2005JD007029. 

[133] Pandithurai G, Pinker RT, Takamura T, Devara PCS (2004) Aerosol radiative forcing 
over a tropical urban site in India. Geophys. Res. Lett. 31: L12107, 
doi:10.1029/2004GL019702. 

[134] Badarinath KVS, Latha KM (2006) Direct radiative forcing from black carbon aerosols 
over urban environment. Adv. Space. Res. 37(12): 2183–2188. 

[135] Babu SS, Satheesh SK, Moorthy KK (2002) Aerosol radiative forcing due to enhanced 
black carbon at an urban site in India. Geophys. Res. Lett. 29(18): 1880, 
doi:10.1029/2002GL015826. 

[136] Ramana MV, Ramanathan V, Podgorny IA, Pradhan BB, Shrestha B (2004) The direct 
observations of large aerosol radiative forcing in the Himalayan region. Geophys. Res. 
Lett. 31: L05111. 

[137] Ramachandran S (2003) Aerosol radiative forcing over Bay of Bengal and Chennai: 
Comparison with maritime, continental, and urban aerosol models. J. Geophys. Res. 
110: D21206, doi:10.1029/2005JD005861. 

[138] Satheesh SK (2002) Radiative forcing by aerosols over Bay of Bengal region. Geophys. 
Res. Lett. 29(22): 2083, doi:10.1029/2002GL015334. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 80 

[139] Satheesh SK, Ramanathan V, Holben BN, Moorthy KK, Loeb NG, Maring H, Prospero 
JM, Savoie D (2002) Chemical, microphysical, and radiative effects of Indian Ocean 
aerosols. J. Geophys. Res. 107: 4725, doi:10.1029/2002JD002463. 

1. Introduction
In recent times, atmospheric aerosols are receiving increasing attention as they directly affect
the Earth’s radiation balance by altering incoming shortwave solar radiation that can cause
positive (heating) or negative (cooling) radiative forcing depending on their scattering and
absorption properties, the reflectivity of the underlying surface [10, 24] and the position of
aerosols with respect to the global cloud coverage [8, 88]. Aerosols also affect the outgoing
longwave radiation by absorption, emission and scattering. Presently, effects of radiative
forcing of atmospheric aerosols on climate is a subject of great concern to atmospheric
researchers. An accurate quantification of the aerosol direct radiative forcing is critical for
the interpretation of existing climate records and also for the projection of future climate
change [11, 47]. Significant amount of atmospheric radiative forcing causes high atmospheric
heating due to strong absorption of solar radiation which can change the regional atmospheric
stability and may alter the large scale circulation and the hydrological cycle, enough so,
apparently, to account for observed temperature and precipitation changes in China and India
[1, 46, 62, 70]. Therefore, the effect of aerosols on the radiation budget in terms of radiative
forcing calculations is challenging and demanding, especially on the regional scale for the
exclusive understanding of climate change.

The uncertainties involved in the climate models are mainly due to optical properties of
aerosols on the regional scale, specially underestimated absorption of solar radiation by
aerosols, both, naturally and anthropogenically produced [34], their residence time [57, 58],
etc, which arise mostly due to lack of observations. Black carbon (BC) or soot and dust
aerosols are playing the leading role in aerosol interaction with the solar radiation due to
their strong absorption properties. BC comes into the atmosphere during combustion of fossil
fuels, principally, diesel and coal, and from biomass burning. BC demands large attention
due to its strong absorption of incoming solar radiation and produces positive radiative
forcing which is sometimes comparable to the forcing of the green-house gas methane [31].
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Therefore, underestimation of BC can introduce large uncertainty in the climate models. On
the other hand, dust, mainly coming from arid regions, is generally known for scattering of
solar radiation. However, dust also has a strong absorption in the UV and infrared regimes
and therefore, can influence radiative forcing not only in the shortwave region but also in
the longwave region. Hence, the study of dust aerosols is equally important. In addition,
long-range transported dust aerosols can enhance the atmospheric radiative forcing in the
presence of soot aerosols [14, 54].

South-East Asia, with its fast growing urbanization and industrialization, is one of the major
hot-spot regions on the global aerosol map. A study of historical records from different
locations on the globe reported an increasing trend of BC emissions in South and Central
Asia [6]. In addition, dust aerosols are also transported from the Middle-East region to
over South-East Asia. A mixture of locally produced anthropogenic aerosols with natural
aerosols like mineral dust and seasalt, reported over this hot spot region [42, 60–62] aids in
the warming of the atmosphere. There were several campaigns of ship-, land- and air-borne
measurements over Indian subcontinent and surrounding marine regions to investigate the
regional effects of anthropogenic aerosols [32, 48, 75, etc.]. In-situ measurements during the
Indian Ocean Experiment (INDOEX) and several campaigns under Indian Space Research
Organisation – Geosphere Biosphere Programme (ISRO–GBP) found that the sources of the
anthropogenic aerosols are biomass burning and fossil-fuel combustions [33, 61]. The second
phase of the ISRO-GBP land campaign during winter conducted in the Indo-Gangetic Plain
(IGP), a hot-spot region over India, reported significant anthropogenic aerosol loading in
the atmosphere coming from industries and vehicular emissions [15, 18, 50]. Satellite-based
observations suggested that significant amount of dust is also transported over IGP from
Thar Desert located in western India during premonsoon (March to May) [16, 17, 54]. This
transported dust helps to sustain the hot-spot over IGP maintaining the large background
aerosol loading. Majority of the earlier research works focused on aerosol contribution, either
locally produced anthropogenic aerosols or transported natural dust, to regional climate
change over this hot-spot region. However, uncertainties in those results are found to be
relatively large, especially in studies on transported dust, as the dust becomes aged by
externally and internally mixing with locally produced pollutants.

This chapter investigates and quantifies the natural and anthropogenic contribution of
background aerosols over western India where both the source regions, Thar Desert,
source of natural dust, and IGP, hot spot region of anthropogenic aerosols, are present.
The contributions of both types of aerosols are estimated for the years 2006 and 2007
from ground-based and satellite measurements of aerosol optical and physical properties.
Ground-based observations have been conducted at Mt. Abu (24.65◦N, 72.78◦E, 1.7 km asl),
the highest location in Aravalli mountains in western India. The main advantage of the
location is its proximity to both, Thar Desert and IGP. Also, due to the high altitude, the
observation site is less affected by the boundary layer aerosols. The hill-top background
aerosols are significantly influenced by wind that carries aerosols from either Thar Desert
or IGP and show strong seasonal variation. Therefore, the site becomes a unique location for
the investigation of both, natural and anthropogenic aerosols. The present study investigates
the seasonal variation of aerosol properties at Mt. Abu and estimates the contribution of both
aerosols on the radiation budget during the four seasons – winter (Dec-Feb), premonsoon
(Mar-May), monsoon (Jun-Aug), and postmonsoon (Sep-Nov).
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2. Datasets

2.1. Ground-based instruments

2.1.1. Microtops

Aerosol Optical Depth (AOD) was measured using a hand-held Microtops II (Solar Light Co.,
Inc., USA) [49] at every five minutes interval during daytime from 0730 to 1600 hours. This
instrument can measure AOD at five different wavelengths centered at 0.380, 0.440, 0.500,
0.675, 0.870 μm simultaneously. Another Mictotops II was used to measure AOD at 1.020 μm
associated with ozone and columnar water vapor . Both Microtops were regularly calibrated,
once in a month, and all calibrated constants were obtained from Langley’s plot analysis [30].
There is only 1% variation in the calibration constant since 2002. The absolute uncertainty of
measured AOD is not more than 0.03 at all wavelengths [33].

2.1.2. QCM

Aerosol Mass Concentration was measured using a 10-stage Quartz Crystal Microbalance
(QCM) cascade impactor (model PC-2, California Measurements Inc., USA) and the aerosol
size distribution at the ground level was determined. Aerosols were collected in 10 stages
of the impactor with cut-off radii at 12.5, 6.25, 3.2, 1.6, 0.8, 0.4, 0.2, 0.1, 0.05 and 0.025 μm
from stage 1 to 10 respectively. The air flow rate through the impactor was kept at 240
ml/min and the typical sampling period was 300 sec for each measurement. The QCM was
operated from the terrace of the observatory building at a height of about 6m. The air inlet
was installed vertically to minimize the loss of aerosol particles within the inlet tube. The
relative temperature change of the crystals during each sampling period of 5 minute is too
small and can be neglected. Uncertainties involved in the QCM measurements are mainly
due to variations in RH [15, 33, 59]. In an earlier study, the QCM was operated simultaneously
with an Anderson impactor to investigate the measurement accuracy of each stage and it was
observed that measurement error is always less than 15% [33].

2.1.3. Aethalomater

Absorbing aerosol mass concentrations at seven different wavelengths (centered at 0.37, 0.47,
0.52, 0.59, 0.66, 0.88 and 0.95 μm) were obtained using a multichannel Aethalometer (model
AE-42) manufactured by Magee Scientific, USA [21]. The flow rate of ambient air was
maintained at 3.0 l.min−1 and the data was stored in the memory disk at a time interval of two
minutes during the measurement period. BC mass concentration is estimated by detecting the
light transmitted through the particle deposited sample spot and particle free reference spot
on the filter as follows [5, 89]

BC = − A100 ln( I2
I1
)

kQΔt
(1)

where I1 and I2 are the ratios of light intensities of the sample beam to the reference beam
before and after particle sampling at time interval Δt, Q is the volume flow rate of the
ambient air through the filter, A is the area of the sample spot and k is the absorption
coefficient. The real-time BC mass concentration is considered at 0.88 μm wavelength channel
because the spectral response of elemental carbon particles has a peak near this wavelength
[5]. The manufacturer quoted the overall uncertainty in aethalometer data to be about 10%,
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which is calculated by comparing the data of the aethalometer to other instruments that
measure BC using different techniques [2]. However, Weingartner et al. [89] reported that BC
measurements using filter techniques have significant uncertainty due to “shadowing effect"
after investigating several types of carbon aerosols. This effect causes underestimation of BC
measurement due to its high loading on the filter. This effect is very pronounced for pure BC
while almost negligible for aged atmospheric aerosols. This uncertainty is found to be less
than 10% [14].

2.2. Space-borne measurements

2.2.1. MODIS

AOD over Mt. Abu is also obtained from observations of the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensors on-board Terra and Aqua satellites. Terra and Aqua
spacecrafts pass over the equator at 10:30 and 13:30 Local Solar Time, respectively [43]. Global
images of the full disc are produced due to larger swath widths and instrument-scanning
angle of 110◦ [44]. MODIS has 36 channels spanning the spectral range from 0.41 to 14.4 μm
at three spatial resolutions: 250 m (2 channels), 500 m (5 channels) and 1 km (29 channels).
MODIS aerosol algorithm consists of three independent algorithms to retrieve the aerosol
characteristics, two over land and one over oceans, and makes use of eight of these channels
(0.47-2.13 μm) [29, 35, 67]. The measurements at other wavelengths provide information to
identify clouds and river sediments [20, 45]. MODIS provides an accurate retrieval of spectral
AOD and the parameters characterizing aerosol size [79, 80]. The retrieved data used in
this study include both Terra and Aqua MODIS aerosol products; such estimations are made
over cloud-free regions only [67]. Long-term analysis of MODIS aerosol retrievals collocated
with AERONET measurements confirm that MODIS retrieved AOD agrees with AERONET
observations to within 0.10 over land and to within 0.035 over oceanic island sites. There are
several studies demonstrating that MODIS AOD has a strong correlation with AERONET
AOD [41, 83, etc.] and thereby provide enough confidence to use the MODIS AOD over
western India, the region of interest in the current study.

2.2.2. OMI

Aerosol index (AI) is obtained from observations in the UV region (UV-1, 0.270 to 0.314 μm;
UV-2, 0.306 to 0.380 μm) of the Ozone Monitoring Instrument (OMI) on-board Aura satellite
[82]. AI is defined as the difference between satellite measured (including aerosol effects)
spectral contrast at 0.360 and 0.331 μm radiances and the contrast theoretically calculated
from radiative transfer model for pure molecular (Rayleigh) atmosphere [9, 25, 28]. The Aura
satellite launched in July 2004, flies eight minutes after the Aqua satellite as a part of NASA
A-train constellation. OMI has been designed for the replacement of Total Ozone Mapping
Spectrometer (TOMS) to continue recording the total ozone and other atmospheric parameters
related to ozone and climate study. OMI is sensitive to aerosol absorption even when aerosols
are present above the cloud. Therefore, AI can be successfully derived for clear as well as
cloudy conditions. OMI has a spatial resolution of 13×24 km at nadir and uses the same
algorithm that is used for TOMS observations. AI provides a quantitative measurement of
UV-absorbing aerosols over all the terrestrial surfaces including deserts and ice sheets. AI is
positive for absorbing aerosols and negative for non-absorbing aerosols. Zero AI indicates
cloud presence. High OMI-AI values with high MODIS-AOD and low Ångström exponent
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represent dust dominated regions and such high AI values are mainly observed over arid
regions [78]. OMI-AI Level 3 global-gridded product with spatial resolution of 0.25◦×0.25◦ is
obtained over western India for identifying the dust dominating periods in the present study.

2.2.3. CALIOP

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) provides
a new insight into the role of atmospheric aerosols and clouds in regulating the study of
Earth’s climate change and air quality. It is a part of the A-train satellite constellation that
includes Aqua, CloudSat, and Aura satellites. CALIPSO is in a sun-synchronous orbit at
705 km at an inclination of 98◦ and provides the vertical distribution of aerosols and clouds.
It consists of three sensors: a Cloud-Aerosol Lidar with Orthogonal Polarisation (CALIOP),
an Imaging Infrared Radiometer (IIR), and a moderate spatial resolution Wide Field-of-view
Camera (WFC). CALIPSO passes over the equator at 13:31 local hours, one minute behind
Aqua. The primary instrument, CALIOP, transmits linearly polarized laser light of 0.532 μm
and 1.064 μm at a pulse rate of 20.16 Hz. Its receiver measures the backscattered intensity at
0.532 μm and 1.064 μm with the former divided into two orthogonally polarized components
which help to calibrate the optically thick clouds and aerosols. CALIOP observes both clouds
and aerosols at high spatial resolution, but must be spatially averaged to increase signal to
noise ratio. From the surface to 8 km, the vertical resolution is 30 m and the nominal horizontal
resolution is 1/3 km. CALIPSO data products provide the aerosol vertical distribution along
with aerosol layer height and AOD [7, 85]. CALIPSO LEVEL 2 Vertical Feature Mask (VFM)
products provide vertical mapping of the locations of aerosols and clouds together with
information about the types of each layer and the discrimination between aerosols and clouds
is expected to be good in these products [4, 52, 87, etc.].

2.3. Models

2.3.1. OPAC

OPAC (Optical Properties of Aerosols and Clouds) model [26] is used to derive aerosol optical
depth from the measured atmospheric aerosol chemical compositions obtained from literature
[39, 40] at Mt. Abu. OPAC model contains two major parts: (1) a dataset of microphysical
properties and the resulting optical properties of cloud and aerosol components at different
wavelengths and for different humidity conditions, (2) a FORTRAN program that allows the
user to extract data from this dataset, to calculate additional optical properties, and to calculate
optical properties of mixtures of the stored clouds and aerosol components. In the present
study, OPAC model has been used for obtaining the aerosol optical properties in shortwave
region (0.25-4 μm) from the known chemical compositions. OPAC, based on Mie theory, can
compute aerosol optical properties at 61 wavelengths starting from 0.25 μm to 40 μm. It
mainly has 10 aerosol components which are as follows - insolubles (mostly soil particles),
water soluble aerosols (mainly sulfate and nitrate aerosols of anthropogenic origin), soot (of
anthropogenic origin), sea salts (naturally produced on the oceanic surface by wind and also
available in the atmosphere of coastal regions) in accumulation and coarse mode, mineral dust
(generally coming into atmosphere from the arid surface by wind) in three modes, transported
mineral dust and sulfate droplets (mainly found at stratospheric altitudes). This model is
used to derive the AOD spectrum using a combination of aerosol components and in the
present study the sulfate droplets are not considered. Some of the aerosol components which
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spectral contrast at 0.360 and 0.331 μm radiances and the contrast theoretically calculated
from radiative transfer model for pure molecular (Rayleigh) atmosphere [9, 25, 28]. The Aura
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represent dust dominated regions and such high AI values are mainly observed over arid
regions [78]. OMI-AI Level 3 global-gridded product with spatial resolution of 0.25◦×0.25◦ is
obtained over western India for identifying the dust dominating periods in the present study.

2.2.3. CALIOP

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) provides
a new insight into the role of atmospheric aerosols and clouds in regulating the study of
Earth’s climate change and air quality. It is a part of the A-train satellite constellation that
includes Aqua, CloudSat, and Aura satellites. CALIPSO is in a sun-synchronous orbit at
705 km at an inclination of 98◦ and provides the vertical distribution of aerosols and clouds.
It consists of three sensors: a Cloud-Aerosol Lidar with Orthogonal Polarisation (CALIOP),
an Imaging Infrared Radiometer (IIR), and a moderate spatial resolution Wide Field-of-view
Camera (WFC). CALIPSO passes over the equator at 13:31 local hours, one minute behind
Aqua. The primary instrument, CALIOP, transmits linearly polarized laser light of 0.532 μm
and 1.064 μm at a pulse rate of 20.16 Hz. Its receiver measures the backscattered intensity at
0.532 μm and 1.064 μm with the former divided into two orthogonally polarized components
which help to calibrate the optically thick clouds and aerosols. CALIOP observes both clouds
and aerosols at high spatial resolution, but must be spatially averaged to increase signal to
noise ratio. From the surface to 8 km, the vertical resolution is 30 m and the nominal horizontal
resolution is 1/3 km. CALIPSO data products provide the aerosol vertical distribution along
with aerosol layer height and AOD [7, 85]. CALIPSO LEVEL 2 Vertical Feature Mask (VFM)
products provide vertical mapping of the locations of aerosols and clouds together with
information about the types of each layer and the discrimination between aerosols and clouds
is expected to be good in these products [4, 52, 87, etc.].

2.3. Models

2.3.1. OPAC

OPAC (Optical Properties of Aerosols and Clouds) model [26] is used to derive aerosol optical
depth from the measured atmospheric aerosol chemical compositions obtained from literature
[39, 40] at Mt. Abu. OPAC model contains two major parts: (1) a dataset of microphysical
properties and the resulting optical properties of cloud and aerosol components at different
wavelengths and for different humidity conditions, (2) a FORTRAN program that allows the
user to extract data from this dataset, to calculate additional optical properties, and to calculate
optical properties of mixtures of the stored clouds and aerosol components. In the present
study, OPAC model has been used for obtaining the aerosol optical properties in shortwave
region (0.25-4 μm) from the known chemical compositions. OPAC, based on Mie theory, can
compute aerosol optical properties at 61 wavelengths starting from 0.25 μm to 40 μm. It
mainly has 10 aerosol components which are as follows - insolubles (mostly soil particles),
water soluble aerosols (mainly sulfate and nitrate aerosols of anthropogenic origin), soot (of
anthropogenic origin), sea salts (naturally produced on the oceanic surface by wind and also
available in the atmosphere of coastal regions) in accumulation and coarse mode, mineral dust
(generally coming into atmosphere from the arid surface by wind) in three modes, transported
mineral dust and sulfate droplets (mainly found at stratospheric altitudes). This model is
used to derive the AOD spectrum using a combination of aerosol components and in the
present study the sulfate droplets are not considered. Some of the aerosol components which
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are hygroscopic in nature, may change their optical properties, and hence OPAC outputs are
available for eight different relative humidity (0%, 50%, 70%, 80%, 90%, 95%, 98% and 99%)
conditions. Optical properties for different aerosols are different. Single scattering albedo
(SSA) is one of the important optical parameters for aerosol radiative effect calculations.
OPAC derived SSA is the weighted average of SSA of all aerosol components. Water soluble
(SSA ≈ 0.9 at 0.5 μm) aerosols which contain mainly sulfate, nitrate, etc. and seasalt (SSA ≈
0.99 at 0.5 μm) do not absorb significantly in the visible range but they do absorb significantly
in the infrared region (SSA ≤ 0.4 at 10.0 μm). Major aerosol components are scattering type
in the shortwave range (0.25-4.0 μm), whereas, in the longwave range (4.0-40.0 μm) they can
be totally absorbing. The SSA of soot in the shortwave is 0.22 (at 0.5 μm), whereas, in the
longwave range it is totally absorbing. Dust (SSA ≈ 0.98 at 0.5 μm) is mainly scattering in
nature in the shortwave range but exhibits strong absorption in UV region and also in the
longwave range. On one hand, in the longwave region absorption decreases the outgoing
radiation, while on the other hand, the energy re-emitted consequent to this absorption
increases the surface reaching infrared radiation. The net SSA over a particular location is
the weighted average of SSA of all aerosol components.

2.3.2. SBDART

Atmospheric radiative transfer code, named Santa Barbara DISORT Atmospheric Radiative
Transfer (SBDART) [68] developed at the University of California, Santa Barbara, is used to
estimate aerosol radiative forcing over the study area. SBDART is a well established code for
estimation of radiation flux in the shortwave (0.25-4.0 μm) as well as longwave (4.0-40.0 μm)
range. It is a radiative transfer code that computes plane-parallel radiative transfer in clear
and cloudy conditions within the Earth’s atmosphere and at the surface. In the present study
only clear sky conditions are considered. All the important processes that affect the ultraviolet,
visible, and infrared radiation, are included in this code. For molecular absorption SBDART
uses the low-resolution band models of LOWTRAN-7 atmospheric transmission code [56].
LOWTRAN-7 codes can take into account the effects of all radiatively active molecular species
found in the Earth’s atmosphere with wavelength resolution of about 5 nm in the visible
and about 200 nm in the thermal infrared. In SBDART, the radiative transfer equations are
numerically integrated with DISORT (Discreet Ordinate Radiative Transfer) code [74]. This
discrete ordinate method provides a numerically stable algorithm to solve the equations of
plane-parallel radiative transfer in a vertically inhomogeneous atmosphere. The intensity
of both scattered and thermally emitted radiation can be computed at different heights and
directions. Presently, SBDART is configured to allow up to 65 atmospheric layers and 20
radiation streams (20 zenith angles and 20 azimuthal modes).

The ground surface cover is an important determinant of the overall radiation environment
because spectral albedo of the surface which defines the ratio of upwelling to downwelling
spectral irradiance at the surface determines upwelling irradiance from the surface. In
SBDART there are five basic surface types, namely (1) ocean water [76], (2) lake water [36], (3)
vegetation [65], (4) snow [91], and (5) sand [73]. The spectral albedo describing a given surface
is often well approximated by combinations of these basic surface types. Input parameters
in SBDART allow the user to specify a mixed surface consisting of weighted combinations
of water, snow, vegetation and sand. SBDART can compute the radiative effects of several
lower and upper atmosphere aerosol types. In the lower atmosphere, typical rural, urban,
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or maritime conditions can be simulated using the standard aerosol models of Shettle &
Fenn [72]. SBDART gives the opportunity to specify up to five aerosol layers (i.e., at five
different altitudes), with radiative characteristics that model fresh or aged volcanic, meteoric,
and upper-tropospheric background aerosols.

The major inputs required to estimate the aerosol radiative effects for DISORT module in
SBDART include spectral values of solar radiation incident on the atmosphere, spectral
values of columnar AOD, SSA and angular phase function of the scattered radiation or
asymmetry factor. The asymmetry factor is used to generate a scattering phase function
through the Henyey-Greenstein approximation. The Henyey-Greenstein parameterization
provides good accuracy when applied to radiative flux calculations [22, 84]. It can also
compute radiation fluxes with less uncertainty from the aerosol optical properties at 0.55
micron wavelength obtained from satellite observations. Spectral values of AOD, SSA and
asymmetry parameter are also obtained from OPAC using the chemical properties of the
atmospheric aerosols. OPAC model derived aerosol optical parameters are obtained by
varying the number concentration of individual components in small steps until the model
derived parameters satisfactorily match the observed values. Another important input
parameter that is required for accurate computation of the aerosol radiative effects over land is
the surface reflectance [71, 90]. Radiative forcing is determined from the difference of the solar
radiation with and without aerosols during clear-sky conditions in the short wave (0.25-4.0
μm) by running SBDART for every one hour interval in a day using the profiles for tropical
atmosphere. The present work gives more realistic results considering the aerosol vertical
profiles from CALIPSO and MODIS surface reflectance over Mt. Abu. The seasonal forcing
is estimated from the diurnally averaged forcing which represents the mean of the hourly
forcing as derived from SBDART for 24 h/day.

3. Site location and meteorology
Major aerosol parameters have been monitored during 2006 and 2007 inside the campus
of Physical Research Laboratory situated at Gurushikhar, Mt. Abu – the highest peak (1.7
Km asl) of Aravalli range in India. Topography of the Indian Peninsula, Himalayas and the
Tibetan plateau are shown in Figure 1a. Arid (dashed line) and semi-arid (solid line) regions
of Thar Desert in western India are shown in Figure 1b. More details on physical features
of Thar Desert are described in literature [92]. Mt. Abu is situated within the semi-arid
region of Thar Desert. A picture of the campus is shown in Figure 1c, which is better known
for the astronomy observatory. Aravalli mountains are located in between Thar Desert and
IGP. Major part of these mountains on the western side is in the semi-arid region of Thar
Desert while the north-east region of the mountains is in IGP. The highest location, Mt. Abu
is situated in the south-west of the mountain range. The observatory being a prohibited
hilltop area makes the measurement site anthropogenic free and hence, is a suitable place
for background aerosol measurements in western India. The observatory is built on rocky
mountainous terrain surrounded by forest and therefore, there is significantly less soil dust
coming from the surface of the nearby mountain region. Being very close (∼300 Km) to Thar
Desert, measurement site gives an opportunity to study desert dust. Freshly generated desert
dust aerosols are transported within few hours to Mt. Abu and thereby are exposed to local
pollutants minimally. Also, due to the high altitude, these aerosols are less influenced by the
boundary layer aerosols that consist mostly of locally produced anthropogenic aerosols.
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provides good accuracy when applied to radiative flux calculations [22, 84]. It can also
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asymmetry parameter are also obtained from OPAC using the chemical properties of the
atmospheric aerosols. OPAC model derived aerosol optical parameters are obtained by
varying the number concentration of individual components in small steps until the model
derived parameters satisfactorily match the observed values. Another important input
parameter that is required for accurate computation of the aerosol radiative effects over land is
the surface reflectance [71, 90]. Radiative forcing is determined from the difference of the solar
radiation with and without aerosols during clear-sky conditions in the short wave (0.25-4.0
μm) by running SBDART for every one hour interval in a day using the profiles for tropical
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profiles from CALIPSO and MODIS surface reflectance over Mt. Abu. The seasonal forcing
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forcing as derived from SBDART for 24 h/day.
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hilltop area makes the measurement site anthropogenic free and hence, is a suitable place
for background aerosol measurements in western India. The observatory is built on rocky
mountainous terrain surrounded by forest and therefore, there is significantly less soil dust
coming from the surface of the nearby mountain region. Being very close (∼300 Km) to Thar
Desert, measurement site gives an opportunity to study desert dust. Freshly generated desert
dust aerosols are transported within few hours to Mt. Abu and thereby are exposed to local
pollutants minimally. Also, due to the high altitude, these aerosols are less influenced by the
boundary layer aerosols that consist mostly of locally produced anthropogenic aerosols.

87Natural vs Anthropogenic Background Aerosol Contribution to the Radiation Budget over Indian Thar Desert



8 Will-be-set-by-IN-TECH

Figure 1. (a) Topography of the Indian subcontinent. The box is showing western India including Thar
Desert and Indo-Gangetic Plain. Star shows the location of Mt. Abu, highest location in the Aravalli
Mountains. (b) Arid (dashed lines) and semi-arid (solid lines) region of Thar Desert. Mt. Abu is situated
in the semi-arid region. (c) A photograph of the measurement site - PRL observatory at Mt. Abu.

Diurnal variations of surface temperature and relative humidity (RH) at Mt. Abu during
different seasons are shown in the top row of Figure 2. The vertical bars represent the
±1σ variation about the hourly mean values. Temperature is found to be minimum at
15.5±3.0◦C during winter and maximum at 23.0±3.3◦C during premonsoon, followed by
monsoon (19.3±2.0◦C) and postmonsoon (18.3±1.4◦C). In case of RH, minimum is observed
at 24.6±6.4% during premonsoon and maximum at 88.3±10.5% during monsoon, followed
by 54.7±22.8% during postmonsoon and 30.7±8.3% during winter. There is a strong diurnal
variation in the hourly averaged surface temperature at Mt. Abu during all seasons, whereas,
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there is no significant variation present in RH. During monsoon and postmonsoon RH
shows large variations about the means. During monsoon all the measurements of aerosol
parameters were carried out only in June (mean RH = 63.9±12.6%). Observations were very
few in July and August due to heavy rain and high RH. The seasonal variation of wind
pattern over India subcontinent, obtained from National Center for Environmental Prediction
(NCEP) reanalysis data is shown in the bottom row of Figure 2. Wind speed over study
region was minimum and mainly coming from IGP during winter,. During premonsoon,
wind over western India was westerly and coming from desert areas. During monsoon and
postmonsoon, wind became stronger coming from coastal region of Arabian Sea.

Figure 2. (Top) Diurnal variation of temperature and relative humidity during different seasons. The
vertical bars represents ±1σ variation about the mean. (Bottom) Seasonal variation of wind speed and
direction, obtained from NCEP reanalysis data.

3.1. Land surface properties

Underlying surface plays an important role in the aerosol radiative effects towards climate
change [24, 27, etc.]. Aerosols over high surface reflectance (bright surface) can produce
relatively higher positive radiative forcing than those over low surface reflectance (dark
surface). Space-borne observations suggest that there is a strong seasonal variation of surface
over western India. Figures 3a and 3b show images of land surface over western India during
premonsoon and postmonsoon seasons, respectively, captured by MODIS-Terra satellite. The
surface is very bright during premonsoon due to open bare land, while it is relatively dark
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during postmonsoon due to green vegetation born during monsoon rain. As a result, surface
reflectance is maximum during premonsoon and minimum during postmonsoon.

In the present study, MODIS derived surface reflectance data over Mt. Abu is used in the
estimations of radiative forcing. It is obtained from Nadir BRDF-Adjusted Reflectance 16-Day
L3 Global 0.5 km SIN Grid product which is derived at the mean solar zenith angle of Terra
overpasses for every successive 16-day period, calculating surface reflectance as if every pixel
in the grid was viewed from nadir direction. Surface reflectance data available in seven
wavelength bands of MODIS centered around 0.47, 0.56, 0.65, 0.86, 1.24, 1.64 and 2.13 μm
are used to reproduce the spectral dependence of surface reflectances for the entire SW range
using a combination of three different surface types, namely, vegetation, sand and water. The
monthly variation of surface reflectance at 1.64 μm during 2007 is shown in Figure 3c. Vertical
lines in this Figure represent ±1σ variation about the monthly mean values. Average surface
reflectance is found to be high at about 0.35 during premonsoon (Apr-May) and low at about
0.20 during postmonsoon (Sep-Nov) and winter (Dec-Feb). Space-borne observations show
that the land over western India increases its brightness by about 75% during premonsoon
season. This could be due to bare surface and deposited dust that is transported from arid
region. Model simulations to fit the surface reflectance combining the three surfaces suggest
that during premonsoon sand surface contributes a maximum of about 70% and during
postmonsoon and winter it contributes a minimum of about 20% while vegetation surface
contributes 15% and 60%, respectively. These varying land properties are also considered in
the radiative forcing calculations.

4. Background aerosol optical and physical properties over Thar desert

4.1. Aerosol optical depth

The seasonal variation of AOD spectrum at the hilltop station over western India is shown in
Figure 4. Vertical lines represent ±1σ variation about the mean AOD. The solid lines are the
OPAC model fitted AOD spectrum and the shaded regions indicate the variation of simulated
AOD within that season. At all wavelengths, AODs are maximum during premonsoon
followed by postmonsoon and monsoon and are minimum during winter. At 0.5 μm, the
AODs are 0.20±0.08, 0.18±0.04, 0.10±0.02, and 0.08±0.03 during premonsoon, postmonsoon,
monsoon and winter, respectively. The reasons could be as follows. Firstly, there is a large
variation of boundary layer height. In an earlier research work carried out over a tropical
Indian station, Gadanki (13.5oN, 79.2oE), Krishnan & Kunhikrishnan [37] studied the annual
boundary layer height variation and observed a minimum during winter and maximum
during premonsoon. In the present study, during winter the boundary layer height is lower
than the observation altitude and hence the observation site is in the free troposphere region.
As a result, AOD is minimum during this season. During premonsoon the observation site is
within the boundary layer and hence AOD increases. In addition, there is significant amount
of dust transported from arid region which results in maximum AOD. On the other hand,
during monsoon though the boundary layer height is significantly high, AOD is low due to
wash out of aerosols from the atmosphere by the heavy monsoonal rain events. Monsoon
rain has a major role to wash out the aerosol loading from the atmosphere causing significant
decrease of AOD. A case study over tropical Indian station reported about 64% decrease of
AOD due to heavy rain [69]. In the present study, there is no significant decrease of AOD
during monsoon. This is because of the presence of a very stable aerosol layer of about 1.5
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Figure 3. Picture of land surface over western India during premonsoon (top) and potmonsoon (middle)
seasons, obtained from MODIS-Terra satellite. Dark black, gray and green colors represent oceanic
surface, arid bare land, forest regions, respectively. (Bottom) Monthly variation of surface reflectance at
1.64 μm wavelength during 2007 and the vertical bars represents ±1σ deviation about the monthly
mean. Note that the surface reflectance increases by 70% over study area during premonsoon.
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during postmonsoon due to green vegetation born during monsoon rain. As a result, surface
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AOD within that season. At all wavelengths, AODs are maximum during premonsoon
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boundary layer height variation and observed a minimum during winter and maximum
during premonsoon. In the present study, during winter the boundary layer height is lower
than the observation altitude and hence the observation site is in the free troposphere region.
As a result, AOD is minimum during this season. During premonsoon the observation site is
within the boundary layer and hence AOD increases. In addition, there is significant amount
of dust transported from arid region which results in maximum AOD. On the other hand,
during monsoon though the boundary layer height is significantly high, AOD is low due to
wash out of aerosols from the atmosphere by the heavy monsoonal rain events. Monsoon
rain has a major role to wash out the aerosol loading from the atmosphere causing significant
decrease of AOD. A case study over tropical Indian station reported about 64% decrease of
AOD due to heavy rain [69]. In the present study, there is no significant decrease of AOD
during monsoon. This is because of the presence of a very stable aerosol layer of about 1.5
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Figure 3. Picture of land surface over western India during premonsoon (top) and potmonsoon (middle)
seasons, obtained from MODIS-Terra satellite. Dark black, gray and green colors represent oceanic
surface, arid bare land, forest regions, respectively. (Bottom) Monthly variation of surface reflectance at
1.64 μm wavelength during 2007 and the vertical bars represents ±1σ deviation about the monthly
mean. Note that the surface reflectance increases by 70% over study area during premonsoon.
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km thickness over the inversion layer during monsoon in the western India, as reported by
Ganguly et al. [19].

The spectral dependence of AOD is parameterized through Ångström exponent (α) which
is the slope of the logarithm of AOD versus the logarithm of wavelength (in micron) and
provides the basic information about the columnar particle size distribution [66]. α is higher
for relatively higher number of smaller particles and as the number of bigger particles
increases α decreases. It can even reduce to ∼0 for very large number of coarse-mode soil
particles [51, 77, 81, etc]. In the present study, α is obtained from Microtops measured AOD
for the entire wavelength (0.380 - 1.020 μm) and is given in Figure 4 along with the variation in
the parenthesis. It varies from 0.2 to 0.6. During monsoon α is minimum at 0.2±0.15 indicating
dominance of bigger aerosols. It is due to the presence of bigger water soluble aerosols which
increase in size due to accumulation and coagulation processes in high relative humidity
conditions. During premonsoon also, when RH is low and the atmosphere is dry and warm,
α is low at about 0.3±0.25 indicating the dominance of bigger aerosols. These are the soil
born dust aerosols produced by the frequently occurring dust storms in the Thar desert and
transported to other parts of India [17, 55] including Mt. Abu. α is found to be maximum
at about 0.6±0.01 during postmonsoon indicating dominance of smaller aerosols. This is
probably due to dominance of fine seasalt aerosols transported from Arabian Sea [19, 64]
. During winter also α is found to be high showing dominance of smaller aerosols which
could be due to anthropogenic aerosols coming from burning tree branches and dry leaves by
the poor villagers living in the surrounding hill areas to keep themselves warm during cold
mornings and evenings.

4.2. Aerosol mass concentration

Aerosol mass concentration measured separately in ten different sizes by Quartz Crystal
Microbalance (QCM) cascade impactor has been classified into three different categories, viz.,
nucleation (radius<0.1 μm), accumulation (0.1μm≤radius≥1.0 μm) and coarse (radius>1.0
μm) mode particles. Nucleation mode aerosols represent total aerosols collected in stages 9-10,
accumulation mode aerosols are the total aerosols in stages 5-8 and coarse mode aerosols are
the total aerosols collected in stages 2-4. Aerosols collected in stage 1 are not considered in
the calculations because all aerosols whose radius is greater than 12.5 μm are collected in this
stage and thus, there is no definite aerosol radius representing this stage.

Figure 5 shows the seasonal variation of aerosol mass concentration (μg.m−3) of all three
modes, viz., nucleation, accumulation and coarse modes at the hill top region, Mt. Abu from
January 2006 to December 2007. Total aerosol mass concentration observed was minimum
at 16.5±1.5 μg.m−3 during winter and maximum at 25.8±2.7 μg.m−3 during postmonsoon
followed by premonsoon (19.9±5.6 μg.m−3) and monsoon (16.7±6.0 μg.m−3). This variation
is similar to that observed in columnar AOD at Mt. Abu. The accumulation aerosol mass
was contributing maximum to the total aerosol mass during all seasons and the coarse mode
aerosol mass was contributing equivalently only during premonsoon. This is due to large
transportation of dust aerosols from Thar desert during this season that enhanced the coarse
mode aerosol mass.

In general, nucleation aerosols contribute least to the total aerosol mass concentration. This
contribution was maximum during postmonsoon when the wind speed was almost calm and
RH was relatively high. This atmospheric condition helps in gas-to-particle conversion and
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Figure 4. Seasonal variation of observed AOD spectrum at Mt. Abu. Vertical bars represent ±1σ
variation about the mean. Solid line is the OPAC model derived AOD spectrum and the shaded regions
are the variation in the simulated AOD. Ångström exponent (α) is also given along with the standard
deviations in parenthesis.

enhances the nucleation mode aerosols which explains the maximum mass of 6.4±1.1 μg.m−3

observed during this season. During winter the nucleation mass concentration decreased
to 3.2±0.1 μg.m−3 as the boundary layer height decreased and the measurement site was
in free troposphere. The nucleation aerosol mass was 2.9±1.8 and 3.6±0.7 μg.m−3 during
premonsoon and monsoon, respectively. During premonsoon, the boundary layer height was
maximum which gives more room for these fine aerosols to dilute and high temperature with
low RH are not favorable for gas-to-particle conversion processes. In addition, strong wind
also helps in removing the aerosols from the measurement site during this season and makes
mass of the nucleation mode aerosols minimum. Monsoon also experiences high boundary
layer height and strong wind condition, however, nucleation mode aerosols are significant
compared to premonsoon. This could be due to the transport of seasalt coming from Arabian
Sea.

The seasonal variation observed in the accumulation aerosols is similar to the nucleation
aerosols. The accumulation aerosol mass concentration was minimum at 8.4±2.8 μg.m−3

during premonsoon and maximum at 12.6±0.6 μg.m−3 during postmonsoon followed by
monsoon (10.0±1.0 μg.m−3) and winter (9.6±1.6 μg.m−3). Accumulation aerosols are mainly
produced by the condensation growth and coagulation of nucleation aerosols. During

93Natural vs Anthropogenic Background Aerosol Contribution to the Radiation Budget over Indian Thar Desert



12 Will-be-set-by-IN-TECH

km thickness over the inversion layer during monsoon in the western India, as reported by
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increases α decreases. It can even reduce to ∼0 for very large number of coarse-mode soil
particles [51, 77, 81, etc]. In the present study, α is obtained from Microtops measured AOD
for the entire wavelength (0.380 - 1.020 μm) and is given in Figure 4 along with the variation in
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dominance of bigger aerosols. It is due to the presence of bigger water soluble aerosols which
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conditions. During premonsoon also, when RH is low and the atmosphere is dry and warm,
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transported to other parts of India [17, 55] including Mt. Abu. α is found to be maximum
at about 0.6±0.01 during postmonsoon indicating dominance of smaller aerosols. This is
probably due to dominance of fine seasalt aerosols transported from Arabian Sea [19, 64]
. During winter also α is found to be high showing dominance of smaller aerosols which
could be due to anthropogenic aerosols coming from burning tree branches and dry leaves by
the poor villagers living in the surrounding hill areas to keep themselves warm during cold
mornings and evenings.

4.2. Aerosol mass concentration

Aerosol mass concentration measured separately in ten different sizes by Quartz Crystal
Microbalance (QCM) cascade impactor has been classified into three different categories, viz.,
nucleation (radius<0.1 μm), accumulation (0.1μm≤radius≥1.0 μm) and coarse (radius>1.0
μm) mode particles. Nucleation mode aerosols represent total aerosols collected in stages 9-10,
accumulation mode aerosols are the total aerosols in stages 5-8 and coarse mode aerosols are
the total aerosols collected in stages 2-4. Aerosols collected in stage 1 are not considered in
the calculations because all aerosols whose radius is greater than 12.5 μm are collected in this
stage and thus, there is no definite aerosol radius representing this stage.

Figure 5 shows the seasonal variation of aerosol mass concentration (μg.m−3) of all three
modes, viz., nucleation, accumulation and coarse modes at the hill top region, Mt. Abu from
January 2006 to December 2007. Total aerosol mass concentration observed was minimum
at 16.5±1.5 μg.m−3 during winter and maximum at 25.8±2.7 μg.m−3 during postmonsoon
followed by premonsoon (19.9±5.6 μg.m−3) and monsoon (16.7±6.0 μg.m−3). This variation
is similar to that observed in columnar AOD at Mt. Abu. The accumulation aerosol mass
was contributing maximum to the total aerosol mass during all seasons and the coarse mode
aerosol mass was contributing equivalently only during premonsoon. This is due to large
transportation of dust aerosols from Thar desert during this season that enhanced the coarse
mode aerosol mass.

In general, nucleation aerosols contribute least to the total aerosol mass concentration. This
contribution was maximum during postmonsoon when the wind speed was almost calm and
RH was relatively high. This atmospheric condition helps in gas-to-particle conversion and
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Figure 4. Seasonal variation of observed AOD spectrum at Mt. Abu. Vertical bars represent ±1σ
variation about the mean. Solid line is the OPAC model derived AOD spectrum and the shaded regions
are the variation in the simulated AOD. Ångström exponent (α) is also given along with the standard
deviations in parenthesis.

enhances the nucleation mode aerosols which explains the maximum mass of 6.4±1.1 μg.m−3

observed during this season. During winter the nucleation mass concentration decreased
to 3.2±0.1 μg.m−3 as the boundary layer height decreased and the measurement site was
in free troposphere. The nucleation aerosol mass was 2.9±1.8 and 3.6±0.7 μg.m−3 during
premonsoon and monsoon, respectively. During premonsoon, the boundary layer height was
maximum which gives more room for these fine aerosols to dilute and high temperature with
low RH are not favorable for gas-to-particle conversion processes. In addition, strong wind
also helps in removing the aerosols from the measurement site during this season and makes
mass of the nucleation mode aerosols minimum. Monsoon also experiences high boundary
layer height and strong wind condition, however, nucleation mode aerosols are significant
compared to premonsoon. This could be due to the transport of seasalt coming from Arabian
Sea.

The seasonal variation observed in the accumulation aerosols is similar to the nucleation
aerosols. The accumulation aerosol mass concentration was minimum at 8.4±2.8 μg.m−3

during premonsoon and maximum at 12.6±0.6 μg.m−3 during postmonsoon followed by
monsoon (10.0±1.0 μg.m−3) and winter (9.6±1.6 μg.m−3). Accumulation aerosols are mainly
produced by the condensation growth and coagulation of nucleation aerosols. During
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Figure 5. Seasonal variation of aerosol mass concentrations in nucleation (radius < 0.1 micron),
accumulation (0.1≥radius≤1.0 micron) and coarse (radius >1.0 micron) modes. The vertical bars
represent ±1σ variation about the mean.

premonsoon these processes are slowed down due to low RH and hence the low accumulation
aerosol mass. During monsoon seasalt aerosols are transported from the Arabian sea and high
RH maintains the accumulation mode aerosols, increasing the mass concentration. During
postmonsoon, minimum wind speed results in further increase resulting in the observed
maximum. And during winter it is minimum as the the measurement site is in the free
troposphere.

The coarse mode aerosols show a slightly different seasonal behaviour at Mt. Abu. During
premonsoon, they mainly consist of dust aerosols transported from Thar desert and the
mass concentration is maximum at 8.6±0.4 μg.m−3. It is minimum at 3.1±0.5 μg.m−3

during monsoon due to wash out of the dust aerosols by heavy rains. During postmonsoon,
the coarse aerosol mass concentration was slightly enhanced to 6.8±1.0 μg.m−3 as the
accumulation aerosols, which mainly consist of seasalt particles, swell up by absorbing water
vapor at high RH conditions and become coarse mode particles. During winter, their mass
concentration becomes 3.6±0.6 μg.m−3 when low boundary layer height helps to keep them
low at the hill-top region.

4.3. Aerosol number concentration

Aerosol number concentration is also obtained from the observed aerosol mass concentration
from QCM observations for the hilltop area using appropriate mass density valid for semi-arid
background atmosphere and prevailing relative humidity conditions [13, 26]. Figure 6 shows
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the typical aerosol size distributions for the four seasons. The vertical bars represent ±1σ
variation about the monthly mean number concentration of different sizes of aerosols. In all
seasons, the size distribution showed tri-modal distribution and each mode could be fitted
using using three lognormal modes of the following form.
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where N is the number concentration (cm−3), σm is the width of the distribution and rm is the
mode radius for a particular mode. The three modal parameters for all the seasons are given in
Table 1. At Mt. Abu the number concentrations (N) of nucleation and accumulation modes are
lower by an order of magnitude than that at other urban region in western India, Ahmedabad
while for coarse mode it is comparable [19]. Since Mt. Abu is far from anthropogenic activity,
the anthropogenically influenced modes (nucleation and accumulation) have smaller number
concentrations. However, the proximity to Thar desert and similarity of the surface conditions
of Mt. Abu make the coarse mode number concentrations comparable. The radii of nucleation
mode lie in the range 0.018-0.020 μm and number concentration for this mode is found to be
maximum during postmonsoon and minimum during premonsoon and monsoon. Similarly
the radii for corresponding accumulation and coarse modes lie in the range of 0.12-0.19 μm
and 1.1-2.1 μm, respectively.

Nucleation Accumulation Coarse
Season N rm σ N rm σ N rm σ

cm−3 μm μm cm−3 μm μm cm−3 μm μm
Winter 12000 0.019 2.0 18 0.14 2.0 0.02 1.4 1.9
Premonsoon 10000 0.018 1.9 22 0.19 1.8 0.01 2.2 1.8
Monsoon 15000 0.018 1.9 50 0.13 1.9 0.01 1.7 1.8
Postmonsoon 17000 0.020 1.9 60 0.12 1.9 0.08 1.1 1.8

Table 1. Average values of size distribution parameters obtained by fitting lognormal curves to the
measured aerosol number distribution over Mt. Abu

Accumulation aerosols are mainly produced by the condensation growth and coagulation of
nucleation aerosols. During winter accumulation mode aerosols number concentration (N)
was minimum at 18 cm−3. During premonsoon, the anthropogenic activities were maximum
at Mt. Abu which increased N of accumulation mode to 22 cm−3. During monsoon, it
further increased to 50 cm−3. It is due to the wind coming from Arabian sea (Figure 2)
that carried large amount of sea salt and enriched the sea salt aerosols at the hill top region
[64]. During high RH conditions these sea salt aerosols belong to the accumulation mode.
Later during postmonsoon, wind was south-easterly and the transported sea salt reduced.
However, burning of biomass like garbage and fallen leaves increased and hence, BC particle
concentration was enhanced. Therefore, high production, shallow boundary layer height
and low wind speed made the accumulation mode aerosol number concentration reach a
maximum at 60 cm−3 during this season.

During premonsoon, there is large transportation of mineral dust aerosols from Thar Desert
which enhanced the abundance of coarse mode aerosols at the hill top area. The coarse
mode radius was maximum at 2.2 μm. During monsoon, rain washes out these dust aerosols
from the atmosphere and reduces their number and mode radius. However, the abundance
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Figure 5. Seasonal variation of aerosol mass concentrations in nucleation (radius < 0.1 micron),
accumulation (0.1≥radius≤1.0 micron) and coarse (radius >1.0 micron) modes. The vertical bars
represent ±1σ variation about the mean.

premonsoon these processes are slowed down due to low RH and hence the low accumulation
aerosol mass. During monsoon seasalt aerosols are transported from the Arabian sea and high
RH maintains the accumulation mode aerosols, increasing the mass concentration. During
postmonsoon, minimum wind speed results in further increase resulting in the observed
maximum. And during winter it is minimum as the the measurement site is in the free
troposphere.

The coarse mode aerosols show a slightly different seasonal behaviour at Mt. Abu. During
premonsoon, they mainly consist of dust aerosols transported from Thar desert and the
mass concentration is maximum at 8.6±0.4 μg.m−3. It is minimum at 3.1±0.5 μg.m−3

during monsoon due to wash out of the dust aerosols by heavy rains. During postmonsoon,
the coarse aerosol mass concentration was slightly enhanced to 6.8±1.0 μg.m−3 as the
accumulation aerosols, which mainly consist of seasalt particles, swell up by absorbing water
vapor at high RH conditions and become coarse mode particles. During winter, their mass
concentration becomes 3.6±0.6 μg.m−3 when low boundary layer height helps to keep them
low at the hill-top region.

4.3. Aerosol number concentration

Aerosol number concentration is also obtained from the observed aerosol mass concentration
from QCM observations for the hilltop area using appropriate mass density valid for semi-arid
background atmosphere and prevailing relative humidity conditions [13, 26]. Figure 6 shows
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the typical aerosol size distributions for the four seasons. The vertical bars represent ±1σ
variation about the monthly mean number concentration of different sizes of aerosols. In all
seasons, the size distribution showed tri-modal distribution and each mode could be fitted
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where N is the number concentration (cm−3), σm is the width of the distribution and rm is the
mode radius for a particular mode. The three modal parameters for all the seasons are given in
Table 1. At Mt. Abu the number concentrations (N) of nucleation and accumulation modes are
lower by an order of magnitude than that at other urban region in western India, Ahmedabad
while for coarse mode it is comparable [19]. Since Mt. Abu is far from anthropogenic activity,
the anthropogenically influenced modes (nucleation and accumulation) have smaller number
concentrations. However, the proximity to Thar desert and similarity of the surface conditions
of Mt. Abu make the coarse mode number concentrations comparable. The radii of nucleation
mode lie in the range 0.018-0.020 μm and number concentration for this mode is found to be
maximum during postmonsoon and minimum during premonsoon and monsoon. Similarly
the radii for corresponding accumulation and coarse modes lie in the range of 0.12-0.19 μm
and 1.1-2.1 μm, respectively.
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Monsoon 15000 0.018 1.9 50 0.13 1.9 0.01 1.7 1.8
Postmonsoon 17000 0.020 1.9 60 0.12 1.9 0.08 1.1 1.8

Table 1. Average values of size distribution parameters obtained by fitting lognormal curves to the
measured aerosol number distribution over Mt. Abu

Accumulation aerosols are mainly produced by the condensation growth and coagulation of
nucleation aerosols. During winter accumulation mode aerosols number concentration (N)
was minimum at 18 cm−3. During premonsoon, the anthropogenic activities were maximum
at Mt. Abu which increased N of accumulation mode to 22 cm−3. During monsoon, it
further increased to 50 cm−3. It is due to the wind coming from Arabian sea (Figure 2)
that carried large amount of sea salt and enriched the sea salt aerosols at the hill top region
[64]. During high RH conditions these sea salt aerosols belong to the accumulation mode.
Later during postmonsoon, wind was south-easterly and the transported sea salt reduced.
However, burning of biomass like garbage and fallen leaves increased and hence, BC particle
concentration was enhanced. Therefore, high production, shallow boundary layer height
and low wind speed made the accumulation mode aerosol number concentration reach a
maximum at 60 cm−3 during this season.

During premonsoon, there is large transportation of mineral dust aerosols from Thar Desert
which enhanced the abundance of coarse mode aerosols at the hill top area. The coarse
mode radius was maximum at 2.2 μm. During monsoon, rain washes out these dust aerosols
from the atmosphere and reduces their number and mode radius. However, the abundance
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Figure 6. Seasonal variation of aerosol number distribution. Vertical bars represent ±1σ variation about
the mean. The solid lines are the best-fitted curves representing nucleation, accumulation and coarse
modes.

of coarse aerosols is found to be maximum with minimum mode radius of about 1.1 μm
during postmonsoon which indicates the transfer of aerosols from accumulation mode due
to hygroscopic and coagulation growth of particles at high RH conditions.

4.4. Black carbon mass concentration

Black carbon (BC) produced due to incomplete combustion of carbon-based fuels [3, 31, 53,
86, etc] is the most efficient light absorbing aerosol component in the atmosphere. BC has
major contribution to alter the radiative balance by absorbing the solar radiation in the visible
spectrum. As a result, it cools the surface and warms the atmosphere [24, 38]. A recent study of
BC contribution to radiative forcing by Jacobson [31] showed that BC has a great contribution
towards global warming and is the second most important component of global warming
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after CO2 and has a larger impact on direct radiative forcing than that of methane. As a
result, in populated countries like China and India, the large production of BC aerosols has
a large impact on the hydrological cycle and precipitation pattern [46, 61, 71]. In India the
fraction of BC production from fossil fuel burning, open burning and biofuel combustion to
the global emission is significantly large and hence, it is necessary to estimate radiative impact
of different kinds of BC not only on global scale but also in the regional scale.

Figure 7. Diurnal variation of BC mass concentration during each month in 2007. White region indicates
no data during Jul-Aug due to heavy monsoonal rain.

In recent years, global climate has received considerable attention due to increase in the
percentage contribution of anthropogenic aerosols on the Earth’s radiation budget [23]. BC
particles exist mainly in the accumulation mode and can be transported over long distances
[12] from source regions to far off pristine environment and perturb the climate of the latter,
like that of Mt. Abu. The diurnal variation of BC mass concentration during different months
over Mt. Abu is shown in Figure 7. Observations were not possible in July and August
due to heavy rain. Minimum BC concentration was observed during monsoon (0.428±0.128
μg.m−3) and maximum was observed during premonsoon (0.665±0.478 μg.m−3) followed
by winter (0.608±0.246 μg.m−3) and postmonsoon (0.620±0.158 μg.m−3). The annual mean
BC mass concentration was 0.580±0.104 μg.m−3. At Mt. Abu the BC concentration is an
order of magnitude less than that at any other urban region in India. BC during April is
found to be as high as 1.00±0.170 μg.m−3 which is a factor of 2 higher than the previous
month. Backtrajectory analysis indicates wind coming from IGP which increases the BC
concentration. In another study at a high altitude station, Nainital (29.4oN, 79.5oE, 1950m
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Figure 6. Seasonal variation of aerosol number distribution. Vertical bars represent ±1σ variation about
the mean. The solid lines are the best-fitted curves representing nucleation, accumulation and coarse
modes.
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to hygroscopic and coagulation growth of particles at high RH conditions.
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Black carbon (BC) produced due to incomplete combustion of carbon-based fuels [3, 31, 53,
86, etc] is the most efficient light absorbing aerosol component in the atmosphere. BC has
major contribution to alter the radiative balance by absorbing the solar radiation in the visible
spectrum. As a result, it cools the surface and warms the atmosphere [24, 38]. A recent study of
BC contribution to radiative forcing by Jacobson [31] showed that BC has a great contribution
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percentage contribution of anthropogenic aerosols on the Earth’s radiation budget [23]. BC
particles exist mainly in the accumulation mode and can be transported over long distances
[12] from source regions to far off pristine environment and perturb the climate of the latter,
like that of Mt. Abu. The diurnal variation of BC mass concentration during different months
over Mt. Abu is shown in Figure 7. Observations were not possible in July and August
due to heavy rain. Minimum BC concentration was observed during monsoon (0.428±0.128
μg.m−3) and maximum was observed during premonsoon (0.665±0.478 μg.m−3) followed
by winter (0.608±0.246 μg.m−3) and postmonsoon (0.620±0.158 μg.m−3). The annual mean
BC mass concentration was 0.580±0.104 μg.m−3. At Mt. Abu the BC concentration is an
order of magnitude less than that at any other urban region in India. BC during April is
found to be as high as 1.00±0.170 μg.m−3 which is a factor of 2 higher than the previous
month. Backtrajectory analysis indicates wind coming from IGP which increases the BC
concentration. In another study at a high altitude station, Nainital (29.4oN, 79.5oE, 1950m
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asl), in central Himalayas, mean BC was observed to be 1.36±0.99 μg.m−3 during December
2004 [55]. This shows that Mt. Abu is less affected by anthropogenic activities.

The diurnal variation of BC mass concentration does not show any significant morning and
nocturnal peaks like other urban regions. However, increased BC was observed during the
noon hours except during November and December. The reason for such an increase is during
the day time the thermal convection becomes stronger and as a result, the pollutants at the
foothill area rise up to the hilltop region and enhance the BC concentration. This day time
enhancement was prominent during winter and postmonsoon because during these seasons
there is a large difference between the day and night time temperatures. During November
and December the night time BC concentration was larger by a factor of two. During these
months the nearby villagers burn wood and fallen leaves to keep themselves warm thereby
increasing the BC mass concentration. During January this nocturnal enhancement was not
observed. The reason is that the boundary layer height is less than the station altitude and
the night time BC that is produced cannot reach the hill top region due to weak thermal
convection. During this period hill top region becomes pollutant free region.

5. Satellite observed aerosol properties over Mt. Abu region

5.1. Aerosol optical and physical properties

In the current satellite era, large databases are available to study aerosol properties from
space, both in the regional and the global scale, that are essentially demanding. For the
present study, Terra and a series of satellite sensors flying on the A-train platform provide
the required data. MODIS on board Terra and Aqua provide aerosol parameters in the
morning and afternoon. OMI on board Aura satellite provides AI. The joint information of
AOD, Ångström exponent (α) and small mode fraction (SMF) retrieved from MODIS and
AI retrieved from OMI can be utilized to estimate the optical properties of aerosols with
their size and type. In addition, the aerosol vertical distribution obtained from CALIPSO
fulfills the requirement for the regional climate change study. In the present study, AOD, α,
SMF and AI obtained from above multi-satellite observations are considered to distinguish
the dominant natural and anthropogenic aerosols during different seasons. Figure 8 shows
the multi-satellite observed AOD, α, SMF and AI over the study area during 2006–2007.
Open circles represent the parameters obtained from MODIS-Aqua and filled circles are
MODIS-Terra observations. AI gives information about the dust aerosols while SMF provides
information about the anthropogenic and natural aerosols. Low SMF with low α indicates
the presence of natural aerosols and the reverse represents the dominance of anthropogenic
aerosols. AI has large values during Mar-Jul, whereas, α and SMF have low values. These
combined observations suggest the abundance of coarse dust aerosols during these periods.
OMI captures many dust storms over Thar Desert during premonsoon season in the AI images
and enhancement of AI is due to transport of the dust plume from the desert region. During
Aug-Feb, SMF is found to be high and AI is found to be very low indicating less abundance of
dust aerosols in the atmosphere. In addition, α is also found to be very low during Aug-Sep
but AOD is significantly high. Earlier studies from chemical composition of aerosol samples
collected at Mt. Abu reported the enhancement of seasalt aerosols transported from Arabian
sea during these periods and ground-based lidar observations at Ahmedabad, located 300 km
to the south of Mt. Abu, reported the existence of a layer of seasalt aerosol in between 2–4
km [19, 64]. It can thus be inferred that the increase of monsoonal AOD is due to transport
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of seasalt aerosols from Arabian Sea. During Oct-Feb, high values of α are found indicating
enhancement of anthropogenic aerosols. Ground-based observations show high abundance of
BC on the hill-top region during winter. All these observations suggest that dust is dominating
during premonsoon, anthropogenic aerosols during winter and natural seasalt are present in
the atmosphere during monsoon season.

Figure 8. Space-borne daily observations of AOD, Ångström exponent, small mode fraction (SMF)
obtained from MODIS onboard Terra and Aqua satellites and aerosol index obtained from OMI onboard
Aura satellite during 2006 and 2007.

5.2. Aerosol vertical profile

Seasonal variation of aerosol vertical profiles over the study region is obtained from CALIPSO
observations. Figure 9 shows the seasonal variation of aerosol extinction coefficient (km−1).
The horizontal dotted line at 1.7 km represents the height of Mt. Abu. The extinction
coefficient is directly proportional to the total aerosol loading. It is clearly seen from the
figure that aerosol loading over Mt. Abu is minimum during winter and higher during
other seasons. There is a peak found near 2.2 km altitude during monsoon which becomes
weak during postmonsoon. Ganguly et al. [19] reported that this peak is due to seasalt
aerosols transported from Arabian sea and chemical analysis also supports this result showing
significantly high amount of seasalt present over Mt. Abu during monsoon [64]. During
premonsoon, there is a peak at 4.2 km which is due to the transported dust layer. MODIS and
OMI observations also indicate significant amount of dust present in the atmosphere.

Near surface region also shows high extinction coefficient values. This could be due to locally
produced anthropogenic aerosols. In the present study, the properties of aerosols at the
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morning and afternoon. OMI on board Aura satellite provides AI. The joint information of
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their size and type. In addition, the aerosol vertical distribution obtained from CALIPSO
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combined observations suggest the abundance of coarse dust aerosols during these periods.
OMI captures many dust storms over Thar Desert during premonsoon season in the AI images
and enhancement of AI is due to transport of the dust plume from the desert region. During
Aug-Feb, SMF is found to be high and AI is found to be very low indicating less abundance of
dust aerosols in the atmosphere. In addition, α is also found to be very low during Aug-Sep
but AOD is significantly high. Earlier studies from chemical composition of aerosol samples
collected at Mt. Abu reported the enhancement of seasalt aerosols transported from Arabian
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to the south of Mt. Abu, reported the existence of a layer of seasalt aerosol in between 2–4
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of seasalt aerosols from Arabian Sea. During Oct-Feb, high values of α are found indicating
enhancement of anthropogenic aerosols. Ground-based observations show high abundance of
BC on the hill-top region during winter. All these observations suggest that dust is dominating
during premonsoon, anthropogenic aerosols during winter and natural seasalt are present in
the atmosphere during monsoon season.

Figure 8. Space-borne daily observations of AOD, Ångström exponent, small mode fraction (SMF)
obtained from MODIS onboard Terra and Aqua satellites and aerosol index obtained from OMI onboard
Aura satellite during 2006 and 2007.

5.2. Aerosol vertical profile

Seasonal variation of aerosol vertical profiles over the study region is obtained from CALIPSO
observations. Figure 9 shows the seasonal variation of aerosol extinction coefficient (km−1).
The horizontal dotted line at 1.7 km represents the height of Mt. Abu. The extinction
coefficient is directly proportional to the total aerosol loading. It is clearly seen from the
figure that aerosol loading over Mt. Abu is minimum during winter and higher during
other seasons. There is a peak found near 2.2 km altitude during monsoon which becomes
weak during postmonsoon. Ganguly et al. [19] reported that this peak is due to seasalt
aerosols transported from Arabian sea and chemical analysis also supports this result showing
significantly high amount of seasalt present over Mt. Abu during monsoon [64]. During
premonsoon, there is a peak at 4.2 km which is due to the transported dust layer. MODIS and
OMI observations also indicate significant amount of dust present in the atmosphere.

Near surface region also shows high extinction coefficient values. This could be due to locally
produced anthropogenic aerosols. In the present study, the properties of aerosols at the

99Natural vs Anthropogenic Background Aerosol Contribution to the Radiation Budget over Indian Thar Desert



20 Will-be-set-by-IN-TECH

Figure 9. Seasonal variation of vertical distribution of aerosol extinction coefficient obtained from
CALIPSO observations. The horizontal dashed line at 1.7 km is the altitude of Mt. Abu.

hill-top region are considered and defined as the ‘background aerosols’. The vertical profile
of aerosols indicate that these background aerosols are less influenced from these locally
produced anthropogenic aerosols. Therefore, the aerosol properties observed over Mt. Abu
are assumed to represent those of the background aerosols over semi-arid region of western
India.

6. Natural and anthropogenic background aerosol properties

6.1. Estimation of natural and anthropogenic aerosols

The estimation of natural and anthropogenic aerosols over this background site is a
challenging task because many aerosol compositions have both origins. For example,
sulphates are mainly considered as anthropogenic components over urban regions as they
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are coming from factories and vehicular emissions. However, there is significant contribution
from marine sources as di-methyl sulphate. On the other hand, BC is mainly anthropogenic,
but it becomes natural when produced during natural forest fires. In the present study, dust
and seasalt are considered as natural aerosols and BC, sulphate and nitrates as anthropogenic
aerosols. BC is obtained from ground-based measurements using Aethalometer. Other
aerosols like dust, sulphate and nitrates are obtained from the chemical analysis of aerosols
samples collected over this hill-top region [39, 40]. These chemical compositions are used as
input to the OPAC model to obtained aerosol optical properties and compared with measured
values. OPAC model is also used to distinguish the natural and anthropogenic aerosols by
separating the natural and anthropogenic components. A scatter plot of monthly averaged
AODs obtained from Microtops observations and OPAC model is shown in Figure 10. The
solid line represents the 1:1 line. Model derived and observed AODs are linearly varying with
a slope of 0.90 and very close to the 1:1 line which indicates that the model derived AOD are
very close to the observed values. However, the model is underestimating the AOD by about
10%. This is due to the cut-off radius of aerosols at 7.5 micron considered by the model, but in
reality, aerosols are larger, especially over semi-arid regions, though their residence period is
only for a few hours and their contribution towards optical depth is small.

6.2. Source identification of natural and anthropogenic aerosols

Seven days air parcel back trajectories are considered to identify the possible source regions of
the natural and anthropogenic aerosols at Mt. Abu. The back-trajectories during premonsoon
and winter are shown in Figure 11(a) and (b), respectively. Air parcels are mainly coming
from IGP during winter and the heights of the trajectories are within 2 km. Ground based
observations show that BC values at Mt. Abu are higher during winter and it is also clearly
seen that there is long-range transportation of anthropogenic aerosols like BC from IGP within
the boundary layer height. On the other side, air parcels are direction during premonsoon
season. The heights are also greater than 3 km. Earlier chemical analyses report that dust
concentration during this season is maximum of about 80% (in mass) of the total aerosols [39].
Therefore, one can easily conclude by these trajectories that the source of these dust aerosols
is the nearby desert region. The back-trajectory analysis indicates that there is significant
contribution of IGP during winter enhancing anthropogenic aerosols and that by nearby arid
region during premonsoon increasing natural dust aerosols.

7. Natural vs anthropogenic background aerosol radiative forcing

7.1. Seasonal variation of aerosol radiative forcing

Aerosol radiative forcing is estmated using SBDART model considering aerosol optical
properties obtained from OPAC, aerosol vertical profile from CALIPSO and MODIS surface
reflectance. Aerosol radiative forcings in different seasons are given in table 2. Aerosol
radiative forcing is found to vary from -3.2 to +0.2 Wm−2 at TOA and from 6.1 to 23.6
Wm−2 within the atmosphere. Aerosol radiative forcing at TOA is found to be maximum of
about 0.2±2.5 Wm−2 during premonsoon, followed by -1.3±0.5, -2.7±1.6, and -3.1±1.3 Wm−2

during monsoon, winter and postmonsoon, respectively. Forcing within the atmosphere
is maximum of about 23.6±5.5 Wm−2 during premonsoon, followed by 12.5±3.9, 7.4±1.8,
and 6.1±1.8 Wm−2 during monsoon, postmonsoon and winter, respectively. Annual mean
aerosol forcing at Mt. Abu is found to be 8.7±3.4 Wm−2 which is lower than other urban

101Natural vs Anthropogenic Background Aerosol Contribution to the Radiation Budget over Indian Thar Desert



20 Will-be-set-by-IN-TECH

Figure 9. Seasonal variation of vertical distribution of aerosol extinction coefficient obtained from
CALIPSO observations. The horizontal dashed line at 1.7 km is the altitude of Mt. Abu.
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of aerosols indicate that these background aerosols are less influenced from these locally
produced anthropogenic aerosols. Therefore, the aerosol properties observed over Mt. Abu
are assumed to represent those of the background aerosols over semi-arid region of western
India.

6. Natural and anthropogenic background aerosol properties
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The estimation of natural and anthropogenic aerosols over this background site is a
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sulphates are mainly considered as anthropogenic components over urban regions as they
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are coming from factories and vehicular emissions. However, there is significant contribution
from marine sources as di-methyl sulphate. On the other hand, BC is mainly anthropogenic,
but it becomes natural when produced during natural forest fires. In the present study, dust
and seasalt are considered as natural aerosols and BC, sulphate and nitrates as anthropogenic
aerosols. BC is obtained from ground-based measurements using Aethalometer. Other
aerosols like dust, sulphate and nitrates are obtained from the chemical analysis of aerosols
samples collected over this hill-top region [39, 40]. These chemical compositions are used as
input to the OPAC model to obtained aerosol optical properties and compared with measured
values. OPAC model is also used to distinguish the natural and anthropogenic aerosols by
separating the natural and anthropogenic components. A scatter plot of monthly averaged
AODs obtained from Microtops observations and OPAC model is shown in Figure 10. The
solid line represents the 1:1 line. Model derived and observed AODs are linearly varying with
a slope of 0.90 and very close to the 1:1 line which indicates that the model derived AOD are
very close to the observed values. However, the model is underestimating the AOD by about
10%. This is due to the cut-off radius of aerosols at 7.5 micron considered by the model, but in
reality, aerosols are larger, especially over semi-arid regions, though their residence period is
only for a few hours and their contribution towards optical depth is small.

6.2. Source identification of natural and anthropogenic aerosols

Seven days air parcel back trajectories are considered to identify the possible source regions of
the natural and anthropogenic aerosols at Mt. Abu. The back-trajectories during premonsoon
and winter are shown in Figure 11(a) and (b), respectively. Air parcels are mainly coming
from IGP during winter and the heights of the trajectories are within 2 km. Ground based
observations show that BC values at Mt. Abu are higher during winter and it is also clearly
seen that there is long-range transportation of anthropogenic aerosols like BC from IGP within
the boundary layer height. On the other side, air parcels are direction during premonsoon
season. The heights are also greater than 3 km. Earlier chemical analyses report that dust
concentration during this season is maximum of about 80% (in mass) of the total aerosols [39].
Therefore, one can easily conclude by these trajectories that the source of these dust aerosols
is the nearby desert region. The back-trajectory analysis indicates that there is significant
contribution of IGP during winter enhancing anthropogenic aerosols and that by nearby arid
region during premonsoon increasing natural dust aerosols.

7. Natural vs anthropogenic background aerosol radiative forcing

7.1. Seasonal variation of aerosol radiative forcing

Aerosol radiative forcing is estmated using SBDART model considering aerosol optical
properties obtained from OPAC, aerosol vertical profile from CALIPSO and MODIS surface
reflectance. Aerosol radiative forcings in different seasons are given in table 2. Aerosol
radiative forcing is found to vary from -3.2 to +0.2 Wm−2 at TOA and from 6.1 to 23.6
Wm−2 within the atmosphere. Aerosol radiative forcing at TOA is found to be maximum of
about 0.2±2.5 Wm−2 during premonsoon, followed by -1.3±0.5, -2.7±1.6, and -3.1±1.3 Wm−2

during monsoon, winter and postmonsoon, respectively. Forcing within the atmosphere
is maximum of about 23.6±5.5 Wm−2 during premonsoon, followed by 12.5±3.9, 7.4±1.8,
and 6.1±1.8 Wm−2 during monsoon, postmonsoon and winter, respectively. Annual mean
aerosol forcing at Mt. Abu is found to be 8.7±3.4 Wm−2 which is lower than other urban
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Figure 10. Scatter plot of monthly averaged AOD obtained from Microtops observations and OPAC
model simulations. The solid line is the 1:1 line. The dashed line is the best-fitted line with a slope of
0.90, indicating that the OPAC underestimates AOD by 10%.

regions (mean forcing, 50 Wm−2) and hill-top regions (mean forcing, 31 Wm−2) in the
Indian subcontinent [14]. For example, aerosol forcing over other hill-top regions like Pune,
Kathmandu, Dibrugarh are about 33, 25 and 35.7 Wm−2, respectively. These hilly areas are
mainly influenced by anthropogenic aerosols. However, maximum forcing over Mt. Abu is
found of about 23.6 Wm−2 during premonsoon which is lower but comparable with their
forcing values. This is due to the maximum natural dust loading in the atmosphere at Mt.
Abu.

Aerosol radiative forcing mainly depends on the amount of aerosol loading and underlying
surface. Also, the sign of forcing at TOA is influenced by the aerosol type. An increase of
absorbing aerosol loading causes positive forcing at TOA. In addition, bright surface which
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Figure 11. Seven days back trajectory analysis of aerosol parcels coming to Mt. Abu (location indicated
by star) during (a) premonsoon and (b) winter. The color bar represents the height of the air parcels
during their travel from source regions to the measurement site. Aerosols are mainly coming from desert
region at higher altitude during premonsoon and from IGP within the boundary layer height (2 km)
during winter.

reflects more solar radiation back to the space can cause positive TOA forcing. Radiative
forcing at TOA changes its sign from negative to positive during premonsoon. This could
be due to the combined effects of the relatively brighter land surface over western India and
high dust loading in the atmosphere by frequently occurring dust storms over Thar Desert.
TOA forcing becomes minimum during postmonsoon as land surface becomes darker by
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Indian subcontinent [14]. For example, aerosol forcing over other hill-top regions like Pune,
Kathmandu, Dibrugarh are about 33, 25 and 35.7 Wm−2, respectively. These hilly areas are
mainly influenced by anthropogenic aerosols. However, maximum forcing over Mt. Abu is
found of about 23.6 Wm−2 during premonsoon which is lower but comparable with their
forcing values. This is due to the maximum natural dust loading in the atmosphere at Mt.
Abu.

Aerosol radiative forcing mainly depends on the amount of aerosol loading and underlying
surface. Also, the sign of forcing at TOA is influenced by the aerosol type. An increase of
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reflects more solar radiation back to the space can cause positive TOA forcing. Radiative
forcing at TOA changes its sign from negative to positive during premonsoon. This could
be due to the combined effects of the relatively brighter land surface over western India and
high dust loading in the atmosphere by frequently occurring dust storms over Thar Desert.
TOA forcing becomes minimum during postmonsoon as land surface becomes darker by
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Season Aerosol Radiative Forcing
TOA Surface Atmosphere

Winter -2.7 -8.8 6.1
Premonsoon 0.2 -23.4 23.6

Monsoon -1.3 -13.8 12.5
Postmonsoon -3.2 -10.6 7.4

Table 2. Seasonal variation of aerosol radiative forcing over Mt. Abu

the growing forest area over western India after monsoonal rain. Atmospheric forcing is
proportionally varying with amount of aerosol loading. Maximum atmospheric forcing is
found during premonsoon due to the maximum dust loading in this season while minimum
forcing is observed during winter since the boundary layer height becomes lower than
observational site which makes the site a free tropospheric station over western India with
minimum aerosol loading in the atmosphere. During monsoon, heavy rains wash out the
aerosols from the atmosphere, though atmospheric forcing is observed to be significantly
high. This is due to the existence of aerosol layer, as found in the CALIPSO observations,
that consist of large abundance of seasalt aerosols transported from Arabian Sea. This layer
reflects the solar radiation significantly to the space which also causes relatively positive TOA
forcing than that during winter and postmonsoon.

7.2. Contribution of natural and anthropogenic aerosols

Mt. Abu experiences large variation in aerosol properties and hence in the radiation forcing.
During premonsoon there is large transportation of natural dust aerosols from surrounding
arid region by the strong westerly wind and during monsoon large amount of seasalt is
transported from the Arabian sea by the southwesterly wind. Figure 12 shows the seasonal
variation of contributions of natural and anthropogenic forcings to the total aerosol radiative
forcing within the atmosphere over Mt. Abu. The contributions of anthropogenic radiative
forcing are 52%, 40%, 33%, and 56% and those of natural forcing are 48%, 60%, 67%, and
44% during winter, premonsoon, monsoon, and postmonsoon, respectively. Natural forcing
is dominating at Mt. Abu during premonsoon and monsoon, whereas, the contributions of
anthropogenic and natural forcing during winter and postmonsoon are almost equal. It is
to be noted that natural and anthropogenic aerosol radiative forcings are calculated on the
basis of their optical properties derived from OPAC model and OPAC model considers 7.5
μm as the upper limit of aerosol radius. In the present study dust is considered as natural
aerosols, which in reality can be larger than this cut off limit over arid region, especially during
premonsoon. Therefore, the contribution of natural forcing could be underestimated due to
these large dust aerosols even though their AOD is very low. The comparison between OPAC
and Microtops AOD indicates that this underestimation is not more that 10% (Figure 10).

Due to the proximity of Mt. Abu to the Thar desert dust aerosols are transported to this
hill-top region during premonsoon and hence natural forcing is higher. During monsoon
also, natural forcing is higher due to the large amount of seasalt coming from over the
Arabian sea and simultaneously, dust and boundary layer anthropogenic aerosols are washed
out by the heavy rains. Chemical analysis also shows that during monsoon, anthropogenic
compositions like non-seasalt potassium, ammonium and nitrate are relatively less and the
natural compositions like seasalt are enhanced over Mt. Abu [40, 63]. During postmonsoon,
there is less transportation of seasalt aerosols to the measurement site due to low wind speed
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Figure 12. Seasonal variation of the contribution of natural and anthropogenic forcing to the total
atmospheric radiative forcing over Mt. Abu.

and hence the natural forcing reduces and anthropogenic forcing increases. During winter,
total aerosol loading is minimum as the measurement site becomes a free tropospheric station
and thereby, both natural and anthropogenic forcings contribute equally.

Annual mean contributions of natural and anthropogenic forcing are about 55% and 45%,
respectively. This indicates that anthropogenic aerosols are also significantly contributing to
total radiative forcing within the atmosphere. This could be due to the close proximity of
IGP which is a potential source of anthropogenic aerosols over semi-arid region. Therefore,
it is concluded that western India is influenced by natural as well as anthropogenic aerosols
significantly.

8. Conclusions

Western India is known for the presence of Thar Desert, which is a potential source of dust
aerosols in the Indian subcontinent. Therefore, it is commonly believed that the atmosphere
over western India is largely influenced by natural dust aerosols. With this motivation, the
present study investigates the natural and anthropogenic contribution to the background
aerosols and their radiative effects over western India. The optical and physical properties of
aerosols over Mt. Abu, highest peak of the Aravalli mountains in western India are obtained
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proportionally varying with amount of aerosol loading. Maximum atmospheric forcing is
found during premonsoon due to the maximum dust loading in this season while minimum
forcing is observed during winter since the boundary layer height becomes lower than
observational site which makes the site a free tropospheric station over western India with
minimum aerosol loading in the atmosphere. During monsoon, heavy rains wash out the
aerosols from the atmosphere, though atmospheric forcing is observed to be significantly
high. This is due to the existence of aerosol layer, as found in the CALIPSO observations,
that consist of large abundance of seasalt aerosols transported from Arabian Sea. This layer
reflects the solar radiation significantly to the space which also causes relatively positive TOA
forcing than that during winter and postmonsoon.

7.2. Contribution of natural and anthropogenic aerosols

Mt. Abu experiences large variation in aerosol properties and hence in the radiation forcing.
During premonsoon there is large transportation of natural dust aerosols from surrounding
arid region by the strong westerly wind and during monsoon large amount of seasalt is
transported from the Arabian sea by the southwesterly wind. Figure 12 shows the seasonal
variation of contributions of natural and anthropogenic forcings to the total aerosol radiative
forcing within the atmosphere over Mt. Abu. The contributions of anthropogenic radiative
forcing are 52%, 40%, 33%, and 56% and those of natural forcing are 48%, 60%, 67%, and
44% during winter, premonsoon, monsoon, and postmonsoon, respectively. Natural forcing
is dominating at Mt. Abu during premonsoon and monsoon, whereas, the contributions of
anthropogenic and natural forcing during winter and postmonsoon are almost equal. It is
to be noted that natural and anthropogenic aerosol radiative forcings are calculated on the
basis of their optical properties derived from OPAC model and OPAC model considers 7.5
μm as the upper limit of aerosol radius. In the present study dust is considered as natural
aerosols, which in reality can be larger than this cut off limit over arid region, especially during
premonsoon. Therefore, the contribution of natural forcing could be underestimated due to
these large dust aerosols even though their AOD is very low. The comparison between OPAC
and Microtops AOD indicates that this underestimation is not more that 10% (Figure 10).

Due to the proximity of Mt. Abu to the Thar desert dust aerosols are transported to this
hill-top region during premonsoon and hence natural forcing is higher. During monsoon
also, natural forcing is higher due to the large amount of seasalt coming from over the
Arabian sea and simultaneously, dust and boundary layer anthropogenic aerosols are washed
out by the heavy rains. Chemical analysis also shows that during monsoon, anthropogenic
compositions like non-seasalt potassium, ammonium and nitrate are relatively less and the
natural compositions like seasalt are enhanced over Mt. Abu [40, 63]. During postmonsoon,
there is less transportation of seasalt aerosols to the measurement site due to low wind speed
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Figure 12. Seasonal variation of the contribution of natural and anthropogenic forcing to the total
atmospheric radiative forcing over Mt. Abu.
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respectively. This indicates that anthropogenic aerosols are also significantly contributing to
total radiative forcing within the atmosphere. This could be due to the close proximity of
IGP which is a potential source of anthropogenic aerosols over semi-arid region. Therefore,
it is concluded that western India is influenced by natural as well as anthropogenic aerosols
significantly.

8. Conclusions

Western India is known for the presence of Thar Desert, which is a potential source of dust
aerosols in the Indian subcontinent. Therefore, it is commonly believed that the atmosphere
over western India is largely influenced by natural dust aerosols. With this motivation, the
present study investigates the natural and anthropogenic contribution to the background
aerosols and their radiative effects over western India. The optical and physical properties of
aerosols over Mt. Abu, highest peak of the Aravalli mountains in western India are obtained
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from a variety of ground-based and satellite-borne instruments. Mt. Abu is situated in the
semi-arid region of Thar Desert and is less influenced by the local anthropogenic aerosols. It
is therefore, a unique site for the observation of background aerosols over semi-arid region.
Also, the Aravalli mountains are located in between Thar Desert and IGP which has large
abundance of anthropogenic aerosols. Therefore, there is a significant variation of aerosol
properties over Mt. Abu during different seasons, namely, winter (DJF), premonsoon (MAM),
monsoon (JJA) and postmonsoon (SON). Ground-based observations show that AOD is
maximum during premonsoon due to the large dust loading in the atmosphere by frequently
occurring dust storms over Thar desert and minimum during winter due to low boundary
layer height. Space-borne observations suggest that natural dust aerosols are dominating
during premonsoon while anthropogenic aerosols are dominating during winter over western
India. An interesting observation of CALIPSO is a layer of transported seasalt aerosols
during monsoon over western India coming from Arabian Sea. These aerosols increase
the contribution of natural forcing to the total atmospheric radiative forcing. Atmospheric
radiative forcing is found to be maximum of about 23.6±5.5 Wm−2 during premonsoon
and minimum of about 6.1±1.8 Wm−2 during winter. Another interesting result is TOA
forcing is positive due to the bright land surface over western India during premonsoon,
while it is negative during other seasons. The contribution of natural aerosols is found to
be higher during premonsoon and monsoon and that of anthropogenic aerosols is higher
during postmonsoon. During winter, they contribute equally. The annual average of natural
and anthropogenic contribution is about 55% and 45%, respectively, indicating that the
anthropogenic effects are also very significant. Thus the background aerosols over western
India are not only influenced by desert dust aerosols but also by seasalt coming from Arabian
Sea and anthropogenic aerosols transported from IGP.
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monsoon (JJA) and postmonsoon (SON). Ground-based observations show that AOD is
maximum during premonsoon due to the large dust loading in the atmosphere by frequently
occurring dust storms over Thar desert and minimum during winter due to low boundary
layer height. Space-borne observations suggest that natural dust aerosols are dominating
during premonsoon while anthropogenic aerosols are dominating during winter over western
India. An interesting observation of CALIPSO is a layer of transported seasalt aerosols
during monsoon over western India coming from Arabian Sea. These aerosols increase
the contribution of natural forcing to the total atmospheric radiative forcing. Atmospheric
radiative forcing is found to be maximum of about 23.6±5.5 Wm−2 during premonsoon
and minimum of about 6.1±1.8 Wm−2 during winter. Another interesting result is TOA
forcing is positive due to the bright land surface over western India during premonsoon,
while it is negative during other seasons. The contribution of natural aerosols is found to
be higher during premonsoon and monsoon and that of anthropogenic aerosols is higher
during postmonsoon. During winter, they contribute equally. The annual average of natural
and anthropogenic contribution is about 55% and 45%, respectively, indicating that the
anthropogenic effects are also very significant. Thus the background aerosols over western
India are not only influenced by desert dust aerosols but also by seasalt coming from Arabian
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1. Introduction 

Particulates in the Upper Troposphere and Lower Stratosphere (UTLS) gained considerable 
interest due to their role in the dehydration of tropospheric air entering the stratosphere 
[1,2] as well as their potential to influence the radiation budget of the Earth-atmosphere 
system [3]. The upper troposphere region, which is also conducive for the formation of 
cirrus, plays a major role in the transport of water vapour and other chemical constituents 
into the stratosphere. The physical processes responsible for maintaining the observed 
aerosol distribution in the tropical UTLS, the process with which it interacts with cirrus 
clouds and the effect of these particulates on the radiation budget are not fully understood 
[4]. Studies have shown that the microphysical (such as particle shape, size, and size 
distribution) as well as the chemical properties of particles in the UTLS region [5-7] are 
mainly governed by the strength of tropospheric convection and the prevailing dynamics of 
the underlying troposphere. The formation and persistence of cirrus clouds in the upper 
troposphere is mainly governed by the concentration of available condensation nuclei in this 
region and their physical and chemical properties. These clouds are believed to be a 
significant contributor to atmospheric greenhouse effect [8,9] as well as hypothesized to play 
a major role in the dehydration of the lower stratosphere [1,2] and thus becomes an 
important factor governing global climate, through their positive feedback. 

The last four decades of the 20th century have been marked by relatively intense volcanic 
activity [10] and hence long-term measurements of aerosols during this period mostly 
characterize the volcanically perturbed aerosols system rather than ‘background’ conditions 
[11-13]. During this period the increase in aerosol loading in the stratosphere could 
accelerate the heterogeneous chemistry of sulfate aerosols leading to a decrease in ozone 
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1. Introduction 

Particulates in the Upper Troposphere and Lower Stratosphere (UTLS) gained considerable 
interest due to their role in the dehydration of tropospheric air entering the stratosphere 
[1,2] as well as their potential to influence the radiation budget of the Earth-atmosphere 
system [3]. The upper troposphere region, which is also conducive for the formation of 
cirrus, plays a major role in the transport of water vapour and other chemical constituents 
into the stratosphere. The physical processes responsible for maintaining the observed 
aerosol distribution in the tropical UTLS, the process with which it interacts with cirrus 
clouds and the effect of these particulates on the radiation budget are not fully understood 
[4]. Studies have shown that the microphysical (such as particle shape, size, and size 
distribution) as well as the chemical properties of particles in the UTLS region [5-7] are 
mainly governed by the strength of tropospheric convection and the prevailing dynamics of 
the underlying troposphere. The formation and persistence of cirrus clouds in the upper 
troposphere is mainly governed by the concentration of available condensation nuclei in this 
region and their physical and chemical properties. These clouds are believed to be a 
significant contributor to atmospheric greenhouse effect [8,9] as well as hypothesized to play 
a major role in the dehydration of the lower stratosphere [1,2] and thus becomes an 
important factor governing global climate, through their positive feedback. 

The last four decades of the 20th century have been marked by relatively intense volcanic 
activity [10] and hence long-term measurements of aerosols during this period mostly 
characterize the volcanically perturbed aerosols system rather than ‘background’ conditions 
[11-13]. During this period the increase in aerosol loading in the stratosphere could 
accelerate the heterogeneous chemistry of sulfate aerosols leading to a decrease in ozone 
amount [14-17], altering the NO2 concentration [18-20] and hence modifying the earth’s 
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radiation budget [21]. However, long-term studies on stratospheric aerosols show that on a 
global scale the stratospheric aerosol loading has returned to the pre-eruption levels 
(prevailed in the late 1970s) after the eruption of Mt. Pinatubo in 1991 [13,22] for the first 
time in 1998 and continued to remain almost at the same level for a couple of years. Only 
very few studies are carried out on the characteristics of these background stratospheric 
aerosols using observational data [7,13,23]. These studies, however, have shown that the 
global distribution of stratospheric aerosols will be significantly influenced by the 
atmospheric dynamics which includes periodic variations, such as the Quasi-Biennial 
Oscillation (QBO), seasonal cycles and long-term secular changes in addition to small 
perturbations due to the feeble volcanic eruptions and also due to degassing from the 
Earth’s crust. Identifying these secular trends in the background stratospheric aerosol 
system is crucial to predict future aerosol levels [24]. While Deshler et al. [13,25] observed no 
discernable long-term trends in the non-volcanic component of stratospheric aerosols over 
an extended period (1970-2004), Hofmann et al. [26] could observe a significant enhancement 
in the lower stratospheric aerosol load for the past several years (2000-2008) which they 
attributed to the increase in anthropogenic sulfur emission. Moreover, eruptions of a few 
minor volcanoes such as Manam, Ruang, Revantador and Soufriere also might have 
disturbed the background stratospheric aerosol level to a smaller extent. Although the 
volcanic degassing during the quiescent and the small eruptive volcanic periods contributes 
only 14% to total global SO2 emissions, its efficiency on total atmospheric SO2 burden is 
found to be much higher (factor of 5) than that of anthropogenic emissions. Model 
calculations [27] shows that even though the source strength of volcanic emissions is less 
than 20 % of the anthropogenic component, the flux of sulfur gases from volcanoes during 
this period leads to a sulfate burden in the free troposphere which is comparable to that 
from anthropogenic emissions. This is caused mainly by the altitude-latitude distribution of 
volcanic emissions, and is most pronounced in tropical latitudes [27]. 

The quasi-biennial oscillation in stratospheric zonal wind (QBOU) is found to influence 
significantly the distribution of volcanic stratospheric aerosols mainly over the tropics [28-
30]. Even though, recent observational studies [26,31] revealed significant seasonal and 
inter-annual variations in the stratospheric aerosol load during the volcanically quiescent 
period, studies on the influence of these types of periodic oscillations on the stratospheric 
aerosol distribution over the tropics during volcanically quiescent periods are very rare [11]. 
This study involves an attempt to study the features of particulates in the UTLS region 
during the relatively quiescent volcanic period (1998-2005) using global aerosol data from 
Stratospheric Aerosol and Gas Experiment (SAGE-II) archive and lidar data from Gadanki 
[13.5°N, 79.2°E]. Formation of semitransparent cirrus (STC) is very common in the upper 
troposphere. The characteristics of these STCs and their contribution to particulate 
scattering in UTLS region are also investigated.  

2. Extinction/Backscatter data from LIDAR and SAGE-II 

The biaxial, monostatic dual polarization Lidar at the National Atmospheric Research 
Laboratory (NARL), Gadanki, is used to study the scattering properties of atmospheric 
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particulates in the UTLS region. This Lidar [7] is equipped with Nd:YAG laser (Model: 
PL8020, Continuum, USA) emitting linearly polarized pulses with 7 ns width and 20 Hz 
repetition rate at its second harmonic wavelength of 532 nm with a pulse energy of 550 mJ. 
The basic beam emerging from the laser source with a divergence of 0.45 m rad is expanded 
using a 10X beam expander to reduce the divergence to <0.1 m rad before transmitting 
vertically into the atmosphere. The time series of backscattered photons from different 
altitudes corresponding to each transmitter pulse are received using a 350 mm diameter 
Schmidt-Cassegrain telescope having a field of view of ~1 m rad. Both the transmitted beam 
and vertically looking receiving telescope are configured with a fixed horizontal separation 
of ~3 m. For this lidar configuration, as the lowest altitude at which the full overlap of the 
transmitter beam with the receiver field-of-view (beam-filled condition) is encountered 
around 7 km, the data from altitudes above 8 km only are used for retrieving the aerosol 
properties. A polarized beam splitter in the receiver beam path splits the beam into co-
polarized and cross-polarized components which are detected independently using two 
identical photomultiplier tubes operated in photon counting mode and acquired with a bin 
width of 2 μs corresponding to an altitude resolution of 300 m. These photon-number 
profiles corresponding to each transmitted pulse are summed over 250 s to achieve a good 
signal to noise ratio up to altitude above ∼40 km. 

The SAGE-II onboard the Earth Radiation Budget Satellite (ERBS) employs solar occultation 
technique to measure the attenuation of solar radiation at the Earth's limb between the 
satellite and the Sun due to scattering and absorption by different atmospheric species [32]. 
These measurements provide the altitude profile of the volume extinction coefficients of 
atmospheric particulates which includes particles of thin sub-visual cirrus clouds and 
aerosols at four different wavelengths in the visible and near-IR range (1020, 525, 453 and 
385 nm) with a horizontal resolution of about 200 km and a vertical resolution of 0.5 km [33]. 
This sensor takes 30 occultation observations on a single day, which are equally spaced in 
longitude round the globe but vary in latitude by a few degrees giving a near global 
coverage over a period of 25−40 days. Details regarding the SAGE instrumentation and 
algorithms are discussed in earlier publications [32,34]. The upper limit of the particulate 
extinction measurable by SAGE sensor at 1020 nm is ∼2 x 10-2 km-1, which is much larger 
than that in the UTLS region (∼2 x 10-4 km-1) under volcanically quiescent period. Cirrus 
cloud with extinction greater than this value, generally referred to as ‘opaque clouds’ 
[35,36], are not measurable by the SAGE-II sensor. Presence of such clouds, limits the SAGE 
measurements below tropopause.  

3. Estimation of particulate extinction from lidar data 

The lidar data (backscattered signal) on different nights from Gadanki are used to derive the 
altitude profiles of particulate backscatter coefficient (βp) and volume depolarization ratio 
(δ) [37-39]. In the lidar system, received backscattered signal (at 532 nm wavelength) is 
separated into co-polarized and cross-polarized components (⊥ and ‖ channels, 
respectively) and recorded separately in two channels. The data in these two channels are 
analyzed separately employing the Fernald’s algorithm [40] to estimate the total 
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radiation budget [21]. However, long-term studies on stratospheric aerosols show that on a 
global scale the stratospheric aerosol loading has returned to the pre-eruption levels 
(prevailed in the late 1970s) after the eruption of Mt. Pinatubo in 1991 [13,22] for the first 
time in 1998 and continued to remain almost at the same level for a couple of years. Only 
very few studies are carried out on the characteristics of these background stratospheric 
aerosols using observational data [7,13,23]. These studies, however, have shown that the 
global distribution of stratospheric aerosols will be significantly influenced by the 
atmospheric dynamics which includes periodic variations, such as the Quasi-Biennial 
Oscillation (QBO), seasonal cycles and long-term secular changes in addition to small 
perturbations due to the feeble volcanic eruptions and also due to degassing from the 
Earth’s crust. Identifying these secular trends in the background stratospheric aerosol 
system is crucial to predict future aerosol levels [24]. While Deshler et al. [13,25] observed no 
discernable long-term trends in the non-volcanic component of stratospheric aerosols over 
an extended period (1970-2004), Hofmann et al. [26] could observe a significant enhancement 
in the lower stratospheric aerosol load for the past several years (2000-2008) which they 
attributed to the increase in anthropogenic sulfur emission. Moreover, eruptions of a few 
minor volcanoes such as Manam, Ruang, Revantador and Soufriere also might have 
disturbed the background stratospheric aerosol level to a smaller extent. Although the 
volcanic degassing during the quiescent and the small eruptive volcanic periods contributes 
only 14% to total global SO2 emissions, its efficiency on total atmospheric SO2 burden is 
found to be much higher (factor of 5) than that of anthropogenic emissions. Model 
calculations [27] shows that even though the source strength of volcanic emissions is less 
than 20 % of the anthropogenic component, the flux of sulfur gases from volcanoes during 
this period leads to a sulfate burden in the free troposphere which is comparable to that 
from anthropogenic emissions. This is caused mainly by the altitude-latitude distribution of 
volcanic emissions, and is most pronounced in tropical latitudes [27]. 

The quasi-biennial oscillation in stratospheric zonal wind (QBOU) is found to influence 
significantly the distribution of volcanic stratospheric aerosols mainly over the tropics [28-
30]. Even though, recent observational studies [26,31] revealed significant seasonal and 
inter-annual variations in the stratospheric aerosol load during the volcanically quiescent 
period, studies on the influence of these types of periodic oscillations on the stratospheric 
aerosol distribution over the tropics during volcanically quiescent periods are very rare [11]. 
This study involves an attempt to study the features of particulates in the UTLS region 
during the relatively quiescent volcanic period (1998-2005) using global aerosol data from 
Stratospheric Aerosol and Gas Experiment (SAGE-II) archive and lidar data from Gadanki 
[13.5°N, 79.2°E]. Formation of semitransparent cirrus (STC) is very common in the upper 
troposphere. The characteristics of these STCs and their contribution to particulate 
scattering in UTLS region are also investigated.  

2. Extinction/Backscatter data from LIDAR and SAGE-II 

The biaxial, monostatic dual polarization Lidar at the National Atmospheric Research 
Laboratory (NARL), Gadanki, is used to study the scattering properties of atmospheric 
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particulates in the UTLS region. This Lidar [7] is equipped with Nd:YAG laser (Model: 
PL8020, Continuum, USA) emitting linearly polarized pulses with 7 ns width and 20 Hz 
repetition rate at its second harmonic wavelength of 532 nm with a pulse energy of 550 mJ. 
The basic beam emerging from the laser source with a divergence of 0.45 m rad is expanded 
using a 10X beam expander to reduce the divergence to <0.1 m rad before transmitting 
vertically into the atmosphere. The time series of backscattered photons from different 
altitudes corresponding to each transmitter pulse are received using a 350 mm diameter 
Schmidt-Cassegrain telescope having a field of view of ~1 m rad. Both the transmitted beam 
and vertically looking receiving telescope are configured with a fixed horizontal separation 
of ~3 m. For this lidar configuration, as the lowest altitude at which the full overlap of the 
transmitter beam with the receiver field-of-view (beam-filled condition) is encountered 
around 7 km, the data from altitudes above 8 km only are used for retrieving the aerosol 
properties. A polarized beam splitter in the receiver beam path splits the beam into co-
polarized and cross-polarized components which are detected independently using two 
identical photomultiplier tubes operated in photon counting mode and acquired with a bin 
width of 2 μs corresponding to an altitude resolution of 300 m. These photon-number 
profiles corresponding to each transmitted pulse are summed over 250 s to achieve a good 
signal to noise ratio up to altitude above ∼40 km. 

The SAGE-II onboard the Earth Radiation Budget Satellite (ERBS) employs solar occultation 
technique to measure the attenuation of solar radiation at the Earth's limb between the 
satellite and the Sun due to scattering and absorption by different atmospheric species [32]. 
These measurements provide the altitude profile of the volume extinction coefficients of 
atmospheric particulates which includes particles of thin sub-visual cirrus clouds and 
aerosols at four different wavelengths in the visible and near-IR range (1020, 525, 453 and 
385 nm) with a horizontal resolution of about 200 km and a vertical resolution of 0.5 km [33]. 
This sensor takes 30 occultation observations on a single day, which are equally spaced in 
longitude round the globe but vary in latitude by a few degrees giving a near global 
coverage over a period of 25−40 days. Details regarding the SAGE instrumentation and 
algorithms are discussed in earlier publications [32,34]. The upper limit of the particulate 
extinction measurable by SAGE sensor at 1020 nm is ∼2 x 10-2 km-1, which is much larger 
than that in the UTLS region (∼2 x 10-4 km-1) under volcanically quiescent period. Cirrus 
cloud with extinction greater than this value, generally referred to as ‘opaque clouds’ 
[35,36], are not measurable by the SAGE-II sensor. Presence of such clouds, limits the SAGE 
measurements below tropopause.  

3. Estimation of particulate extinction from lidar data 

The lidar data (backscattered signal) on different nights from Gadanki are used to derive the 
altitude profiles of particulate backscatter coefficient (βp) and volume depolarization ratio 
(δ) [37-39]. In the lidar system, received backscattered signal (at 532 nm wavelength) is 
separated into co-polarized and cross-polarized components (⊥ and ‖ channels, 
respectively) and recorded separately in two channels. The data in these two channels are 
analyzed separately employing the Fernald’s algorithm [40] to estimate the total 
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backscattering coefficients (β⊥ and β║, respectively) taking 30 km as the reference altitude 
where the aerosol contribution is assumed to be negligible. For this inversion a value of 40 
sr-1 is assigned for the lidar ratio (SP) and its variation with altitude depending on δ is also 
accounted appropriately. With this correction the value of SP reduces to ∼26 sr-1 within the 
STC [39] in the upper troposphere. Further incorporating the correction for multiple 
scattering the value of SP within the STC reduces to 20 sr-1 (which is used to study the 
properties of STCs). The molecular backscatter coefficients for the two polarized 
components are estimated from the mean molecular number density profile taking a 
molecular depolarization factor (δm) of 0.028 [41]. The molecular backscatter coefficient of 
the co-polarized component (βm⊥) is related to that of the cross-polarized component (βm║) as 
βm⊥ =δmβm║. Subtracting β m⊥ and βm║ from the altitude profiles of β⊥ and β║, respectively 
obtained from lidar data employing the Fernald’s algorithm, the altitude profiles of 
particulate backscatter coefficient, βp⊥ and βp║, are estimated. The respective backscatter 
ratios for the co-polarized (R⊥) and cross-polarized (R║) components are estimated [37] as 
R⊥=β⊥/βm⊥ and R║=β║/βm║. As far the net atmospheric backscattering is concerned, the 
‘‘unbiased’’ or effective backscatter ratio (R) is to be defined , to quantify the gross property 
of the medium, which on mathematical simplification can be written as 
R(h)=[R⊥(h)+δmR║(h)]/(1+δm). The volume depolarization ratio is obtained from the ratios of 
R⊥ and R║ as δ(h)= [δm R║(h)]/ R⊥(h). This ratio is a good indicator for distinguishing the 
cirrus based on ‘particle habit’. While for small spherical particles, the values of δ will be 
relatively small, its value increases significantly as they become large and non- spherical. 
Using this property of cloud particles, structure and altitude extent of cirrus can be 
estimated from each lidar profile, which will be used to study the temporal variation of 
cirrus properties during the entire period of lidar observation. Based on a detailed scrutiny 
of a number of profiles at different cloud conditions a threshold value of δ ≥0.04 is assigned 
for discriminating the STC [42]. If the value of δ exceeds this threshold value it is classified 
as STC. The effective particulate backscatter coefficient, βP, is the sum of   βp⊥ and βp║. The 
altitude profile of particulate extinction coefficient, αP, is estimated by multiplying the 
altitude profile of βp with the corresponding profile of SP. 

4. Altitude structure of backscatter/extinction, scattering ratio, and 
depolarization from lidar and comparison with SAGE measurements 

Figure 1 shows the altitude profiles of mean particulate backscatter coefficient (βp), effective 
backscatter ratio (R) and volume depolarization ratio (δ) for a few nights at Gadanki 
obtained from Lidar data during the year 1999 as typical samples. In general, βp and R show 
a general decrease with increase in altitude (eg. 05 and 12 April 1999) in the troposphere and 
stratosphere. But on a few nights a significant enhancement is observable over a small 
region between 9 and 17 km. This sharp increase in βp is due to strong scattering from ice 
particles of thin STC layers, formed at these altitudes either by in situ condensation of water 
vapour or originated from the outflow of convective anvils [43-45]. On a few occasions this 
layer of enhanced βp extends down, up to 5–6 km, depicting typical case of dense cirrus (9 
June 1999), occurring predominantly during the monsoon period. Note that, these STCs are 
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so transparent that the lidar beam could penetrate the cloud and provide measurable signal 
even from higher altitudes. The opacity of STCs are quantified using the cloud optical depth 
(τc) which is the height integrated particulate extinction coefficient (αp), obtained by 
multiplying βp with the Sp, from the cloud base (hcb) up to the cloud top (hct). In case if the 
cirrus is too dense (with τc exceeding 1.5) the lidar beam will not be able to penetrate the 
cirrus layer impeding useful lidar observations. In association with the enhancement in βp 
and R, a significant increase in δ also can be observed at these altitudes. This suggests that 
the scattering particles within the STCs are relatively large and significantly non-spherical in 
nature. Depending on τc, STCs are further classified [46] in three classes viz., sub-visual 
cirrus (SVC) with τc<0.03, thin cirrus (TC) with 0.03 < τc <0.3 and dense cirrus (DC) with τc 
>0.3. General features of STCs from this tropical station [37] showed that while the 
occurrence of SVC is larger during winter, TC and DC occur more frequently during the 
monsoon period. The upper and lower boundaries of STCs are identified from altitude 
profiles of R and δ using a threshold condition [37,42] for R to exceed 2 in either of the two 
lidar channels (⊥ or ‖ channels) along with the value of δ exceeding 0.04 in the altitude 
region where the STCs are usually observed ( 8 to 20 km). 

 
Figure 1. Altitude profiles of mean particulate backscatter coefficient (βp), effective backscatter ratio (R) 
and volume depolarization ratio (δ) for few nights during the year 1999 

A detailed error analysis [42] showed that the estimated values of βp is less sensitive to the 
variability in SP. For a given uncertainty of 25% in Sp, the maximum uncertainty in βp is 10% 
in the absence of clouds, ~15% for thin cirrus and ~30% for thick cirrus. For the same 
uncertainty in SP, the maximum uncertainty in the retrieved backscatter coefficient and 
effective backscatter ratio are around 0.6%, 2% and 10%, respectively, for clear atmosphere, 
atmosphere with thin cirrus and atmosphere with thick cirrus. Including the possible errors 
in the lidar signal inversion associated with the uncertainty in the molecular backscatter 
coefficient, the resultant error in the derived optical depth would be ~20%. As the signal-to-
noise ratio is >2 up to ∼45 km, for altitudes <30 km the system induced errors will be 
significantly small (<1%) compared to that from other sources. The error due to the influence 
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backscattering coefficients (β⊥ and β║, respectively) taking 30 km as the reference altitude 
where the aerosol contribution is assumed to be negligible. For this inversion a value of 40 
sr-1 is assigned for the lidar ratio (SP) and its variation with altitude depending on δ is also 
accounted appropriately. With this correction the value of SP reduces to ∼26 sr-1 within the 
STC [39] in the upper troposphere. Further incorporating the correction for multiple 
scattering the value of SP within the STC reduces to 20 sr-1 (which is used to study the 
properties of STCs). The molecular backscatter coefficients for the two polarized 
components are estimated from the mean molecular number density profile taking a 
molecular depolarization factor (δm) of 0.028 [41]. The molecular backscatter coefficient of 
the co-polarized component (βm⊥) is related to that of the cross-polarized component (βm║) as 
βm⊥ =δmβm║. Subtracting β m⊥ and βm║ from the altitude profiles of β⊥ and β║, respectively 
obtained from lidar data employing the Fernald’s algorithm, the altitude profiles of 
particulate backscatter coefficient, βp⊥ and βp║, are estimated. The respective backscatter 
ratios for the co-polarized (R⊥) and cross-polarized (R║) components are estimated [37] as 
R⊥=β⊥/βm⊥ and R║=β║/βm║. As far the net atmospheric backscattering is concerned, the 
‘‘unbiased’’ or effective backscatter ratio (R) is to be defined , to quantify the gross property 
of the medium, which on mathematical simplification can be written as 
R(h)=[R⊥(h)+δmR║(h)]/(1+δm). The volume depolarization ratio is obtained from the ratios of 
R⊥ and R║ as δ(h)= [δm R║(h)]/ R⊥(h). This ratio is a good indicator for distinguishing the 
cirrus based on ‘particle habit’. While for small spherical particles, the values of δ will be 
relatively small, its value increases significantly as they become large and non- spherical. 
Using this property of cloud particles, structure and altitude extent of cirrus can be 
estimated from each lidar profile, which will be used to study the temporal variation of 
cirrus properties during the entire period of lidar observation. Based on a detailed scrutiny 
of a number of profiles at different cloud conditions a threshold value of δ ≥0.04 is assigned 
for discriminating the STC [42]. If the value of δ exceeds this threshold value it is classified 
as STC. The effective particulate backscatter coefficient, βP, is the sum of   βp⊥ and βp║. The 
altitude profile of particulate extinction coefficient, αP, is estimated by multiplying the 
altitude profile of βp with the corresponding profile of SP. 

4. Altitude structure of backscatter/extinction, scattering ratio, and 
depolarization from lidar and comparison with SAGE measurements 

Figure 1 shows the altitude profiles of mean particulate backscatter coefficient (βp), effective 
backscatter ratio (R) and volume depolarization ratio (δ) for a few nights at Gadanki 
obtained from Lidar data during the year 1999 as typical samples. In general, βp and R show 
a general decrease with increase in altitude (eg. 05 and 12 April 1999) in the troposphere and 
stratosphere. But on a few nights a significant enhancement is observable over a small 
region between 9 and 17 km. This sharp increase in βp is due to strong scattering from ice 
particles of thin STC layers, formed at these altitudes either by in situ condensation of water 
vapour or originated from the outflow of convective anvils [43-45]. On a few occasions this 
layer of enhanced βp extends down, up to 5–6 km, depicting typical case of dense cirrus (9 
June 1999), occurring predominantly during the monsoon period. Note that, these STCs are 
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so transparent that the lidar beam could penetrate the cloud and provide measurable signal 
even from higher altitudes. The opacity of STCs are quantified using the cloud optical depth 
(τc) which is the height integrated particulate extinction coefficient (αp), obtained by 
multiplying βp with the Sp, from the cloud base (hcb) up to the cloud top (hct). In case if the 
cirrus is too dense (with τc exceeding 1.5) the lidar beam will not be able to penetrate the 
cirrus layer impeding useful lidar observations. In association with the enhancement in βp 
and R, a significant increase in δ also can be observed at these altitudes. This suggests that 
the scattering particles within the STCs are relatively large and significantly non-spherical in 
nature. Depending on τc, STCs are further classified [46] in three classes viz., sub-visual 
cirrus (SVC) with τc<0.03, thin cirrus (TC) with 0.03 < τc <0.3 and dense cirrus (DC) with τc 
>0.3. General features of STCs from this tropical station [37] showed that while the 
occurrence of SVC is larger during winter, TC and DC occur more frequently during the 
monsoon period. The upper and lower boundaries of STCs are identified from altitude 
profiles of R and δ using a threshold condition [37,42] for R to exceed 2 in either of the two 
lidar channels (⊥ or ‖ channels) along with the value of δ exceeding 0.04 in the altitude 
region where the STCs are usually observed ( 8 to 20 km). 

 
Figure 1. Altitude profiles of mean particulate backscatter coefficient (βp), effective backscatter ratio (R) 
and volume depolarization ratio (δ) for few nights during the year 1999 

A detailed error analysis [42] showed that the estimated values of βp is less sensitive to the 
variability in SP. For a given uncertainty of 25% in Sp, the maximum uncertainty in βp is 10% 
in the absence of clouds, ~15% for thin cirrus and ~30% for thick cirrus. For the same 
uncertainty in SP, the maximum uncertainty in the retrieved backscatter coefficient and 
effective backscatter ratio are around 0.6%, 2% and 10%, respectively, for clear atmosphere, 
atmosphere with thin cirrus and atmosphere with thick cirrus. Including the possible errors 
in the lidar signal inversion associated with the uncertainty in the molecular backscatter 
coefficient, the resultant error in the derived optical depth would be ~20%. As the signal-to-
noise ratio is >2 up to ∼45 km, for altitudes <30 km the system induced errors will be 
significantly small (<1%) compared to that from other sources. The error due to the influence 
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of background and system noise is negligible (< 0.001%) compared to that due to the 
uncertainty in Sp.  

Altitude profiles of αp at 525 and 1020 nm from Global SAGE-II aerosol data archive (version 
6.2) during the period 1998-2005 are obtained through the NASA website 
http://wwwsage2.larc.nasa.gov/data/v6_data. Typical estimated error in SAGE-II measured αp at 
525 and 1020 nm are in the range 10 to 15% [34]. Figure 2 show a comparison of αp obtained 
from the SAGE-II at 525 and 1020 nm along with that of the lidar at 532 nm in the altitude 
region 10–30 km for a few sunset occultation events during the period 1998–2003. These 
comparisons are made when SAGE-II had an occultation pass within a grid size of ± 5° in 
latitude and ±10° in longitude centered at Gadanki within a time-duration of 1 day with 
respect to the lidar observation. As the difference between the SAGE-II wavelength of 525 
nm and lidar wavelength of 532 nm is less than 1.5%, the expected absolute differences in αP 

for these two wavelengths would be almost insignificant [47]. The latitude and longitude of 
line-of-sight tangent point of SAGE-II for each occultation event are shown in the respective 
frames of Figure 2. The radial distance, d, between the tangent point and the lidar location 
estimated from the latitudinal and longitudinal differences between the two is also marked 
in this figure. In general, the shape of the SAGE-II and lidar-derived extinction profiles 
show a good agreement especially in the stratosphere. The mean percentage difference for  

 
Figure 2. A comparison of the altitude profiles of αp on a few days derived from lidar data (532nm) at 
Gadanki, along with that of SAGE-II (525 and 1020 nm) sunset occultation events near this region.  
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extinction measured by the two instruments in the altitude range 18–25 km is <40%, which is 
comparable in magnitude with those obtained in other similar inter-comparisons [48-50]. 
For Altitudes <17 and >25 km, both mean differences and standard deviations are relatively 
large (< 40%). This could partly be due to the temporal variations during the course of the 
two measurements as well as the spatial heterogeneity (between the locations of the two 
measurements). The observed increase in deviation below 17 km is partly due to the 
influence of STCs in the UT region as well as their spatial heterogeneity. 

5. Semitransparent cirrus in the upper troposphere 

Space-borne lidars, in situ measurements and ground-based experiments indicates frequent 
manifestation of cirrus clouds in the upper troposphere [36,51-53]. The frequency of 
occurrence of STC (FSTC) over a wide geographical region can be derived from VHRR data 
from remote sensing satellites. The geostationary meteorological satellite, KALPANA-1, 
positioned at 74°E over the equator for continuous measurements of clouds and convective 
systems, provides the required information over the Indian region. This satellite observes 
the earth in three wavelength bands: Visible (0.55–0.75 μm), Water vapor band (WV: 5.7–7.1 
μm), and the atmospheric window of thermal infrared (TIR: 10.5–12.5 μm).. In TIR and WV 
bands, the data is recorded at a pixel resolution of 8 km (nadir) with a digital resolution of 
10 bits. Unless the cloud is optically thick, the radiance observed in TIR band does not 
correspond only to the cloud top, but is also weighted by the radiation emitted from the 
altitudes below. The brightness temperatures measured in these two channels are used to 
detect STC following the bi-spectral approach of Roca et al. [54]. In this method all the 
cloudy pixels having WV brightness temperature < 246 K and TIR brightness temperature > 
270 K are treated as STC. In addition to the above, those cloudy pixels having a brightness 
temperature difference > 20 K between the two channels and having WV brightness 
temperature < 246 K, a condition imposed mainly to detect STC above other low level 
clouds, also are treated as STC [55]. Figure 3 shows the frequency of occurrence of STC (FSTC) 
over the Indian region in different months for the year 2005 derived from KALPANA-1 
data. Any thin cirrus cloud above a deep convective cloud cannot be detected by the present 
bi-spectral algorithm, unless the difference in brightness temperature in the two channels 
exceeds 20 K (indicating significant altitudinal separation between the top of the STC and 
the optically dense high-altitude cloud), which may not be the case if STC forms just above 
the high altitude cloud. Because of this inherent limitation, the estimated FSTC will always be 
an underestimate over the region where high-altitude clouds are present. Hence the regions 
where the monthly mean frequency of occurrence of high-altitude clouds larger than 20% 
are masked (dark brown) in Figure 3. 

For studying the role of deep convection on the genesis of STC, the monthly mean spatial 
distribution of the frequency of occurrence of deep clouds (FD) with TIR brightness 
temperature < 235 K derived from KALPANA-1 during January-December 2005 are 
presented in Figure 4. A comparison of Figures 3 and 4 suggests that that the longitudinally 
extended band of high FSTC (~40-60%) in the region 10°S-20°S over the western tropical 
Indian Ocean and around the equator over the eastern Indian Ocean in January (Figure 3) is 
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of background and system noise is negligible (< 0.001%) compared to that due to the 
uncertainty in Sp.  

Altitude profiles of αp at 525 and 1020 nm from Global SAGE-II aerosol data archive (version 
6.2) during the period 1998-2005 are obtained through the NASA website 
http://wwwsage2.larc.nasa.gov/data/v6_data. Typical estimated error in SAGE-II measured αp at 
525 and 1020 nm are in the range 10 to 15% [34]. Figure 2 show a comparison of αp obtained 
from the SAGE-II at 525 and 1020 nm along with that of the lidar at 532 nm in the altitude 
region 10–30 km for a few sunset occultation events during the period 1998–2003. These 
comparisons are made when SAGE-II had an occultation pass within a grid size of ± 5° in 
latitude and ±10° in longitude centered at Gadanki within a time-duration of 1 day with 
respect to the lidar observation. As the difference between the SAGE-II wavelength of 525 
nm and lidar wavelength of 532 nm is less than 1.5%, the expected absolute differences in αP 

for these two wavelengths would be almost insignificant [47]. The latitude and longitude of 
line-of-sight tangent point of SAGE-II for each occultation event are shown in the respective 
frames of Figure 2. The radial distance, d, between the tangent point and the lidar location 
estimated from the latitudinal and longitudinal differences between the two is also marked 
in this figure. In general, the shape of the SAGE-II and lidar-derived extinction profiles 
show a good agreement especially in the stratosphere. The mean percentage difference for  
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extinction measured by the two instruments in the altitude range 18–25 km is <40%, which is 
comparable in magnitude with those obtained in other similar inter-comparisons [48-50]. 
For Altitudes <17 and >25 km, both mean differences and standard deviations are relatively 
large (< 40%). This could partly be due to the temporal variations during the course of the 
two measurements as well as the spatial heterogeneity (between the locations of the two 
measurements). The observed increase in deviation below 17 km is partly due to the 
influence of STCs in the UT region as well as their spatial heterogeneity. 

5. Semitransparent cirrus in the upper troposphere 

Space-borne lidars, in situ measurements and ground-based experiments indicates frequent 
manifestation of cirrus clouds in the upper troposphere [36,51-53]. The frequency of 
occurrence of STC (FSTC) over a wide geographical region can be derived from VHRR data 
from remote sensing satellites. The geostationary meteorological satellite, KALPANA-1, 
positioned at 74°E over the equator for continuous measurements of clouds and convective 
systems, provides the required information over the Indian region. This satellite observes 
the earth in three wavelength bands: Visible (0.55–0.75 μm), Water vapor band (WV: 5.7–7.1 
μm), and the atmospheric window of thermal infrared (TIR: 10.5–12.5 μm).. In TIR and WV 
bands, the data is recorded at a pixel resolution of 8 km (nadir) with a digital resolution of 
10 bits. Unless the cloud is optically thick, the radiance observed in TIR band does not 
correspond only to the cloud top, but is also weighted by the radiation emitted from the 
altitudes below. The brightness temperatures measured in these two channels are used to 
detect STC following the bi-spectral approach of Roca et al. [54]. In this method all the 
cloudy pixels having WV brightness temperature < 246 K and TIR brightness temperature > 
270 K are treated as STC. In addition to the above, those cloudy pixels having a brightness 
temperature difference > 20 K between the two channels and having WV brightness 
temperature < 246 K, a condition imposed mainly to detect STC above other low level 
clouds, also are treated as STC [55]. Figure 3 shows the frequency of occurrence of STC (FSTC) 
over the Indian region in different months for the year 2005 derived from KALPANA-1 
data. Any thin cirrus cloud above a deep convective cloud cannot be detected by the present 
bi-spectral algorithm, unless the difference in brightness temperature in the two channels 
exceeds 20 K (indicating significant altitudinal separation between the top of the STC and 
the optically dense high-altitude cloud), which may not be the case if STC forms just above 
the high altitude cloud. Because of this inherent limitation, the estimated FSTC will always be 
an underestimate over the region where high-altitude clouds are present. Hence the regions 
where the monthly mean frequency of occurrence of high-altitude clouds larger than 20% 
are masked (dark brown) in Figure 3. 

For studying the role of deep convection on the genesis of STC, the monthly mean spatial 
distribution of the frequency of occurrence of deep clouds (FD) with TIR brightness 
temperature < 235 K derived from KALPANA-1 during January-December 2005 are 
presented in Figure 4. A comparison of Figures 3 and 4 suggests that that the longitudinally 
extended band of high FSTC (~40-60%) in the region 10°S-20°S over the western tropical 
Indian Ocean and around the equator over the eastern Indian Ocean in January (Figure 3) is 
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closely associated with the deep convection linked to the Inter tropical convergence Zone. 
However, the values of FSTC far exceed FD over all these regions. During this month, the 
highest values of FSTC (~60%) are observed at the north of Madagascar in the western Indian 
Ocean and over Sumatra/Indonesia in the eastern Indian Ocean, where the frequency of 
occurrence of very large deep convection is quite large. A region of less cloudiness (with 
FSTC<15%) is observed in the central Arabian Sea and Indian Peninsula centered around 5°N-
15°N, which runs parallel to the equatorial band of high STC occurrence and is well 
separated from the deep convective regions. A similar STC-free zone is also observed in the 
southeast Indian Ocean centered on 20°S. Clearly, these regions with low occurrence of STC 
are caused by the large subsidence in the upper troposphere associated with the descending 
limb of the Hadley circulation cell. 

 
Figure 3. Spatial variation of mean STC occurrence in different months during the year 2005 (brown 
color shows the region where the STC retrieval was not possible due to the presence of high clouds) 
derived from the KALPANA-1 VHRR data 

6. General features of STC over the Indian region 

Lidar studies from Gadanki indicate that the occurrence of STC in this geographical region 
is the largest from May-October, associated with the formation of intense convection and the 
subsequent onset of Asian summer monsoon (ASM). Figure 5 shows the mean feature of 
STC occurrence and its altitude extend averaged for the period 1998-2003. While the STCs  
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Figure 4. Spatial variation of deep convective clouds in different months during the year 2005 derived 
from the KALPANA-1VHRR data 

 
Figure 5. Month-to-month variation of the normalized frequency of encountering STC at different 
attitudes in the upper troposphere (a) along with the month-to-month variation of the mean top, base 
and optic center of STC with vertical bars indicating the standard error (b) from lidar data at Gadanki 
for the period 1998–2003. 
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closely associated with the deep convection linked to the Inter tropical convergence Zone. 
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highest values of FSTC (~60%) are observed at the north of Madagascar in the western Indian 
Ocean and over Sumatra/Indonesia in the eastern Indian Ocean, where the frequency of 
occurrence of very large deep convection is quite large. A region of less cloudiness (with 
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limb of the Hadley circulation cell. 
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occurring during the period May- October are generally thick and optically denser [37], 
those occurring during the rest of the year (dry months) are relatively thin (both 
geometrically and optically). As the Gadanki region is almost free from deep convection 
(Figure 4) during winter, the STCs forming during this period could be of in situ origin. 
While the dense STCs observed during the May-October period are associated with deep 
convection over the Indian land mass and Bay of Bengal. 

On examining the frequency of occurrence of STC during the period 1998-2003 (Figure 6a) it 
can be seen that the frequency of occurrence of SVC is much larger than TC and DC. In 
general, STCs are observed in the altitude region 10 to 18 km with a preferred altitude 
(frequent occurrence) region between 14 and 16 km (Figure 6b) Thin clouds occur more 
frequently than thick clouds (Figure 6c). Though the vertical extent of STC generally vary 
from 0.4 to ~ 4.0 km in majority of the cases it is less than 1.7 km. Though the volume 
depolarization,δ, in these clouds varies in the range 0.03 to 0.6 its distribution peaks (Figure 
6d) in the lowest value. The value of δ for SVC and TC are generally very small compared to 
DC. The particulate depolarization (δp) of STC (Figure 6e) generally varies from zero to 
unity. The distribution of δp peaks around a value of 0.15. The properties of STC vary 
significantly with cloud temperature (or altitude). Figure 7 shows the variation of thickness, 
depolarization and optical depth of STC with cloud temperature. As can be seen from 
Figure 7a, the thickness of STC is a maximum for temperatures in the range −55° to −75°C. 
Above and below this temperature range the cloud thickness decreases. Similarly the 
depolarization is maximum around −75°C and decreases steadily with increase in  

 
Figure 6. Frequency distribution of (a) cloud optical depth, (b) mid-cloud altitude (optic center), (c) 
Geometrical thickness, (e) Volume Depolarization Ratio, (f) Particulate depolarization, and (g) Mid-
cloud temperature of STCs observed at Gadanki for the period 1998-2003. 
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Figure 7. Mean variation of Cloud thickness, Volume Depolarization Ratio and cloud optical depth 
with mid-cloud temperature for STCs observed at Gadanki during the period 1998-2003.  

temperature. The value of δ also shows a sharp decrease when the cloud temperature 
decreases below −75°C. The decrease in δ with increase in temperature can be attributed to 
the melting and evaporation of ice crystals and subsequent blunting of their edges [56]. 
Decrease in temperature leads formation of particles with sharp edges. But when the 
temperature decreases below a threshold value, the particle size [56] becomes small (needle 
type). This can lead to a decrease in δ. Figure 7c shows that on an average τc increases with 
increase in temperature. The cloud becomes more opaque at higher temperatures. This has 
important implication in the radiative effects of STCs [38] in the context of global change. 

7. Mean annual variation of particulate scattering in the UTLS region 

Figure 8a shows a contour plot of the logarithm of mean βp as a function of month and 
altitude for the period 1998–2003. The values of βp are relatively large during the May to 
September period and small during the winter months. This is due to the influence of STC. 
Relatively high values of βp in the UT region during the monsoon period are due to the 
presence of relatively dense cirrus and low values during winter are due to the presence of 
SVC. In contrast to the UT region, βp in the LS is generally large (as high as 6 × 10-8 m-1 sr-1) 
during the winter (November to January) and pre-monsoon (April–May) months and low 
(as low as 10-9 m-1 sr-1) during the summer (July and August) months. Prominent peaks are 
observed during May–June and November–January periods with low values in July–August 
and February. The mean annual pattern of αp at different altitudes from the lidar derived βp 
(Figure8a) is presented in Figure 8b. Similar grading scheme is used in both these plots to 
make an easy direct visual comparison of the pattern. The major features of the annual 
variation of βp and αp in different altitudes are very similar in these two plots, even though 
the lidar ratio is assumed to be variable with altitude depending on aerosol properties. 

Microphysical properties like the size and shape of particles in the UTLS region can be 
delineated from the depolarization of backscattered radiation [57,58]. Figure 8c shows a 
contour plot of monthly mean δ in the altitude region 8–28 km. The value of δ varies in the 
range 0.03 to 0.6 in UT region and from 0.03– 0.04 in the LS region. High values of δ are 
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occurring during the period May- October are generally thick and optically denser [37], 
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Figure 6. Frequency distribution of (a) cloud optical depth, (b) mid-cloud altitude (optic center), (c) 
Geometrical thickness, (e) Volume Depolarization Ratio, (f) Particulate depolarization, and (g) Mid-
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Figure 7. Mean variation of Cloud thickness, Volume Depolarization Ratio and cloud optical depth 
with mid-cloud temperature for STCs observed at Gadanki during the period 1998-2003.  

temperature. The value of δ also shows a sharp decrease when the cloud temperature 
decreases below −75°C. The decrease in δ with increase in temperature can be attributed to 
the melting and evaporation of ice crystals and subsequent blunting of their edges [56]. 
Decrease in temperature leads formation of particles with sharp edges. But when the 
temperature decreases below a threshold value, the particle size [56] becomes small (needle 
type). This can lead to a decrease in δ. Figure 7c shows that on an average τc increases with 
increase in temperature. The cloud becomes more opaque at higher temperatures. This has 
important implication in the radiative effects of STCs [38] in the context of global change. 

7. Mean annual variation of particulate scattering in the UTLS region 

Figure 8a shows a contour plot of the logarithm of mean βp as a function of month and 
altitude for the period 1998–2003. The values of βp are relatively large during the May to 
September period and small during the winter months. This is due to the influence of STC. 
Relatively high values of βp in the UT region during the monsoon period are due to the 
presence of relatively dense cirrus and low values during winter are due to the presence of 
SVC. In contrast to the UT region, βp in the LS is generally large (as high as 6 × 10-8 m-1 sr-1) 
during the winter (November to January) and pre-monsoon (April–May) months and low 
(as low as 10-9 m-1 sr-1) during the summer (July and August) months. Prominent peaks are 
observed during May–June and November–January periods with low values in July–August 
and February. The mean annual pattern of αp at different altitudes from the lidar derived βp 
(Figure8a) is presented in Figure 8b. Similar grading scheme is used in both these plots to 
make an easy direct visual comparison of the pattern. The major features of the annual 
variation of βp and αp in different altitudes are very similar in these two plots, even though 
the lidar ratio is assumed to be variable with altitude depending on aerosol properties. 

Microphysical properties like the size and shape of particles in the UTLS region can be 
delineated from the depolarization of backscattered radiation [57,58]. Figure 8c shows a 
contour plot of monthly mean δ in the altitude region 8–28 km. The value of δ varies in the 
range 0.03 to 0.6 in UT region and from 0.03– 0.04 in the LS region. High values of δ are 
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generally confined to a narrow altitude region (14–16 km) during winter while these extend 
to a wider altitude region (12– 18 km) during summer monsoon period. High values of δ 
(>0.2) are observed in the altitude region 14– 16 km during April–October period. Values of 
δ exceeding 0.04 observed in the UT (above 10 km) are mainly due to presence of highly 
non-spherical ice particles associated with STC [37]. The overall low values of δ suggests 
that particles in the LS region are very small and tend to become more spherical in nature. 

 
Figure 8. Contour plot of mean particulate backscatter coefficient (βp) and extinction coefficient (αp) in 
logarithmic scale along with the volume depolarization ratio (δ) as a function of month and altitude for 
the period 1998–2003 derived from lidar data. Mean cold point tropopause altitude is superposed over 
the contour along with its standard deviation. 

Figure 9 shows a contour plot of αp similar to Figure 8b but generated from SAGE-II derived 
mean particulate extinction at 525 nm and 1020 nm over a small geographical grid size of 10-
16°N and 73-86°E centered around Gadanki. As thin STCs in the UT region significantly 
attenuates the SAGE-II wavelengths, (especially that at 525 nm) there will be a large data 
gap at the lower altitudes. The region bound between X-axis and the rectangular vertical 
bars (shown white) are the data gaps. As the attenuation for 1020 nm is less than that for 525 
nm this wavelength can penetrate to lower altitudes to yield useful data. The data gap is 
relatively less for 1020 nm. However, in generating the contours, the data gap is 
appropriately interpolated. General similarity of the pattern in Figure 9a and 9b suggests 
that the interpolation did not influence the major features of Figure 9b. Except for an overall 
decrease in the values of αp derived from SAGE-II (at 525nm) compared to those derived 
from lidar data, the major spatio-temporal features in Figure 9 also matches well with those 
of Figure 8b. Thus, the inferences derived from lidar data is reconfirmed by SAGE-II 
observations during the same period. 

To make the features more concise, the month to month variation of altitude weighted δ 
(altitude integral of δ normalized to the slab thickness) for different altitude regions with a 
slab thickness of 2 km are examined in the UT and LS region. Though a sharp definition of 
UT and LS region is rather difficult, for the present analysis we use the term UT for the 
altitude region from 10 to 16 km and LS from 18 to ∼30 km. Though the cold point 
tropopause shows a small variation with time of the day and day of the year, it lies always  
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Figure 9. Contour plots of mean particulate extinction coefficient (αp), in logarithmic scale, at 525nm 
and 1020 nm as a function of month and altitude for the period 1998–2003 from SAGE-II observations 

 
Figure 10. (a) Mean annual variation of cold point tropopause temperature and altitude along with the 
mean annual variation of integrated volume depolarization ratio (VDR) normalized to the slab 
thickness of 2 km at different altitudes (b) in the upper troposphere, (c) in the lower stratosphere and 
(d) in the tropopause region. 

in the range 16–18 km (a transition region), such that the region defined as UT is always 
below cold point and region defined as LS is above. Figure 10a shows the mean annual 
variation of the cold point tropopause altitude and tropopause temperature. 

The annual variation of δ for different altitudes in UT is shown in Figure 10b and that in LS 
in Figure 10c. Though, in general, on an average, the value of δ in LS region is < 0.04, it 
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generally confined to a narrow altitude region (14–16 km) during winter while these extend 
to a wider altitude region (12– 18 km) during summer monsoon period. High values of δ 
(>0.2) are observed in the altitude region 14– 16 km during April–October period. Values of 
δ exceeding 0.04 observed in the UT (above 10 km) are mainly due to presence of highly 
non-spherical ice particles associated with STC [37]. The overall low values of δ suggests 
that particles in the LS region are very small and tend to become more spherical in nature. 

 
Figure 8. Contour plot of mean particulate backscatter coefficient (βp) and extinction coefficient (αp) in 
logarithmic scale along with the volume depolarization ratio (δ) as a function of month and altitude for 
the period 1998–2003 derived from lidar data. Mean cold point tropopause altitude is superposed over 
the contour along with its standard deviation. 

Figure 9 shows a contour plot of αp similar to Figure 8b but generated from SAGE-II derived 
mean particulate extinction at 525 nm and 1020 nm over a small geographical grid size of 10-
16°N and 73-86°E centered around Gadanki. As thin STCs in the UT region significantly 
attenuates the SAGE-II wavelengths, (especially that at 525 nm) there will be a large data 
gap at the lower altitudes. The region bound between X-axis and the rectangular vertical 
bars (shown white) are the data gaps. As the attenuation for 1020 nm is less than that for 525 
nm this wavelength can penetrate to lower altitudes to yield useful data. The data gap is 
relatively less for 1020 nm. However, in generating the contours, the data gap is 
appropriately interpolated. General similarity of the pattern in Figure 9a and 9b suggests 
that the interpolation did not influence the major features of Figure 9b. Except for an overall 
decrease in the values of αp derived from SAGE-II (at 525nm) compared to those derived 
from lidar data, the major spatio-temporal features in Figure 9 also matches well with those 
of Figure 8b. Thus, the inferences derived from lidar data is reconfirmed by SAGE-II 
observations during the same period. 

To make the features more concise, the month to month variation of altitude weighted δ 
(altitude integral of δ normalized to the slab thickness) for different altitude regions with a 
slab thickness of 2 km are examined in the UT and LS region. Though a sharp definition of 
UT and LS region is rather difficult, for the present analysis we use the term UT for the 
altitude region from 10 to 16 km and LS from 18 to ∼30 km. Though the cold point 
tropopause shows a small variation with time of the day and day of the year, it lies always  
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Figure 9. Contour plots of mean particulate extinction coefficient (αp), in logarithmic scale, at 525nm 
and 1020 nm as a function of month and altitude for the period 1998–2003 from SAGE-II observations 

 
Figure 10. (a) Mean annual variation of cold point tropopause temperature and altitude along with the 
mean annual variation of integrated volume depolarization ratio (VDR) normalized to the slab 
thickness of 2 km at different altitudes (b) in the upper troposphere, (c) in the lower stratosphere and 
(d) in the tropopause region. 

in the range 16–18 km (a transition region), such that the region defined as UT is always 
below cold point and region defined as LS is above. Figure 10a shows the mean annual 
variation of the cold point tropopause altitude and tropopause temperature. 

The annual variation of δ for different altitudes in UT is shown in Figure 10b and that in LS 
in Figure 10c. Though, in general, on an average, the value of δ in LS region is < 0.04, it 
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shows a pronounced oscillation with prominent peaks in May and September–January 
period. Above 20 km, the value of mean δ (~0.03) is very close to the molecular 
depolarization, it is relatively large (in the range 0.03 – 0.04) in the altitude region 18–20 km 
just above the cold point tropical tropopause. Thus, in the LS region, the particle size and 
non-sphericity decreases with increase in altitude. Note that, the value of δ encountered in 
this region is less than the threshold value (0.04) used for identifying the cirrus particles. The 
value of δ is largest in the altitude region 14–16 km, just below the mean level of tropical 
tropopause. The general similarity in the annual variation of δ in the altitude regions 14–16 
km and 10-12 km indicates that the particle microphysics in these altitudes are strongly 
coupled. Even though the cold point tropopause altitude shows a small variation from 
month-to-month, the mean level lies around 16.5 km. Figure 10d shows the mean annual 
variation of the altitude weighted δ around the cold point tropopause for a slab thickness of 
2 km. The observed general similarity of the annual variation of δ in the entire region from 
10 to 20 km indicates that the annual variation of the particle habit (size and shape) in the 
UT and LS regions are strongly coupled. The observed general decrease in δ from UT to LS 
suggests that the particles tend to become small and more regular in shape with increase in 
altitude. 

8. Effect of tropospheric convection on UTLS particulates 

During the ASM period, the upper troposphere is significantly influenced by the 
tropospheric convection. This in turn could influence the microphysical properties of UTLS 
particulates. The outgoing long wave radiation (OLR), which is directly influenced by cloud 
cover and in turn by convection, could be effectively used as a proxy to the strength of 
tropospheric convection [59] and the seasonal variation of deep convection. The value of 
mean OLR is generally high for clear sky condition (~460 W m-2) and decreases with increase 
in cloud cover and cloud vertical extent. A threshold value [60] of 200 Wm-2 for OLR which 
when declines below could be treated as in index for deep convection. The percentage of 
occurrence of daily mean OLR with its value < 200 Wm-2, within a grid size of 2.5° × 2.5° 
over a geographical region 12.5° –15° N in latitude and 77.5° –80° E in longitude obtained 
from NCEP/NCAR reanalysis provided by the Climate Diagnostic Center through their Web 
site at http://www.cdc.noaa.gov/ averaged in different months for the period 1998–2003, 
which is almost negligible during the December to April period, starts increasing from May 
and shows a broad peak during the period June to October (Figure 11a). 

The strength of tropospheric convection also can be assessed from the convective available 
potential energy (CAPE), defined as the altitude integrated buoyancy of lifted air parcel 
from the level of free convection to the level of neutral buoyancy [61], is estimated from the 
altitude profile of potential temperature as CAPE = ∫ [g(qv − qT)/qT]dz, where qv is the virtual 
potential temperature of the air parcel, qT is the environmental potential temperature and g 
is acceleration due to gravity. The integral is taken from the level of free convection to the 
level of neutral buoyancy. The mean values of CAPE, which is a measure of stability in the 
atmosphere as far as vertical displacements are concerned [62], in different months for 
Chennai (13°N, 80.2°E), a station located very close to Gadanki, obtained through India 
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Meteorology Department (Web site http://www.weather.uwyo.edu/upperair/ 
sounding.html.) are presented in Figure 11b. The CAPE also shows a prominent peak 
during the period April to May along with a small secondary peak in September. Intense 
convection is closely related to thunderstorm activity. Climatologically averaged 
thunderstorm activity in different latitude belts over the Indian subcontinent was 
investigated in detail in earlier study [63]. The annual variation of the mean number of 
thunderstorm days for the latitude belt 10–15°N (Figure 11c) shows two prominent peaks in 
May and September–October period. Deep convection and high thunderstorm activity leads 
to the formation of thick convective clouds. The main reason for low lidar observation 
statistics during the monsoon period is the presence of these convective clouds which 
impede the observations. Though these clouds will have a large spatial extent and persist for 
several days, some gap region which is devoid of thick clouds (favouring lidar observation) 
starts developing after a few days The outflow from adjacent convective anvils spreading 
over to this gap region leads to the formation of STCs.  

 
Figure 11. Annual variation of the (a) frequency distribution of outgoing long-wave radiation (<200 
Wm-2) around Gadanki between 12.5°–15°N and 77.5°–80°E along with (b) convective available 
potential energy (CAPE) obtained from Radiosonde observations at Chennai during the period 1998–
2003. (c) Month-to-month variation of mean number of thunderstorm days (TSD) for the latitude belt 
10–15°N during the period 1970–1980 [63]. 

Being originated from convective outflow [43,44], especially during the summer monsoon 
period, particles of STCs in the UT region during this period will be relatively large and 
highly non-spherical [8,45]. Presence of these large non-spherical particles leads to an 
increase of δ in this region, as is observed. Subsequent uplift of some of these particles along 
with tropospheric air across the tropopause leads to an increase in δ along with the 
integrated backscatter (ΙβP) in the region just above the cold point tropopause. As the 
particles and precursor gases are not directly injected into the stratosphere but diffuse 
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shows a pronounced oscillation with prominent peaks in May and September–January 
period. Above 20 km, the value of mean δ (~0.03) is very close to the molecular 
depolarization, it is relatively large (in the range 0.03 – 0.04) in the altitude region 18–20 km 
just above the cold point tropical tropopause. Thus, in the LS region, the particle size and 
non-sphericity decreases with increase in altitude. Note that, the value of δ encountered in 
this region is less than the threshold value (0.04) used for identifying the cirrus particles. The 
value of δ is largest in the altitude region 14–16 km, just below the mean level of tropical 
tropopause. The general similarity in the annual variation of δ in the altitude regions 14–16 
km and 10-12 km indicates that the particle microphysics in these altitudes are strongly 
coupled. Even though the cold point tropopause altitude shows a small variation from 
month-to-month, the mean level lies around 16.5 km. Figure 10d shows the mean annual 
variation of the altitude weighted δ around the cold point tropopause for a slab thickness of 
2 km. The observed general similarity of the annual variation of δ in the entire region from 
10 to 20 km indicates that the annual variation of the particle habit (size and shape) in the 
UT and LS regions are strongly coupled. The observed general decrease in δ from UT to LS 
suggests that the particles tend to become small and more regular in shape with increase in 
altitude. 

8. Effect of tropospheric convection on UTLS particulates 

During the ASM period, the upper troposphere is significantly influenced by the 
tropospheric convection. This in turn could influence the microphysical properties of UTLS 
particulates. The outgoing long wave radiation (OLR), which is directly influenced by cloud 
cover and in turn by convection, could be effectively used as a proxy to the strength of 
tropospheric convection [59] and the seasonal variation of deep convection. The value of 
mean OLR is generally high for clear sky condition (~460 W m-2) and decreases with increase 
in cloud cover and cloud vertical extent. A threshold value [60] of 200 Wm-2 for OLR which 
when declines below could be treated as in index for deep convection. The percentage of 
occurrence of daily mean OLR with its value < 200 Wm-2, within a grid size of 2.5° × 2.5° 
over a geographical region 12.5° –15° N in latitude and 77.5° –80° E in longitude obtained 
from NCEP/NCAR reanalysis provided by the Climate Diagnostic Center through their Web 
site at http://www.cdc.noaa.gov/ averaged in different months for the period 1998–2003, 
which is almost negligible during the December to April period, starts increasing from May 
and shows a broad peak during the period June to October (Figure 11a). 

The strength of tropospheric convection also can be assessed from the convective available 
potential energy (CAPE), defined as the altitude integrated buoyancy of lifted air parcel 
from the level of free convection to the level of neutral buoyancy [61], is estimated from the 
altitude profile of potential temperature as CAPE = ∫ [g(qv − qT)/qT]dz, where qv is the virtual 
potential temperature of the air parcel, qT is the environmental potential temperature and g 
is acceleration due to gravity. The integral is taken from the level of free convection to the 
level of neutral buoyancy. The mean values of CAPE, which is a measure of stability in the 
atmosphere as far as vertical displacements are concerned [62], in different months for 
Chennai (13°N, 80.2°E), a station located very close to Gadanki, obtained through India 
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Meteorology Department (Web site http://www.weather.uwyo.edu/upperair/ 
sounding.html.) are presented in Figure 11b. The CAPE also shows a prominent peak 
during the period April to May along with a small secondary peak in September. Intense 
convection is closely related to thunderstorm activity. Climatologically averaged 
thunderstorm activity in different latitude belts over the Indian subcontinent was 
investigated in detail in earlier study [63]. The annual variation of the mean number of 
thunderstorm days for the latitude belt 10–15°N (Figure 11c) shows two prominent peaks in 
May and September–October period. Deep convection and high thunderstorm activity leads 
to the formation of thick convective clouds. The main reason for low lidar observation 
statistics during the monsoon period is the presence of these convective clouds which 
impede the observations. Though these clouds will have a large spatial extent and persist for 
several days, some gap region which is devoid of thick clouds (favouring lidar observation) 
starts developing after a few days The outflow from adjacent convective anvils spreading 
over to this gap region leads to the formation of STCs.  

 
Figure 11. Annual variation of the (a) frequency distribution of outgoing long-wave radiation (<200 
Wm-2) around Gadanki between 12.5°–15°N and 77.5°–80°E along with (b) convective available 
potential energy (CAPE) obtained from Radiosonde observations at Chennai during the period 1998–
2003. (c) Month-to-month variation of mean number of thunderstorm days (TSD) for the latitude belt 
10–15°N during the period 1970–1980 [63]. 

Being originated from convective outflow [43,44], especially during the summer monsoon 
period, particles of STCs in the UT region during this period will be relatively large and 
highly non-spherical [8,45]. Presence of these large non-spherical particles leads to an 
increase of δ in this region, as is observed. Subsequent uplift of some of these particles along 
with tropospheric air across the tropopause leads to an increase in δ along with the 
integrated backscatter (ΙβP) in the region just above the cold point tropopause. As the 
particles and precursor gases are not directly injected into the stratosphere but diffuse 
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slowly across the tropopause they confine to a small region just above the cold point 
tropopause. Note that during the period July to August when CAPE as well as 
thunderstorm activity shows a small decrease, δ (Figure 12) and ΙβP (Figure 13) in the 18–20 
km also shows a decrease. However, the STCs during this period shows large spatio-
temporal variations [37] introducing large day-to-day variability in ΙβP and δ in the UT and 
LS region as indicated by the large error bars during the May-October period. 

 
Figure 12. Mean annual variation of integrated volume depolarization ratio (VDR) normalized to the 
slab thickness of 2 km in the altitude region 14-16 km (UT) and 18-20 km (LS) superposed on the annual 
variation of CAPE and number of thunderstorm days. Vertical bars represent the respective standard 
error. 

 
Figure 13. Mean annual variation of Integrated Particulate Back scatter (IβP) in UT (a) and LS  
(b) superimposed on the annual variation of CAPE for the period 1998-2003.Vertical bars represent the 
standard error. 

Though during the December–February period CAPE is relatively small and thunderstorm 
activity also is less, a broad peak in ΙβP at 18–20 km is observable during this period (Figure 
13).This feature though appears to be contradicting to the above hypothesis proposed for the 
summer monsoon period, the real mechanism responsible for the transport of tropospheric 
air into the stratosphere during winter is different from that during the monsoon period. 
During winter the intrusion of tropospheric air into the lower stratosphere occurs through 
vertical ascent of air driven by the strength of the ascending branch of the Hadley cell 
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circulation in the troposphere and Brewer- Dobson circulation (B−D) in the UTLS region. 
The B−D circulation is primarily driven by mechanical forcing (westward directed wave 
drag) arising from the dissipation of planetary-scale waves (breaking of Rossby waves) in 
the extra tropical stratosphere [64]. Because of filtering by the large-scale stratospheric 
winds, vertical propagation of planetary waves into the extra-tropical stratosphere occurs 
primarily during winter and this seasonality in wave forcing accounts for the winter 
maximum in the B−D circulation [65,66]. In association with these processes, the cold point 
tropopause at tropics is pushed to a higher altitude during winter and they play a major role 
in exchange of mass from troposphere to stratosphere.  

As can be seen from Figure 10a the tropopause is cooler and higher during the January–
March period and warmer and lower during August–October period which is in accordance 
with what is reported for tropical locations [67-70]. These Seasonal changes in the cold point 
tropopause altitude also contribute to the mass influx to stratosphere [71-73]. Transport of 
constituents like water vapor, aerosols, trace gases etc across the tropopause which acts as a 
permeable membrane through which continuous mixing between tropospheric and 
stratospheric air takes place is well demonstrated by various investigators [74-77]. Over and 
above the penetration of deep convection, this annual adjustment of tropopause altitude is 
an important mechanism for the stratosphere troposphere exchange. 

9. Contribution of STC to particulate scattering in the UTLS region 

Fine ice crystals of STCs originating either through the outflow from deep convective anvils 
or through freeze drying of moist air lifted up to the tropopause by normal convection 
contribute significantly for scattering in the UTLS region. In addition, other aerosol particles 
originating from the surface (mainly through bulk to particle conversion and those of 
vegetative origin) as well as those formed in the upper troposphere through gas- to-particle 
conversion (mainly of various industrial gases) also contribute for the particulate loading in 
the UTLS region. It would be worth examining the relative contributions of the two 
components in the UTLS region to make a quantitative assessment of the contribution of 
STCs to the scattering properties in the UTLS region. Figure 8a shows the contour plots of 
month-to-month variation of mean βp derived from lidar data during the period 1998–2003 
(including both STC-contaminated and STC-free). Note that, as this study period was mostly 
devoid of major volcanic eruptions [24] the stratospheric aerosol loading can be considered 
to be in its background level. 

While βp in the UT is a maximum during the May –September period and minimum during 
October–November, in the lower stratosphere it is minimum during summer (July and 
August) and maximum during winter. However, the winter high in the LS region was 
attributed [7] to the transport of tropospheric air (containing aerosols and precursor gases) 
in conjunction with the tropical upwelling and B− D circulation while the observed high 
during May–June is due to the upward influx of particles (including ice crystals of STCs) 
from the UT region. As the uncertainty associated with lidar-derived βp is small compared 
to αp [42], for the lidar based study the altitude profile of βp and ΙβP for a desired altitude 
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slowly across the tropopause they confine to a small region just above the cold point 
tropopause. Note that during the period July to August when CAPE as well as 
thunderstorm activity shows a small decrease, δ (Figure 12) and ΙβP (Figure 13) in the 18–20 
km also shows a decrease. However, the STCs during this period shows large spatio-
temporal variations [37] introducing large day-to-day variability in ΙβP and δ in the UT and 
LS region as indicated by the large error bars during the May-October period. 

 
Figure 12. Mean annual variation of integrated volume depolarization ratio (VDR) normalized to the 
slab thickness of 2 km in the altitude region 14-16 km (UT) and 18-20 km (LS) superposed on the annual 
variation of CAPE and number of thunderstorm days. Vertical bars represent the respective standard 
error. 

 
Figure 13. Mean annual variation of Integrated Particulate Back scatter (IβP) in UT (a) and LS  
(b) superimposed on the annual variation of CAPE for the period 1998-2003.Vertical bars represent the 
standard error. 

Though during the December–February period CAPE is relatively small and thunderstorm 
activity also is less, a broad peak in ΙβP at 18–20 km is observable during this period (Figure 
13).This feature though appears to be contradicting to the above hypothesis proposed for the 
summer monsoon period, the real mechanism responsible for the transport of tropospheric 
air into the stratosphere during winter is different from that during the monsoon period. 
During winter the intrusion of tropospheric air into the lower stratosphere occurs through 
vertical ascent of air driven by the strength of the ascending branch of the Hadley cell 
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circulation in the troposphere and Brewer- Dobson circulation (B−D) in the UTLS region. 
The B−D circulation is primarily driven by mechanical forcing (westward directed wave 
drag) arising from the dissipation of planetary-scale waves (breaking of Rossby waves) in 
the extra tropical stratosphere [64]. Because of filtering by the large-scale stratospheric 
winds, vertical propagation of planetary waves into the extra-tropical stratosphere occurs 
primarily during winter and this seasonality in wave forcing accounts for the winter 
maximum in the B−D circulation [65,66]. In association with these processes, the cold point 
tropopause at tropics is pushed to a higher altitude during winter and they play a major role 
in exchange of mass from troposphere to stratosphere.  

As can be seen from Figure 10a the tropopause is cooler and higher during the January–
March period and warmer and lower during August–October period which is in accordance 
with what is reported for tropical locations [67-70]. These Seasonal changes in the cold point 
tropopause altitude also contribute to the mass influx to stratosphere [71-73]. Transport of 
constituents like water vapor, aerosols, trace gases etc across the tropopause which acts as a 
permeable membrane through which continuous mixing between tropospheric and 
stratospheric air takes place is well demonstrated by various investigators [74-77]. Over and 
above the penetration of deep convection, this annual adjustment of tropopause altitude is 
an important mechanism for the stratosphere troposphere exchange. 

9. Contribution of STC to particulate scattering in the UTLS region 

Fine ice crystals of STCs originating either through the outflow from deep convective anvils 
or through freeze drying of moist air lifted up to the tropopause by normal convection 
contribute significantly for scattering in the UTLS region. In addition, other aerosol particles 
originating from the surface (mainly through bulk to particle conversion and those of 
vegetative origin) as well as those formed in the upper troposphere through gas- to-particle 
conversion (mainly of various industrial gases) also contribute for the particulate loading in 
the UTLS region. It would be worth examining the relative contributions of the two 
components in the UTLS region to make a quantitative assessment of the contribution of 
STCs to the scattering properties in the UTLS region. Figure 8a shows the contour plots of 
month-to-month variation of mean βp derived from lidar data during the period 1998–2003 
(including both STC-contaminated and STC-free). Note that, as this study period was mostly 
devoid of major volcanic eruptions [24] the stratospheric aerosol loading can be considered 
to be in its background level. 

While βp in the UT is a maximum during the May –September period and minimum during 
October–November, in the lower stratosphere it is minimum during summer (July and 
August) and maximum during winter. However, the winter high in the LS region was 
attributed [7] to the transport of tropospheric air (containing aerosols and precursor gases) 
in conjunction with the tropical upwelling and B− D circulation while the observed high 
during May–June is due to the upward influx of particles (including ice crystals of STCs) 
from the UT region. As the uncertainty associated with lidar-derived βp is small compared 
to αp [42], for the lidar based study the altitude profile of βp and ΙβP for a desired altitude 
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region (layer integrated) is used for studying the annual pattern of particulate scattering in 
the UTLS region. Figure 14 shows the contour plots depicting the annual variation of βp at 
different altitudes for the STC-contaminated case and the STC-free case separately.  

 
Figure 14. Mean annual variation of particulate backscatter coefficient (βp) from lidar data at Gadanki 
for the STC-contaminated (a) and STC-free (b) cases during the period 1998–2003. 

The cloud cover being quite large during the summer monsoon period no lidar data were 
available without STC during the July and August months, which lead to a data-gap for the 
STC-free case presented in Figure 14b. As can be seen, the variations of βp in Figure 14a is 
very similar to those in Figure 8a generated by considering both the STC-contaminated and 
STC-free profiles even though the absolute magnitude in the UT region is slightly small in 
the latter case especially during the October–November period. High values of βp are 
observed in the UT region for the STC-contaminated case during summer monsoon period. 
Figure 14b shows that, βp in the UT region is very small for the STC-free case compared to 
that of STC-contaminated case for the same period. The values of βp in the UT region are 
high during winter and spring and low during summer and autumn for the STC-free case. 
This annual pattern of βp is significantly different from that of STC-contaminated case. From 
this, it is quite reasonable to infer that the prominent peak of βp in the UT region observed 
during the summer monsoon period (in Figures 8a and 14a) is due to the influence of STC. 
However, the enhancement in βp in the UT region due to STC-contamination is relatively 
small during the winter months 

As seen from Figure 5 the occurrence of STC is mostly confined to the uppermost part of the 
troposphere, above ~10 km. Because of their presence these STCs directly contribute to the 
particulate scattering in this region. Over and above, these prevailing STCs in the upper 
troposphere can also modify the scattering property of particulates (aerosols) above the 
cloud-top as well as below the cloud-base. These effects in the UT and LS regions can be 
inferred by examining the ΙβP at four different altitude regions, 8–10 km (UT1), 12–16 km 
(UT2), 18–21 km (LS1) and 21–25 km (LS2). Among these, the LS1 and LS2 regions are above 
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the STC-top while UT1 is below the STC-base. The month-to-month variation of mean ΙβP for 
the three cases; viz, (i) including all profiles (ii) considering only STC-contaminated profiles 
and (iii) Considering only STC-free profiles, are presented in Figure 15. In the absence of 
STC the ΙβP in the UT2 region is significantly small. The STC contribution to ΙβP in this region 
works out to be around 93±5%. The ΙβP shows an annual variation with relatively high 
values during the winter/dry months and low during the summer monsoon period for the 
STC-free case. When STCs prevail, the ΙβP in the UT2 region increases significantly especially 
during the summer monsoon period. Even though the enhancement in ΙβP due to the 
presence of STC is seen during the winter/dry months also, its magnitude is relatively less. It 
would be worth in this context to note that, during the monsoon period, the UT2 region is 
dominantly influenced by dense STCs originating from the outflow of convective anvils [78]. 
The particle associated with these STCs will be relatively large and highly non-spherical 
[8,45] and hence their contribution to βp and δ will be significantly large [7]. 

 
Figure 15. Mean annual variation of layer integrated particulate backscatter coefficient (ΙβP) in LS2 
region (a), LS1 region (b), UT2 region (c) and UT1 region (d), for the three cases (including all profiles, 
only STC-contaminated profiles and only STC-free profiles) from lidar data at Gadanki, for the period 
1998–2003. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 130 

region (layer integrated) is used for studying the annual pattern of particulate scattering in 
the UTLS region. Figure 14 shows the contour plots depicting the annual variation of βp at 
different altitudes for the STC-contaminated case and the STC-free case separately.  

 
Figure 14. Mean annual variation of particulate backscatter coefficient (βp) from lidar data at Gadanki 
for the STC-contaminated (a) and STC-free (b) cases during the period 1998–2003. 

The cloud cover being quite large during the summer monsoon period no lidar data were 
available without STC during the July and August months, which lead to a data-gap for the 
STC-free case presented in Figure 14b. As can be seen, the variations of βp in Figure 14a is 
very similar to those in Figure 8a generated by considering both the STC-contaminated and 
STC-free profiles even though the absolute magnitude in the UT region is slightly small in 
the latter case especially during the October–November period. High values of βp are 
observed in the UT region for the STC-contaminated case during summer monsoon period. 
Figure 14b shows that, βp in the UT region is very small for the STC-free case compared to 
that of STC-contaminated case for the same period. The values of βp in the UT region are 
high during winter and spring and low during summer and autumn for the STC-free case. 
This annual pattern of βp is significantly different from that of STC-contaminated case. From 
this, it is quite reasonable to infer that the prominent peak of βp in the UT region observed 
during the summer monsoon period (in Figures 8a and 14a) is due to the influence of STC. 
However, the enhancement in βp in the UT region due to STC-contamination is relatively 
small during the winter months 

As seen from Figure 5 the occurrence of STC is mostly confined to the uppermost part of the 
troposphere, above ~10 km. Because of their presence these STCs directly contribute to the 
particulate scattering in this region. Over and above, these prevailing STCs in the upper 
troposphere can also modify the scattering property of particulates (aerosols) above the 
cloud-top as well as below the cloud-base. These effects in the UT and LS regions can be 
inferred by examining the ΙβP at four different altitude regions, 8–10 km (UT1), 12–16 km 
(UT2), 18–21 km (LS1) and 21–25 km (LS2). Among these, the LS1 and LS2 regions are above 
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the STC-top while UT1 is below the STC-base. The month-to-month variation of mean ΙβP for 
the three cases; viz, (i) including all profiles (ii) considering only STC-contaminated profiles 
and (iii) Considering only STC-free profiles, are presented in Figure 15. In the absence of 
STC the ΙβP in the UT2 region is significantly small. The STC contribution to ΙβP in this region 
works out to be around 93±5%. The ΙβP shows an annual variation with relatively high 
values during the winter/dry months and low during the summer monsoon period for the 
STC-free case. When STCs prevail, the ΙβP in the UT2 region increases significantly especially 
during the summer monsoon period. Even though the enhancement in ΙβP due to the 
presence of STC is seen during the winter/dry months also, its magnitude is relatively less. It 
would be worth in this context to note that, during the monsoon period, the UT2 region is 
dominantly influenced by dense STCs originating from the outflow of convective anvils [78]. 
The particle associated with these STCs will be relatively large and highly non-spherical 
[8,45] and hence their contribution to βp and δ will be significantly large [7]. 

 
Figure 15. Mean annual variation of layer integrated particulate backscatter coefficient (ΙβP) in LS2 
region (a), LS1 region (b), UT2 region (c) and UT1 region (d), for the three cases (including all profiles, 
only STC-contaminated profiles and only STC-free profiles) from lidar data at Gadanki, for the period 
1998–2003. 
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It is quite interesting to note that the presence of STC in the UT2 region significantly 
enhances the ΙβP in the lower stratosphere also especially during the May–October period. In 
the LS1 and LS2 regions ΙβP shows a double peak structure with prominent maxima during 
May–June and October–January for the STC-contaminated cases (in the UT region), while it 
is very small from May to October for the STC-free case. A significant amount from the 
abundant ice crystals (of STC) present in the UT region during the summer monsoon period 
will be lifted up along with air-mass across the tropopause. Consequently, ΙβP in the lower 
stratosphere also increases. However, unlike the case during winter, this increase in βp (or 
ΙβP) is rather confined to a small region just above the tropopause (the LS1 region). All the 
three curves in Figure 15 for the LS1 and LS2 regions almost overlap each other during the 
December to April period. This indicates that the STCs in the UT2 region during this period 
did not contribute significantly to ΙβP in the stratosphere. In general, the influence of STC to 
the mean backscattering coefficient (ΙβP /Δh, where Δh is the slab thickness) in LS1 region is 
relatively more than that in LS2, particularly during the summer monsoon period. Thus, 
presence of dense STC in the UT2 region (during the summer monsoon period) enhances the 
particulate scattering in the lower stratosphere, even though this region is practically free 
from STC. 

As lidar data yields reliable βp values only from the region above the altitude of ‘full beam 
overlap’ the effect of STCs below the cloud-base can be examined by studying the scattering 
property of the medium over a narrow altitude region 8–10 km (UT1), which is mostly free 
from STCs (Figure 6b). The mean annual variation of ΙβP in the UT1 region for the three 
cases, (i) when the UT2 region is STC-free, (ii) the UT2 region is STC-contaminated and (iii) 
with both these cases combined, is presented in Figure 15d. Except for the STC-free case, 
though the ΙβP in this region also shows an annual variation similar to that for the UT2 
region, the amplitude of this variation is significantly small. Notwithstanding the fact that 
the values of ΙβP during the November to April period for the three cases are comparable, 
for the STC-free condition it shows a decrease during the May–October period. This shows 
that the presence of dense STCs in the UT2 region enhances the particulate scattering in the 
region below the STC-base and the magnitude of this enhancement is much smaller than 
that in the UT2 region (where the ΙβP increases by a factor >20). But when these STCs are thin 
(optically as well as geometrically), especially during the November to April period, this 
contribution is almost negligible. Thus, the prevailing STCs in the UT2 region during the 
summer monsoon period significantly enhance the scattering from the region above the 
cloud-top as well as below the cloud-base. The enhancement in particulate scattering in the 
LS region above the cloud-top could be mainly due to the lofting of STC-particles across the 
tropopause, which joining with the prevailing LS aerosols modify the volume scattering 
properties in this region. Though the Brewer–Dobson circulation is weak during summer 
the troposphere–stratosphere exchange during this period could be aided by an increase in 
wave activity depending on the prevailing atmospheric condition. Strong convection 
prevailing over the Indian landmass during the summer–monsoon period, which can 
transport abundant moisture to the upper troposphere inducing cirrus formation, is also a 
major source for gravity waves [79]. 
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A study on the influence of STC in the particulate extinction in UT and LS region using 
SAGE-II data over the Indian longitude sector (70-90°E) from 30°S to 30°N also revealed 
similar results. However,, as the occurrence of STC is less frequent in the southern 
hemispheric off-equatorial region, the increase in τp in the UT and LS regions due to the 
influence of STC is relatively small compared to that in the equatorial region [80]. 

10. Mean latitude variation of the altitude structure of τP over the Indian 
longitude sector 

The latitudinal structure of the annual pattern of τp in the tropical UTLS region over the 
Indian longitude Sector is examined using the altitude profiles of particulate extinction at 
525 nm obtained from SAGE-II data archive in the latitude region 30°S to 30°N for the 
period 1998-2005. The profiles are grouped in different latitude bands each having a width 
of 5°. Contours presenting the annual variation of τp in different latitudes bands in the UTLS 
region are presented in Figure16. The mean annual variation of the altitude of the lapse rate 
tropopause for each of these latitude bands is superposed on the respective contours. 

For the latitudinal region between 0-15°N, the tropopause is cooler (higher) during the 
December-May period and warmer (lower) during July-October period, in accordance with 
that reported for tropical locations by prior investigators [67,68]. For the latitudinal sector 
15-20°N, the tropopause is higher during April-June and lower during the July-August 
period. At latitudes > 20°N, a pronounced maximum in tropopause altitude can be observed 
during the boreal summer and minimum during boreal winter. Though the tropopause 
altitude varies with latitude, time of the day and day of the year, on an average, this altitude 
mostly lies in the range 16-18 km. 

In general, αp is relatively large (>10-7 m-1) in the UT region for the region north of 20°S. In both 
the hemispheres αp shows two peaks. The summer peak (in the respective hemispheres) is 
more prominent, compared to the winter peak. South of 20°S, αp in the UT region is relatively 
small and does not show any pronounced annual variation. The summer-winter contrast in the 
UT region is almost insignificant beyond 25°S. The winter peak in τp becomes relatively weak 
in the region north of 15°N and becomes almost insignificant beyond 25°N. The summer-
winter contrast in αp is well pronounced beyond 20°N. In contrast to the UT region, the values 
of αp in the LS region are relatively small (<10-7 m-1), at least by a factor of two. The annual 
variation of extinction shows a weak summer winter contrast in the LS region for all the 
latitudinal sectors between 0-30°N. Due to the influence of STCs, which occur at random in 
different altitudes, the standard error of αp (expressed as percentages of mean αp) is generally 
very large in the UT region. The mean standard error in the attitude region 10-15 km ranges 
from 20% to 60%. This error decreases progressively with increase in altitude. In the LS region, 
the error is very small and mostly confined to values in the range 5-15%. In the transition 
region 15-20 km, the mean error is of the order of 30% which is less than that in the UT region. 

Figure 16 shows that the annual variation of αp in the UT region over the southern hemisphere 
is distinctly different from that over the northern hemisphere. In this hemisphere high values 
of αp (in the UT region) remains fairly confined to latitudes north of 20°S. This difference can 
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It is quite interesting to note that the presence of STC in the UT2 region significantly 
enhances the ΙβP in the lower stratosphere also especially during the May–October period. In 
the LS1 and LS2 regions ΙβP shows a double peak structure with prominent maxima during 
May–June and October–January for the STC-contaminated cases (in the UT region), while it 
is very small from May to October for the STC-free case. A significant amount from the 
abundant ice crystals (of STC) present in the UT region during the summer monsoon period 
will be lifted up along with air-mass across the tropopause. Consequently, ΙβP in the lower 
stratosphere also increases. However, unlike the case during winter, this increase in βp (or 
ΙβP) is rather confined to a small region just above the tropopause (the LS1 region). All the 
three curves in Figure 15 for the LS1 and LS2 regions almost overlap each other during the 
December to April period. This indicates that the STCs in the UT2 region during this period 
did not contribute significantly to ΙβP in the stratosphere. In general, the influence of STC to 
the mean backscattering coefficient (ΙβP /Δh, where Δh is the slab thickness) in LS1 region is 
relatively more than that in LS2, particularly during the summer monsoon period. Thus, 
presence of dense STC in the UT2 region (during the summer monsoon period) enhances the 
particulate scattering in the lower stratosphere, even though this region is practically free 
from STC. 

As lidar data yields reliable βp values only from the region above the altitude of ‘full beam 
overlap’ the effect of STCs below the cloud-base can be examined by studying the scattering 
property of the medium over a narrow altitude region 8–10 km (UT1), which is mostly free 
from STCs (Figure 6b). The mean annual variation of ΙβP in the UT1 region for the three 
cases, (i) when the UT2 region is STC-free, (ii) the UT2 region is STC-contaminated and (iii) 
with both these cases combined, is presented in Figure 15d. Except for the STC-free case, 
though the ΙβP in this region also shows an annual variation similar to that for the UT2 
region, the amplitude of this variation is significantly small. Notwithstanding the fact that 
the values of ΙβP during the November to April period for the three cases are comparable, 
for the STC-free condition it shows a decrease during the May–October period. This shows 
that the presence of dense STCs in the UT2 region enhances the particulate scattering in the 
region below the STC-base and the magnitude of this enhancement is much smaller than 
that in the UT2 region (where the ΙβP increases by a factor >20). But when these STCs are thin 
(optically as well as geometrically), especially during the November to April period, this 
contribution is almost negligible. Thus, the prevailing STCs in the UT2 region during the 
summer monsoon period significantly enhance the scattering from the region above the 
cloud-top as well as below the cloud-base. The enhancement in particulate scattering in the 
LS region above the cloud-top could be mainly due to the lofting of STC-particles across the 
tropopause, which joining with the prevailing LS aerosols modify the volume scattering 
properties in this region. Though the Brewer–Dobson circulation is weak during summer 
the troposphere–stratosphere exchange during this period could be aided by an increase in 
wave activity depending on the prevailing atmospheric condition. Strong convection 
prevailing over the Indian landmass during the summer–monsoon period, which can 
transport abundant moisture to the upper troposphere inducing cirrus formation, is also a 
major source for gravity waves [79]. 
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A study on the influence of STC in the particulate extinction in UT and LS region using 
SAGE-II data over the Indian longitude sector (70-90°E) from 30°S to 30°N also revealed 
similar results. However,, as the occurrence of STC is less frequent in the southern 
hemispheric off-equatorial region, the increase in τp in the UT and LS regions due to the 
influence of STC is relatively small compared to that in the equatorial region [80]. 

10. Mean latitude variation of the altitude structure of τP over the Indian 
longitude sector 

The latitudinal structure of the annual pattern of τp in the tropical UTLS region over the 
Indian longitude Sector is examined using the altitude profiles of particulate extinction at 
525 nm obtained from SAGE-II data archive in the latitude region 30°S to 30°N for the 
period 1998-2005. The profiles are grouped in different latitude bands each having a width 
of 5°. Contours presenting the annual variation of τp in different latitudes bands in the UTLS 
region are presented in Figure16. The mean annual variation of the altitude of the lapse rate 
tropopause for each of these latitude bands is superposed on the respective contours. 

For the latitudinal region between 0-15°N, the tropopause is cooler (higher) during the 
December-May period and warmer (lower) during July-October period, in accordance with 
that reported for tropical locations by prior investigators [67,68]. For the latitudinal sector 
15-20°N, the tropopause is higher during April-June and lower during the July-August 
period. At latitudes > 20°N, a pronounced maximum in tropopause altitude can be observed 
during the boreal summer and minimum during boreal winter. Though the tropopause 
altitude varies with latitude, time of the day and day of the year, on an average, this altitude 
mostly lies in the range 16-18 km. 

In general, αp is relatively large (>10-7 m-1) in the UT region for the region north of 20°S. In both 
the hemispheres αp shows two peaks. The summer peak (in the respective hemispheres) is 
more prominent, compared to the winter peak. South of 20°S, αp in the UT region is relatively 
small and does not show any pronounced annual variation. The summer-winter contrast in the 
UT region is almost insignificant beyond 25°S. The winter peak in τp becomes relatively weak 
in the region north of 15°N and becomes almost insignificant beyond 25°N. The summer-
winter contrast in αp is well pronounced beyond 20°N. In contrast to the UT region, the values 
of αp in the LS region are relatively small (<10-7 m-1), at least by a factor of two. The annual 
variation of extinction shows a weak summer winter contrast in the LS region for all the 
latitudinal sectors between 0-30°N. Due to the influence of STCs, which occur at random in 
different altitudes, the standard error of αp (expressed as percentages of mean αp) is generally 
very large in the UT region. The mean standard error in the attitude region 10-15 km ranges 
from 20% to 60%. This error decreases progressively with increase in altitude. In the LS region, 
the error is very small and mostly confined to values in the range 5-15%. In the transition 
region 15-20 km, the mean error is of the order of 30% which is less than that in the UT region. 

Figure 16 shows that the annual variation of αp in the UT region over the southern hemisphere 
is distinctly different from that over the northern hemisphere. In this hemisphere high values 
of αp (in the UT region) remains fairly confined to latitudes north of 20°S. This difference can 
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mainly be attributed to the corresponding difference in the pattern of deep convection in 
these two hemispheres. While the southward migration of ITCZ (during the boreal winter) is 
fairly confined to latitudes north of 20°S, northward migration (during the boreal summer) 
extends beyond ~20°N. More over, the convection over the northern hemispheric land mass is 
much stronger than that over the southern hemispheric oceanic regions. Because of these 
features, the increase in αp in the UT region is also confined to the geographical region north of 
20°S. The value of αp in the LS region is relatively small and show similar variations in both the 
hemispheres. This indicates that the features of aerosol transport in the equatorial 
(±15°latitude) LS region are fairly symmetric with respect to equator. 

 
Figure 16. Contour plots showing the mean annual variation of αp in the UTLS region obtained from 
SAGE-II in six latitude bands of width 5°from 30°S to 30°N averaged for the longitude region 70°E to 
90°E for the period 1998-2005. Month-to-month variation of the mean tropopause altitude for each 
sector, with vertical bars representing its standard error, is superimposed on the respective contours. 
For the northern hemisphere the tropopause altitudes are derived from the altitude profiles of 
temperature obtained from the daily Radiosonde measurements carried out by the India Meteorology 
Department (IMD) at different locations in each band. For the latitudes south of 5°N, where no 
Radiosonde measurements are available, the tropopause altitude is obtained from the NCEP data 
provided along with SAGE-II version 6.2-data archive. 

11. Tropospheric convection over the Indian region 

The strength of tropospheric convection which can be indexed based on the CAPE could in 
turn also be related to the thunderstorm activity. The climatology of monthly mean 
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thunderstorm days (TSD) for the Indian region was studied [63] using the data for the 
period 1970-1980. The monthly mean values of CAPE at different latitude sectors for the 
period 1998-2003 over this region is estimated from the respective daily values in each 
month obtained from the website of IMD (www.weather.uwyo.edu /upperair/ 
sounding.html). The annual variation of these two parameters for different latitude bands 
are shown in Figure 17. On an average, the annual pattern of TSD matches well with that of 
CAPE in all these latitude belts except for the fact that the secondary peak in October is less 
prominent in CAPE for latitudes north of 15°N. Both these parameters show a significant 
positive correlation with coefficient exceeding 0.7. Two prominent peaks observed during 
April-May and October in the near equatorial region merges to become a broad peak in the 
latitude region 20-25°N (off-equatorial) and subsequently becomes a well defined sharp 
peak around June-July in the latitude region 25- 30°N. Examining the annual variation of αp 
in the light of the annual variation of CAPE/TDS, it can be seen that the occurrence of the 
high values of αp (during May and October in Figure 16 h,i, j and those during June, July 
and August in Figure 16k,l), coincides with the peak in thunderstorm activity (or CAPE) in 
the respective latitudinal belt. During high convective activity while high values of αp are 
observed very close to the tropopause in the latitude belt 0-15°N, significant high values of 
extinction are observed just above the tropopause in the latitude region between 15-30°N. 
Intense thunderstorm activity along with deep convection during boreal summer is highly 
favorable for the formation of dense STCs very close to tropopause leading to an increase in 
αp in the UT region. Penetration of particles from these STCs to higher altitudes increases αp 
in the LS1 region, as is observed in Figure 16. 

 
Figure 17. Annual variation of CAPE at different latitude bands over the Indian region along with the 
mean climatology of thunderstorm days [63]. The vertical bars represent the standard error associated 
with CAPE. The correlation coefficient (ℜ) between CAPE and thunderstorm days and its level of 
significance (p) are also shown in respective panels. 
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mainly be attributed to the corresponding difference in the pattern of deep convection in 
these two hemispheres. While the southward migration of ITCZ (during the boreal winter) is 
fairly confined to latitudes north of 20°S, northward migration (during the boreal summer) 
extends beyond ~20°N. More over, the convection over the northern hemispheric land mass is 
much stronger than that over the southern hemispheric oceanic regions. Because of these 
features, the increase in αp in the UT region is also confined to the geographical region north of 
20°S. The value of αp in the LS region is relatively small and show similar variations in both the 
hemispheres. This indicates that the features of aerosol transport in the equatorial 
(±15°latitude) LS region are fairly symmetric with respect to equator. 

 
Figure 16. Contour plots showing the mean annual variation of αp in the UTLS region obtained from 
SAGE-II in six latitude bands of width 5°from 30°S to 30°N averaged for the longitude region 70°E to 
90°E for the period 1998-2005. Month-to-month variation of the mean tropopause altitude for each 
sector, with vertical bars representing its standard error, is superimposed on the respective contours. 
For the northern hemisphere the tropopause altitudes are derived from the altitude profiles of 
temperature obtained from the daily Radiosonde measurements carried out by the India Meteorology 
Department (IMD) at different locations in each band. For the latitudes south of 5°N, where no 
Radiosonde measurements are available, the tropopause altitude is obtained from the NCEP data 
provided along with SAGE-II version 6.2-data archive. 

11. Tropospheric convection over the Indian region 

The strength of tropospheric convection which can be indexed based on the CAPE could in 
turn also be related to the thunderstorm activity. The climatology of monthly mean 
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thunderstorm days (TSD) for the Indian region was studied [63] using the data for the 
period 1970-1980. The monthly mean values of CAPE at different latitude sectors for the 
period 1998-2003 over this region is estimated from the respective daily values in each 
month obtained from the website of IMD (www.weather.uwyo.edu /upperair/ 
sounding.html). The annual variation of these two parameters for different latitude bands 
are shown in Figure 17. On an average, the annual pattern of TSD matches well with that of 
CAPE in all these latitude belts except for the fact that the secondary peak in October is less 
prominent in CAPE for latitudes north of 15°N. Both these parameters show a significant 
positive correlation with coefficient exceeding 0.7. Two prominent peaks observed during 
April-May and October in the near equatorial region merges to become a broad peak in the 
latitude region 20-25°N (off-equatorial) and subsequently becomes a well defined sharp 
peak around June-July in the latitude region 25- 30°N. Examining the annual variation of αp 
in the light of the annual variation of CAPE/TDS, it can be seen that the occurrence of the 
high values of αp (during May and October in Figure 16 h,i, j and those during June, July 
and August in Figure 16k,l), coincides with the peak in thunderstorm activity (or CAPE) in 
the respective latitudinal belt. During high convective activity while high values of αp are 
observed very close to the tropopause in the latitude belt 0-15°N, significant high values of 
extinction are observed just above the tropopause in the latitude region between 15-30°N. 
Intense thunderstorm activity along with deep convection during boreal summer is highly 
favorable for the formation of dense STCs very close to tropopause leading to an increase in 
αp in the UT region. Penetration of particles from these STCs to higher altitudes increases αp 
in the LS1 region, as is observed in Figure 16. 

 
Figure 17. Annual variation of CAPE at different latitude bands over the Indian region along with the 
mean climatology of thunderstorm days [63]. The vertical bars represent the standard error associated 
with CAPE. The correlation coefficient (ℜ) between CAPE and thunderstorm days and its level of 
significance (p) are also shown in respective panels. 
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12. Influence of dynamics in the latitude variation of particulates in the 
UTLS region 

To delineate the latitude variation of αp in the UTLS region over the Indian longitude sector 
(70-90°E), the annual variation of monthly mean τP for a latitude band of 5°width in the 
latitude region 30°S to 30°N, for the three altitude regions 12-16 km (UT), 18-21 km (LS1) and 
21-30 km (LS2) are examined separately. Figure 18 shows the contour plots of the mean τP in 
the UT, LS1 and LS2 regions with month along x-axis and latitude along y-axis. In the UT 
region, τP shows a general decrease with increase in latitude from equator, with its gradient 
showing a pronounced variation from month-to-month. The summer-winter contrast (with 
relatively low values during winter and high values during summer) is well discernable in 
the UT region (Figure 18a). Relatively high values of τP observed in the UT region between 
15°S-15°N during May to February period are mostly due to presence of dense STCs 
resulting from the outflow of convective anvils. These are the periods when convective 
activity in the troposphere is very strong (associated with the southwest and northeast 
monsoons) in this region. Above 15°N, relatively high values of τP are more-or-less confined 
to the June-August period when the monsoon trough usually reaches its extreme north over 
the continent. However, beyond 15°S, the values of τP decreases significantly with increase 
in latitude, compared to that observed in the northern hemisphere. 

 
Figure 18. Contour plots showing the latitudinal dependence of the annual variation of τp obtained 
from SAGE-II data in the altitude regions 12–16 km (UT), 18–21 km (LS1) and 21–30 km (LS2) for the 
period 1998-2005. 

The latitudinal variation of the annual pattern of τP in the UT region shows fairly good 
correspondence with CAPE and mean thunderstorm activity (Figure 17) over the northern 
hemisphere. The annual variation of TSD in the latitude region 8-15°N shows two peaks; 
one during the April-May period and then another during October. Further north, these two 
peaks get closer and merge to form a single peak in the latitude belt 20-30°N during the 
June-September period. This corresponds well with the latitudinal variation of the annual 
pattern of τP in the UT region (Figure 18a). Increase in convective activity (as well as 
convective outflow) over the Indian region associated with the northward migration of 
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ITCZ along with the development of deep convection over the Bay of Bengal (particularly 
over its northern parts) during this period aid the formation of abundant dense STCs in the 
UT region. The annual variation of high altitude cloud amount over the Indian region also 
shows the presence of large deep convective cloud systems reaching very high altitudes and 
even penetrating the tropopause has been reported [81]. As the strength of the tropospheric 
convection decreases significantly during winter and the ITCZ shifts to the southern 
hemisphere sector, the probability of occurrence of dense STC over the southern hemisphere 
increases significantly. The deep convective clouds over this region get confined to a small 
geographical region between equator and 10°. Most of the STCs occurring over the Indian 
region during this period will be of in situ origin [78]. These clouds will be either ultra-thin 
or sub-visual type cirrus with very low values of optical depth (<0.03). 

The latitude variation of the annual pattern of τP in the LS1 and LS2 regions are presented in 
Figure 18b and Figure 18c respectively. In general, the mean τP in the LS1 (18-21 km) region 
is in the range of 0.0008-0.003, which is one order in magnitude less than that in UT. In this 
altitude region, τP clearly shows relatively high values in the off-equatorial (north of 15°) 
regions and low values in the equatorial regions. Studies [82] on stratospheric aerosol 
optical depth during the decay phase of the volcanic aerosol at mid-latitudes using SAGE-II 
data have shown the presence of sinusoidal variation in the aerosol optical depth 
superimposed on an exponential decay with maximum and minimum occurring during the 
local winter and summer respectively. Over tropics the amplitude of these oscillations are 
significantly small and hence gets submerged in the disturbances caused by subsequent 
minor volcanic eruptions. As the period selected for the present analysis is volcanically 
quiescent, these oscillations are well discernable over the tropics. In the region 10-15°N, the 
annual variation of τP shows a relatively high value during winter and low value during 
summer. Note that, this variation is very similar to the annual variation of particulate 
backscatter observed in the lidar data from Gadanki [7]. Above 15°N, high values of τP are 
observed in the LS1 region during the May-August period centered around 20-25°N. The 
particulate extinction just above the tropopause also shows a significant enhancement in the 
latitude region between 20-25°N (Figure 18b). This could be due to the penetration of the top 
of the high altitude semitransparent cirrus clouds above the cold point (tropopause). The 
two peaks observed in CAPE (and TSD) near equator (Figure 17) during April and October 
becomes more prominent and gets closer with increase in latitude (towards north) and 
merges to become a strong broad peak centered around July. This shows that the convective 
activity in the 20-30°N is very strong and the outflow occurs very close to the tropopause. 
The frequency of occurrence of cloud top altitude (observation from CALIPSO) shows a 
maximum value of 17±0.5 km in this latitude region during the June to September period 
which is at least 1 km larger than the maximum value observed at other latitudes (between 
30°S to 30°N) at any period [81]. Thus convection over the Indian land mass during the 
summer monsoon period in the 20-30°N latitude band is the strongest one in the entire 
latitude region 30°S to 30°N at any time during the year. This is a characteristic feature for 
the Indian longitude region. Strong convection plays a major role in transporting 
particulates from the upper tropospheric cirrus cluster to lower stratosphere causing a 
pronounced increase in τP in the LS1 region. Note that, such a feature in convection and 
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12. Influence of dynamics in the latitude variation of particulates in the 
UTLS region 

To delineate the latitude variation of αp in the UTLS region over the Indian longitude sector 
(70-90°E), the annual variation of monthly mean τP for a latitude band of 5°width in the 
latitude region 30°S to 30°N, for the three altitude regions 12-16 km (UT), 18-21 km (LS1) and 
21-30 km (LS2) are examined separately. Figure 18 shows the contour plots of the mean τP in 
the UT, LS1 and LS2 regions with month along x-axis and latitude along y-axis. In the UT 
region, τP shows a general decrease with increase in latitude from equator, with its gradient 
showing a pronounced variation from month-to-month. The summer-winter contrast (with 
relatively low values during winter and high values during summer) is well discernable in 
the UT region (Figure 18a). Relatively high values of τP observed in the UT region between 
15°S-15°N during May to February period are mostly due to presence of dense STCs 
resulting from the outflow of convective anvils. These are the periods when convective 
activity in the troposphere is very strong (associated with the southwest and northeast 
monsoons) in this region. Above 15°N, relatively high values of τP are more-or-less confined 
to the June-August period when the monsoon trough usually reaches its extreme north over 
the continent. However, beyond 15°S, the values of τP decreases significantly with increase 
in latitude, compared to that observed in the northern hemisphere. 

 
Figure 18. Contour plots showing the latitudinal dependence of the annual variation of τp obtained 
from SAGE-II data in the altitude regions 12–16 km (UT), 18–21 km (LS1) and 21–30 km (LS2) for the 
period 1998-2005. 

The latitudinal variation of the annual pattern of τP in the UT region shows fairly good 
correspondence with CAPE and mean thunderstorm activity (Figure 17) over the northern 
hemisphere. The annual variation of TSD in the latitude region 8-15°N shows two peaks; 
one during the April-May period and then another during October. Further north, these two 
peaks get closer and merge to form a single peak in the latitude belt 20-30°N during the 
June-September period. This corresponds well with the latitudinal variation of the annual 
pattern of τP in the UT region (Figure 18a). Increase in convective activity (as well as 
convective outflow) over the Indian region associated with the northward migration of 
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ITCZ along with the development of deep convection over the Bay of Bengal (particularly 
over its northern parts) during this period aid the formation of abundant dense STCs in the 
UT region. The annual variation of high altitude cloud amount over the Indian region also 
shows the presence of large deep convective cloud systems reaching very high altitudes and 
even penetrating the tropopause has been reported [81]. As the strength of the tropospheric 
convection decreases significantly during winter and the ITCZ shifts to the southern 
hemisphere sector, the probability of occurrence of dense STC over the southern hemisphere 
increases significantly. The deep convective clouds over this region get confined to a small 
geographical region between equator and 10°. Most of the STCs occurring over the Indian 
region during this period will be of in situ origin [78]. These clouds will be either ultra-thin 
or sub-visual type cirrus with very low values of optical depth (<0.03). 

The latitude variation of the annual pattern of τP in the LS1 and LS2 regions are presented in 
Figure 18b and Figure 18c respectively. In general, the mean τP in the LS1 (18-21 km) region 
is in the range of 0.0008-0.003, which is one order in magnitude less than that in UT. In this 
altitude region, τP clearly shows relatively high values in the off-equatorial (north of 15°) 
regions and low values in the equatorial regions. Studies [82] on stratospheric aerosol 
optical depth during the decay phase of the volcanic aerosol at mid-latitudes using SAGE-II 
data have shown the presence of sinusoidal variation in the aerosol optical depth 
superimposed on an exponential decay with maximum and minimum occurring during the 
local winter and summer respectively. Over tropics the amplitude of these oscillations are 
significantly small and hence gets submerged in the disturbances caused by subsequent 
minor volcanic eruptions. As the period selected for the present analysis is volcanically 
quiescent, these oscillations are well discernable over the tropics. In the region 10-15°N, the 
annual variation of τP shows a relatively high value during winter and low value during 
summer. Note that, this variation is very similar to the annual variation of particulate 
backscatter observed in the lidar data from Gadanki [7]. Above 15°N, high values of τP are 
observed in the LS1 region during the May-August period centered around 20-25°N. The 
particulate extinction just above the tropopause also shows a significant enhancement in the 
latitude region between 20-25°N (Figure 18b). This could be due to the penetration of the top 
of the high altitude semitransparent cirrus clouds above the cold point (tropopause). The 
two peaks observed in CAPE (and TSD) near equator (Figure 17) during April and October 
becomes more prominent and gets closer with increase in latitude (towards north) and 
merges to become a strong broad peak centered around July. This shows that the convective 
activity in the 20-30°N is very strong and the outflow occurs very close to the tropopause. 
The frequency of occurrence of cloud top altitude (observation from CALIPSO) shows a 
maximum value of 17±0.5 km in this latitude region during the June to September period 
which is at least 1 km larger than the maximum value observed at other latitudes (between 
30°S to 30°N) at any period [81]. Thus convection over the Indian land mass during the 
summer monsoon period in the 20-30°N latitude band is the strongest one in the entire 
latitude region 30°S to 30°N at any time during the year. This is a characteristic feature for 
the Indian longitude region. Strong convection plays a major role in transporting 
particulates from the upper tropospheric cirrus cluster to lower stratosphere causing a 
pronounced increase in τP in the LS1 region. Note that, such a feature in convection and 
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hence in τP (in the LS1 region) is not observed in the southern hemisphere. In LS2, τP shows a 
distinct latitude variation with relatively high values near the equator up to 15° in both the 
hemispheres and low values over the off-equatorial regions (>15°). Relatively high values of 
τP are observed in the LS2 region during the January-June period in the latitude region 15°S-
10°N and low values during the rest of the period. This pattern slowly reverses with 
increase in latitude. Beyond 10°N, τP shows a pronounced winter peak with low values 
during the March-May period. The annual variation of τP in the LS2 region over the southern 
hemisphere is quite similar to that in the northern hemisphere. High values of τP observed 
between 15°S and 15°N in the LS2 region confirms the presence of a Tropical Stratospheric 
aerosol Reservoir (TSR) during the study period. Earlier studies carried out by several 
investigators [29,83] revealed the presence of this band structure (with high aerosol loading) 
in the 21- 30 km altitude region over the equatorial region during volcanically perturbed 
period. Examining the aerosol climatology in the LS region using the SAGE-II data both 
during the volcanically perturbed period as well as during the near background conditions, 
Bauman et al. [84] reported maximum aerosol optical depth near the tropics and minimum 
between 15-45°�latitudes. Trepte and Hitchman [28] were the first to propose the existence of 
a low-latitude maximum in lower stratospheric aerosol optical depth which they referred to 
as the ‘tropical aerosol reservoir’. They also examined the post-volcanic aerosol distribution 
in tropics and observed that the 18-21 km (LS1) region experiences a rapid pole ward 
transport, while in the upper regime (LS2) aerosol lofting and subsequent accumulation 
occurs within 20°S-20°N. This can fairly well explain the observed low values of τp in the 
lower regime (LS1 region) and high values in the upper regime (LS2 region) in the equatorial 
region between 15°S to 15°N in the present study. The variation of τP in the UT region in 
both these hemisphere are more-or-less complementary to each other indicating similar 
seasonal dependence in both the hemispheres, except for the fact that decrease in τP with 
increase in latitude (from equator) towards south is much faster than that in northern 
hemisphere. This is quite expected because the southern hemispheric sector is mostly 
occupied by ocean. The seasonal influence is rather insignificant in the LS1 and LS2 regions. 

13. Influence of moderate volcanic eruptions on αp in the LS region 

The background stratospheric aerosol layer usually referred to as the Junge layer [85] 
consists of liquid droplets composed of a mixture of sulfuric acid and water. This layer will 
be quite prominent subsequent to major volcanic eruptions, such as El Chichón (Mexico, 
1982) and Mount Pinatubo (Philippines, 1991), which are powerful enough to inject large 
amount of SO2 into the stratosphere [86]. After oxidation, sulfate aerosols are formed at 
these altitudes. These particles are subsequently distributed globally depending on the 
latitude of the eruption. Removal of these aerosols is rather difficult. It takes several months 
to years (depending on size) to scavenge these volcanic aerosols. The last major eruption 
(Mount Pinatubo) took place in 1991 and the stratospheric aerosol layer returned to its 
“background” level around 1997. There is no major increase in stratospheric aerosol loading 
after 1997 [13,25]. However, increase in the anthropogenic SO2 emission has been proposed 
as a plausible mechanism responsible for the observed small increasing trend in 
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stratospheric background level in the recent past [26]. An overview of the current 
understanding on stratospheric aerosol science can be found in Thomason and Peter [24]. 

Though, in general, most of the particles generated through the gas-to-particle conversion 
process in the stratosphere will be small and nearly spherical in nature, there could be a few 
larger size particles in the lower stratosphere associated with moderate and intense volcanic 
eruptions, leading to a pronounced enhancement in δ and αp in this region. These volcanic 
perturbations are clearly distinguishable from STCs in the UT region based on the amount 
of enhancement, its temporal structure as well as the duration of enhancements. Moreover, 
while δ (and αp) of STCs vary significantly at shorter time scales [57,87], the stratospheric 
cloud formed through volcanic emissions will be stable for a longer period. In addition, the 
values of δ associated with STC will be significantly larger (as they are mostly composed of 
non-spherical ice crystals) than those of volcanic clouds. The vertical structure of δ for the 
volcanic cloud will remain fairly stable at short time scales typically over a night. Thus a 
long lasting enhancement of δ in the LS region observed by the lidar is an indicator for 
assessing the volcanic impact on stratospheric aerosols. In order to illustrate this in detail 
and depict the difference in the nature of perturbations due to STC and volcanic cloud, a 
contour map of δ for a typical night (25 November 2002) during the eruption period of 
Reventador (started in November 2002 and lasted up to January 2003) is presented in Figure 
19a. In order to accommodate the large variations, the contouring of δ in this figure is 
performed in two bands; one from 0.04 to 0.2 in steps of 0.02 and the other above 0.2 at 0.2 
interval. Two enhanced layers (of δ) one between 15 and 16 km and the other around 19km, 
are distinctly seen in this figure. The value of δ and its temporal variations are very large for 
the lower layer while these are very small for the upper layer. The lower layer disappears 
after mid-night while the upper layer continues to persist up to the end of lidar 
observations. This shows that the lower layer is an STC while the upper one is the volcanic 
cloud. This volcanic cloud will persist on subsequent night also while STC may or may not  

 
Figure 19. Altitude- cross-section of volume depolarization ratio (δ) during the night of 25 November 
2002 (a). Altitude profiles of δ on different nights (averaged for one hour around 22:00 IST) for the 
period November 2002 to March 2003, during the active and post -active phases of Mt. Reventador (b). 
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hence in τP (in the LS1 region) is not observed in the southern hemisphere. In LS2, τP shows a 
distinct latitude variation with relatively high values near the equator up to 15° in both the 
hemispheres and low values over the off-equatorial regions (>15°). Relatively high values of 
τP are observed in the LS2 region during the January-June period in the latitude region 15°S-
10°N and low values during the rest of the period. This pattern slowly reverses with 
increase in latitude. Beyond 10°N, τP shows a pronounced winter peak with low values 
during the March-May period. The annual variation of τP in the LS2 region over the southern 
hemisphere is quite similar to that in the northern hemisphere. High values of τP observed 
between 15°S and 15°N in the LS2 region confirms the presence of a Tropical Stratospheric 
aerosol Reservoir (TSR) during the study period. Earlier studies carried out by several 
investigators [29,83] revealed the presence of this band structure (with high aerosol loading) 
in the 21- 30 km altitude region over the equatorial region during volcanically perturbed 
period. Examining the aerosol climatology in the LS region using the SAGE-II data both 
during the volcanically perturbed period as well as during the near background conditions, 
Bauman et al. [84] reported maximum aerosol optical depth near the tropics and minimum 
between 15-45°�latitudes. Trepte and Hitchman [28] were the first to propose the existence of 
a low-latitude maximum in lower stratospheric aerosol optical depth which they referred to 
as the ‘tropical aerosol reservoir’. They also examined the post-volcanic aerosol distribution 
in tropics and observed that the 18-21 km (LS1) region experiences a rapid pole ward 
transport, while in the upper regime (LS2) aerosol lofting and subsequent accumulation 
occurs within 20°S-20°N. This can fairly well explain the observed low values of τp in the 
lower regime (LS1 region) and high values in the upper regime (LS2 region) in the equatorial 
region between 15°S to 15°N in the present study. The variation of τP in the UT region in 
both these hemisphere are more-or-less complementary to each other indicating similar 
seasonal dependence in both the hemispheres, except for the fact that decrease in τP with 
increase in latitude (from equator) towards south is much faster than that in northern 
hemisphere. This is quite expected because the southern hemispheric sector is mostly 
occupied by ocean. The seasonal influence is rather insignificant in the LS1 and LS2 regions. 

13. Influence of moderate volcanic eruptions on αp in the LS region 

The background stratospheric aerosol layer usually referred to as the Junge layer [85] 
consists of liquid droplets composed of a mixture of sulfuric acid and water. This layer will 
be quite prominent subsequent to major volcanic eruptions, such as El Chichón (Mexico, 
1982) and Mount Pinatubo (Philippines, 1991), which are powerful enough to inject large 
amount of SO2 into the stratosphere [86]. After oxidation, sulfate aerosols are formed at 
these altitudes. These particles are subsequently distributed globally depending on the 
latitude of the eruption. Removal of these aerosols is rather difficult. It takes several months 
to years (depending on size) to scavenge these volcanic aerosols. The last major eruption 
(Mount Pinatubo) took place in 1991 and the stratospheric aerosol layer returned to its 
“background” level around 1997. There is no major increase in stratospheric aerosol loading 
after 1997 [13,25]. However, increase in the anthropogenic SO2 emission has been proposed 
as a plausible mechanism responsible for the observed small increasing trend in 
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stratospheric background level in the recent past [26]. An overview of the current 
understanding on stratospheric aerosol science can be found in Thomason and Peter [24]. 

Though, in general, most of the particles generated through the gas-to-particle conversion 
process in the stratosphere will be small and nearly spherical in nature, there could be a few 
larger size particles in the lower stratosphere associated with moderate and intense volcanic 
eruptions, leading to a pronounced enhancement in δ and αp in this region. These volcanic 
perturbations are clearly distinguishable from STCs in the UT region based on the amount 
of enhancement, its temporal structure as well as the duration of enhancements. Moreover, 
while δ (and αp) of STCs vary significantly at shorter time scales [57,87], the stratospheric 
cloud formed through volcanic emissions will be stable for a longer period. In addition, the 
values of δ associated with STC will be significantly larger (as they are mostly composed of 
non-spherical ice crystals) than those of volcanic clouds. The vertical structure of δ for the 
volcanic cloud will remain fairly stable at short time scales typically over a night. Thus a 
long lasting enhancement of δ in the LS region observed by the lidar is an indicator for 
assessing the volcanic impact on stratospheric aerosols. In order to illustrate this in detail 
and depict the difference in the nature of perturbations due to STC and volcanic cloud, a 
contour map of δ for a typical night (25 November 2002) during the eruption period of 
Reventador (started in November 2002 and lasted up to January 2003) is presented in Figure 
19a. In order to accommodate the large variations, the contouring of δ in this figure is 
performed in two bands; one from 0.04 to 0.2 in steps of 0.02 and the other above 0.2 at 0.2 
interval. Two enhanced layers (of δ) one between 15 and 16 km and the other around 19km, 
are distinctly seen in this figure. The value of δ and its temporal variations are very large for 
the lower layer while these are very small for the upper layer. The lower layer disappears 
after mid-night while the upper layer continues to persist up to the end of lidar 
observations. This shows that the lower layer is an STC while the upper one is the volcanic 
cloud. This volcanic cloud will persist on subsequent night also while STC may or may not  

 
Figure 19. Altitude- cross-section of volume depolarization ratio (δ) during the night of 25 November 
2002 (a). Altitude profiles of δ on different nights (averaged for one hour around 22:00 IST) for the 
period November 2002 to March 2003, during the active and post -active phases of Mt. Reventador (b). 
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be present. To illustrate this the sequences of lidar profiles observed on a few nights during 
the eruption period of Reventador are presented in Figure 19b.The features of the layer 
located around 19 km (in the LS region) is rather steady in all these profiles while those of 
the layer below ~17 km (due to STC), is highly variable. The stratospheric layer is strongest 
in December and started decaying in January 2003 and became almost insignificant by 
March 2003, while the STC layers appear at random. 

The perturbation in the lower stratosphere over the equatorial and off-equatorial regions 
during the period 1998-2005, when the volcanic activity was relatively small, are examined 
in detail [88] using the altitude profiles of αp over the tropics from SAGE-II data archive 
(Figure 20a) and the altitude profiles of αp and δ obtained from lidar data (Figure 20b and 
20c) at Gadanki. Zonal-averaged monthly mean αp at different altitudes in the lower  

 
Figure 20. (a) Zonally averaged monthly mean extinction coefficient (αP) for the equatorial (0°S–15°S 
and 0°N–15°N) and off-equatorial (15°N–30°N and 15°S–30°S) regions estimated from SAGE-II data, (b) 
altitude-time cross section of aerosol extinction coefficient (αP) from lidar and (c) altitude-time cross 
section of the Volume Depolarization Ratio from lidar ( at Gadanki) during the period 1998–2005. The 
letters along the abscissa represent the eruption of each volcano, the name and other details of which 
are listed in Table 1. The major ticks correspond to December of each year. 
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stratosphere for four different latitude belts (over tropics) are used mainly to have sufficient 
number of profiles in each belt as well as owing to the fact that in the lower stratosphere the 
spatial variability along longitude could be minimal (because of efficient mixing in the zonal 
direction and strong horizontal transport prevailing in the region). As expected the aerosol 
extinction decreases with increase in altitude with significant loading confined to the 
altitude region 18–27 km. Short-lived enhancement in αp are distinctly seen in the lower 
stratosphere (Figure 20a) in different years. These signatures could be attributed to the 
influence of various minor volcanic eruptions during the study period. Those eruptions 
which could make discernable impact in the stratosphere are marked at the start of the 
respective eruption along the X-axis of each panel and further details of these eruptions are 
summarized in Table 1. Only those eruptions which occurred between 30°S and 30°N are 
included in Table 1. The Volcanic Explosivity Index (VEI) for different eruptions [89] is 
obtained from the Web site of Smithsonian Institution–Global Volcanism Program (GVP). 
The eruptions of Ulawun (eruption d), Ruang (eruption e), Reventador (eruption f), and 
Manam (eruption j) are relatively strong with VEI ~4 (Table 1), and the signature of these 
eruptions are well discernable in the lower stratospheric (18–20 km) aerosol extinction 
(Figure 20a). These perturbations can be distinctly seen both over the equatorial as well as 
off-equatorial regions. 

 
Table 1. Details of volcanic eruptions in the tropics during 1998–2005 having significant stratospheric 
impact 

Figure 20b shows the temporal variation of the altitude structure of αp obtained from lidar 
during the period 1998– 2005 in the form of a contour plot. This figure also depicts the 
signatures of various minor volcanic eruptions similar to that depicted in the zonal mean 
values obtained from SAGE-II data, in the latitude sector 0–15°N (Figure 20a). Small-scale 
features are more pronounced in lidar data (Figure 20b) mainly because of the fact that it 
corresponds to a point observation while that in Figure20a is the zonal average. In 
volcanically quiescent periods the sulfur bearing gases, SO2 and OCS emitted from the 
earth’s surface are transported across the tropopause [90], photolyzed, and oxidized to 
sulfuric acid before condensation to form sulfuric acid and water droplets in the 
stratosphere [24,91], which are, by their liquid nature, spherical. The depolarization caused 
by these particles will be very small and hence the resultant δ in the stratosphere will be 
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be present. To illustrate this the sequences of lidar profiles observed on a few nights during 
the eruption period of Reventador are presented in Figure 19b.The features of the layer 
located around 19 km (in the LS region) is rather steady in all these profiles while those of 
the layer below ~17 km (due to STC), is highly variable. The stratospheric layer is strongest 
in December and started decaying in January 2003 and became almost insignificant by 
March 2003, while the STC layers appear at random. 

The perturbation in the lower stratosphere over the equatorial and off-equatorial regions 
during the period 1998-2005, when the volcanic activity was relatively small, are examined 
in detail [88] using the altitude profiles of αp over the tropics from SAGE-II data archive 
(Figure 20a) and the altitude profiles of αp and δ obtained from lidar data (Figure 20b and 
20c) at Gadanki. Zonal-averaged monthly mean αp at different altitudes in the lower  
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and 0°N–15°N) and off-equatorial (15°N–30°N and 15°S–30°S) regions estimated from SAGE-II data, (b) 
altitude-time cross section of aerosol extinction coefficient (αP) from lidar and (c) altitude-time cross 
section of the Volume Depolarization Ratio from lidar ( at Gadanki) during the period 1998–2005. The 
letters along the abscissa represent the eruption of each volcano, the name and other details of which 
are listed in Table 1. The major ticks correspond to December of each year. 
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stratosphere for four different latitude belts (over tropics) are used mainly to have sufficient 
number of profiles in each belt as well as owing to the fact that in the lower stratosphere the 
spatial variability along longitude could be minimal (because of efficient mixing in the zonal 
direction and strong horizontal transport prevailing in the region). As expected the aerosol 
extinction decreases with increase in altitude with significant loading confined to the 
altitude region 18–27 km. Short-lived enhancement in αp are distinctly seen in the lower 
stratosphere (Figure 20a) in different years. These signatures could be attributed to the 
influence of various minor volcanic eruptions during the study period. Those eruptions 
which could make discernable impact in the stratosphere are marked at the start of the 
respective eruption along the X-axis of each panel and further details of these eruptions are 
summarized in Table 1. Only those eruptions which occurred between 30°S and 30°N are 
included in Table 1. The Volcanic Explosivity Index (VEI) for different eruptions [89] is 
obtained from the Web site of Smithsonian Institution–Global Volcanism Program (GVP). 
The eruptions of Ulawun (eruption d), Ruang (eruption e), Reventador (eruption f), and 
Manam (eruption j) are relatively strong with VEI ~4 (Table 1), and the signature of these 
eruptions are well discernable in the lower stratospheric (18–20 km) aerosol extinction 
(Figure 20a). These perturbations can be distinctly seen both over the equatorial as well as 
off-equatorial regions. 

 
Table 1. Details of volcanic eruptions in the tropics during 1998–2005 having significant stratospheric 
impact 

Figure 20b shows the temporal variation of the altitude structure of αp obtained from lidar 
during the period 1998– 2005 in the form of a contour plot. This figure also depicts the 
signatures of various minor volcanic eruptions similar to that depicted in the zonal mean 
values obtained from SAGE-II data, in the latitude sector 0–15°N (Figure 20a). Small-scale 
features are more pronounced in lidar data (Figure 20b) mainly because of the fact that it 
corresponds to a point observation while that in Figure20a is the zonal average. In 
volcanically quiescent periods the sulfur bearing gases, SO2 and OCS emitted from the 
earth’s surface are transported across the tropopause [90], photolyzed, and oxidized to 
sulfuric acid before condensation to form sulfuric acid and water droplets in the 
stratosphere [24,91], which are, by their liquid nature, spherical. The depolarization caused 
by these particles will be very small and hence the resultant δ in the stratosphere will be 
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very close to that of the molecules. In general, it is in the range 0.03 to 0.04. But, during 
major volcanic eruption abundant amount of precursor gases will be injected into the lower 
stratosphere along with a few fine particulates. Because of this influx of particles and gases 
there will be an increase in the number density of particles as well as an increase in the size 
of these particles. The size spectrum of the stratospheric particles also shifts toward the 
larger size regime following the volcanic eruption [92]. As some of those particles that are 
directly injected into the lower stratosphere during volcanic eruption could be non-spherical 
in nature, an increase in δ in the stratospheric aerosol would be expected.  

Figure 20c shows a contour plot of δ at different altitude in the lower stratosphere over 
Gadanki during the period 1998–2005. This plot generated adopting the same procedure as 
that used for generating Figure 20b from αp profiles, clearly shows a few short-lived δ 
enhancements in the lower stratosphere. The sporadic increase in δ is associated with the 
eruption of a few moderately intense volcanic eruptions. The duration of the increase in αp 
also matches well that of δ. The disturbances caused by eruption of volcanoes Ruang 
(eruption e) and Reventador (eruption f) are relatively stronger (δ ranging from 0.05 to 0.2 in 
the altitude region 18–21 km during November 2002 to February 2003). In a few cases the 
enhancements in αp and δ does not match exactly. This could be due to the fact that the 
volcanic locations are at different distance from Gadanki as well as the prevailing transport 
process could be different at various occasions. 

14. Long term variations of τp in the LS region 

Zonal mean values of τp in the altitude region 18–28 km averaged for the four latitude belts, 
each of width 15°, in each month are used to examine the temporal variations in both the 
hemispheres. Time series plots of these for the equatorial (0–15°S and 0–15°N) and off-
equatorial regions (15–30°N and 15–30°S) are shown in Figures 21a and 21b, respectively, 
along with a similar plot of τp obtained from lidar at Gadanki in Figure 21c. In the equatorial 
region the temporal variations in τp are very similar in both the hemispheres. The mean level 
of τp shows an abrupt increase after 2002 [88] though the oscillations around this mean level 
is fairly similar to those before 2002. Over the off-equatorial regions the mean level of τp 
shows a rather steady (gradual) increase from 1998 to 2005. A sharp increase in τp is 
observed towards the trailing edge of the data in the year 2005. During the period 1998–
2002, the value of τp in the equatorial region is a minimum and is close to ~0.0025. The mean 
τp in the altitude region 18–28 km obtained from lidar at Gadanki also shows similar feature 
as that observed from SAGE-II over the equatorial region. In general the value of τp in the LS 
region obtained from lidar data is larger than that obtained from SAGE-II. This could be due 
to the fact that the lidar observation is a single point measurement while the SAGE-II data 
used in this analysis is zonally and meridionally averaged for the equatorial and off-
equatorial regions. 

All the plots in Figure 21 show a general increasing trend in stratospheric particulate 
(aerosol) optical depth during the period 1998–2005 in addition to the periodic variations. 
On the basis of lidar observations during the period 2000–2009, a similar increase in the 
integrated stratospheric backscatter coefficient (in the altitude region 20–25 km) at the rate 
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Figure 21. Time series of zonal mean monthly average τP in the altitude region 18–28 km obtained from 
SAGE-II for (a) the equatorial region (0°–15°N, 0°–15°S) and (b) the off-equatorial region (15°–30°N and 
15°–30°S), along with (c) the mean τP obtained from lidar at Gadanki. 

of 4.8% and 6.3% per year (with respect to its value in 2002) was reported [26] at Hawaii 
(19.5°N, 155.6°W) (Mauna Loa Laboratory) as well as at Boulder (40°N) (Colorado). The 
increase in τp at Hawaii and Boulder was attributed to the increase in global coal 
consumption since 2002, mainly from China, and subsequent increase in emission of SO2. 
Anthropogenic aerosols produced through gas-to-particle conversion of precursor gases like 
sulfates and ammonia transported to the upper troposphere [5] through intense convection 
[93] in the tropics and subsequently across the tropopause also could possibly be a 
contributing factor for this increase. An increase in tropical upwelling (Brewer- Dobson 
circulation) because of global warming also was suggested to be a plausible mechanism for 
the observed increasing trend [93,94] in stratospheric βp after 2002. 

Even though on an average the stratospheric particulate loading is in its background level 
during the period 1998–2005, it was influenced particularly by a few moderate volcanic 
eruptions mainly after September 2002. While the period before September 2002 was 
absolutely quiet (with low particulate loading), the later period was mildly disturbed. The 
variation in stratospheric particulate loading need not solely be represented by a 
corresponding variation in tephra emissions Their could be some other causative 
mechanisms, such as increase in anthropogenic emissions as well as the increase in tropical 
upwelling, which could influence the stratospheric particulate loading.  
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very close to that of the molecules. In general, it is in the range 0.03 to 0.04. But, during 
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in nature, an increase in δ in the stratospheric aerosol would be expected.  

Figure 20c shows a contour plot of δ at different altitude in the lower stratosphere over 
Gadanki during the period 1998–2005. This plot generated adopting the same procedure as 
that used for generating Figure 20b from αp profiles, clearly shows a few short-lived δ 
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Figure 21. Time series of zonal mean monthly average τP in the altitude region 18–28 km obtained from 
SAGE-II for (a) the equatorial region (0°–15°N, 0°–15°S) and (b) the off-equatorial region (15°–30°N and 
15°–30°S), along with (c) the mean τP obtained from lidar at Gadanki. 
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increase in τp at Hawaii and Boulder was attributed to the increase in global coal 
consumption since 2002, mainly from China, and subsequent increase in emission of SO2. 
Anthropogenic aerosols produced through gas-to-particle conversion of precursor gases like 
sulfates and ammonia transported to the upper troposphere [5] through intense convection 
[93] in the tropics and subsequently across the tropopause also could possibly be a 
contributing factor for this increase. An increase in tropical upwelling (Brewer- Dobson 
circulation) because of global warming also was suggested to be a plausible mechanism for 
the observed increasing trend [93,94] in stratospheric βp after 2002. 

Even though on an average the stratospheric particulate loading is in its background level 
during the period 1998–2005, it was influenced particularly by a few moderate volcanic 
eruptions mainly after September 2002. While the period before September 2002 was 
absolutely quiet (with low particulate loading), the later period was mildly disturbed. The 
variation in stratospheric particulate loading need not solely be represented by a 
corresponding variation in tephra emissions Their could be some other causative 
mechanisms, such as increase in anthropogenic emissions as well as the increase in tropical 
upwelling, which could influence the stratospheric particulate loading.  
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15. Periodic variation of τp in the LS region 

In addition to the general increasing trend, the values of τp in Figure 21 shows a seasonal 
cycle with winter maximum and summer minimum modulated by a long-period oscillation. 
These oscillations could primarily be due to the influence of large-scale atmospheric waves. 
The time series data of τp is spectrum analyzed to bring out the characteristics of the 
prevailing periodic variations. Before subjecting the data to spectral analysis, the linear 
trend is removed from the original data. The residual part is Fourier analyzed and the 
resulting amplitude spectra for different latitude bands (0–15°N, 0–15°S, 15–30°N and 15–
30°S) are presented in Figures 22a and 22b. These amplitude spectra reveal the presence of a 
strong annual component (~12 months) along with a quasi-biennial component (~30 month) 
both in the equatorial and off-equatorial regions [88]. The spectral amplitude of QBO is as 
strong (significant) as that of annual oscillation (AO). Figure 22c shows the amplitude 
spectrum obtained from the lidar derived values of τp (at Gadanki). Even though Figure 22c 
shows more significant peaks in the short-period regime, the spectral amplitude is more 
pronounced for semi-annual (SAO) and annual (AO) components. This spectrum also shows 
a secondary peak around 46 months followed by troughs at 23 and 92 months. The spectral 
amplitude for 30 month periodicity is larger than those at the troughs on either side of this 
secondary peak. Though the period for the peak amplitude (46 months) is much larger than 
that expected for the stratospheric QBO, on the basis of the inference derived from Figures 
22a and 22b, as well as owing to the fact that the spectral amplitude at 30 months is not a 
minimum, the characteristics of the 30 month periodicity is examined in the later part to 

 
Figure 22. Amplitude spectra of τP in the altitude region18–28 km during the period 1998–2005 derived 
from the time series of zonal mean monthly average τP in this altitude region obtained from SAGE‐II 
data for (a) the equatorial region and (b) the off-equatorial-region, along with (c) that obtained from 
lidar data at Gadanki 
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delineate its altitude structure in the lidar data. The SAGE-II data did not show the 
signature of SAO, which could be due to the inherent smoothing out of this component 
while taking the zonal mean. The higher spectral amplitude of AO compared to that of QBO 
is quite expected (as it is true for the wind field also).  

16. Quasi-biennial oscillations in τp and zonal wind in the LS region 

For this study the high resolution Radiosonde data of zonal wind in the lower stratosphere 
from an equatorial station (where the quasi-biennial oscillation, QBO, signature is expected 
to be maximum), Singapore (1°22″N, 103°55″E), obtained from Web site http://www.geo.fu-
berlin.de/en/met/ag/strat/produkte/qbo/ are used. The time series data of monthly mean 
zonal wind at Singapore at 20 hPa and 30 hPa levels during the study period are presented 
in Figure 23. This figure shows that the quasi-biennial oscillation in zonal wind (QBOU) is in 
the easterly phase during the 1998, 2000–2001, 2003 and 2005. The westerly phase during 
1999 and the easterly phase during 2000–2001 are relatively broad. Different phases of QBOU 
are indentified from this time series to study the influence of QBOU in lower stratospheric 
aerosols. 

 
Figure 23. Time series of monthly mean zonal wind at Singapore at 20 and 30 hPa levels during the 
period 1998-2005. E1, E2, E3, and E4 are the periods in which QBOU was in its easterly phase, and W1, W2, 
and W3 are those in which QBOU was in its westerly phase. 

16.1. Latitude variation of τp in LS region over the Indian longitude sector in two 
different phases of QBOU 

The latitude variation of τp in the altitude range 21–28 km in the band 0–30°N (averaged for 
every 5°) over the Indian longitude sector (70–90°E) is examined during the consecutive 
easterly and westerly phases of QBOU in 1998 and 1999 separately. Figure 24 shows the 
latitudinal variation of τp during these two phases of QBOU. This mean τp is obtained by 
averaging the particulate optical depth in individual months when the QBOU phase has 
reversed completely (the wind speed has reached its highest value). While the value of τp is 
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delineate its altitude structure in the lidar data. The SAGE-II data did not show the 
signature of SAO, which could be due to the inherent smoothing out of this component 
while taking the zonal mean. The higher spectral amplitude of AO compared to that of QBO 
is quite expected (as it is true for the wind field also).  

16. Quasi-biennial oscillations in τp and zonal wind in the LS region 

For this study the high resolution Radiosonde data of zonal wind in the lower stratosphere 
from an equatorial station (where the quasi-biennial oscillation, QBO, signature is expected 
to be maximum), Singapore (1°22″N, 103°55″E), obtained from Web site http://www.geo.fu-
berlin.de/en/met/ag/strat/produkte/qbo/ are used. The time series data of monthly mean 
zonal wind at Singapore at 20 hPa and 30 hPa levels during the study period are presented 
in Figure 23. This figure shows that the quasi-biennial oscillation in zonal wind (QBOU) is in 
the easterly phase during the 1998, 2000–2001, 2003 and 2005. The westerly phase during 
1999 and the easterly phase during 2000–2001 are relatively broad. Different phases of QBOU 
are indentified from this time series to study the influence of QBOU in lower stratospheric 
aerosols. 

 
Figure 23. Time series of monthly mean zonal wind at Singapore at 20 and 30 hPa levels during the 
period 1998-2005. E1, E2, E3, and E4 are the periods in which QBOU was in its easterly phase, and W1, W2, 
and W3 are those in which QBOU was in its westerly phase. 

16.1. Latitude variation of τp in LS region over the Indian longitude sector in two 
different phases of QBOU 

The latitude variation of τp in the altitude range 21–28 km in the band 0–30°N (averaged for 
every 5°) over the Indian longitude sector (70–90°E) is examined during the consecutive 
easterly and westerly phases of QBOU in 1998 and 1999 separately. Figure 24 shows the 
latitudinal variation of τp during these two phases of QBOU. This mean τp is obtained by 
averaging the particulate optical depth in individual months when the QBOU phase has 
reversed completely (the wind speed has reached its highest value). While the value of τp is 
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relatively high during the westerly phase of QBOU in the equatorial region up to 15°N, 
relatively high values are observed during the easterly phase of QBOU in latitudes beyond 
15°N. The lidar derived τp is relatively low during the easterly phase of QBOU compared to 
that during its westerly phase. This is in good agreement with that from the latitude 
variation of τp for these 2 years derived from SAGE-II data. 

 
Figure 24. Latitude variation of mean τp in the altitude region 21–28 km obtained from SAGE-II averaged 
over the longitude sector 70°–90°E during the easterly phase (E1) and westerly phase (W1) of QBOU in 1998 
and 1999, respectively (vertical bars represent the standard error). The open star represents the value of τP 
during the easterly phase of QBOU (1998), and the red star represents that during the westerly phase (1999) 
for the altitude region 21–28 km obtained from lidar at Gadanki (marked on the X- axis by a vertical 
arrow), the scale of which is shown on the right-hand side of the plot. 

The value of τp shows a pronounced decrease with latitude during westerly phase of QBOU 

compared to that during its easterly phase. Interestingly, during the easterly phase of QBOU, 
while the latitude variation of τp is relatively small in the equatorial region (0– 15°N), 
beyond 20°N it decreases sharply with increase in latitude. By examining the altitude profile 
of backscatter ratio obtained from lidar data at Mauna Loa at Hawaii (19.5°N, 155.6°W), 
Barnes and Hofmann [11] reported an enhancement of backscatter ratio (enhanced aerosol 
loading) in the altitude region 21–30 km during the easterly phase of QBOU. This feature 
agrees well with the above observation derived from the latitude variation of τp at Hawaii. 

16.2. Latitude variation of zonal mean τp in the LS region over the tropics in 
different phases of QBOU 

On the basis of the measured particulate loading in the stratosphere, out of the 8 year period 
considered for the present analysis, the period 1998–2002 was absolutely quiescent while the 
period 2003–2005 was mildly disturbed. The variation of zonal mean τp in the latitude region 
30°S to 30°N (averaged for every 5°) in the alternative easterly and westerly phases of QBOU 
during the volcanically quiescent and mildly disturbed periods are presented in Figures 25a 
and 25b respectively. As seen from Figure 23 during the study period (8 years) the QBOU 
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completes approximately 3.5 cycles, with two easterly (E1 and E2) and two westerly (W1 and 
W2) phases during the period 1998–2002 and two easterly (E3 and E4) and one westerly (W3) 
phase during the mildly disturbed period of 2003–2005.  
 

 
Figure 25. Latitude variation of zonal mean τp in the altitude region 21–28 km from 30°S to 30°N 
obtained from SAGE-II during the alternate easterly and westerly phases of QBOU during the (a) 
absolute quiet period (1998–2002) and (b) mildly disturbed period (2003–2005). Vertical bars show the 
corresponding standard error 

During the former half (very quiet period), the mean τp in the equatorial region shows a 
general enhancement during westerly phase of QBOU (W1 and W2) while in the off-
equatorial region of northern hemisphere it shows an enhancement during the easterly 
phase of QBOU [88]. When the stratospheric QBOU was in its westerly phase the mean values 
of τp in both the hemispheres decreases steeply with increase in latitude on either side of 
equator. During the easterly phase of QBOU, though the value of τp decreases with increase 
in latitude beyond 15°N, it is fairly uniform in the equatorial region (15°S to 15°N) with a 
bite-out over the equator. During the latter half (mildly disturbed period), the mean τp 
decreases rapidly on either side of equator with increase in latitude in both the phases of 
QBOU. Figure 25b shows a general enhancement in τp during W3 period in the equatorial 
and off-equatorial regions of both the hemispheres compared to that during the E3 period. 
However, during E4, τp in general is relatively large in the equatorial and northern 
hemispheric off-equatorial region compared to that during E3 and W3. Note that, in the 
above analysis two consecutive easterly and westerly cycles of QBOU are considered and the 
inferences arrived based on the latitudinal structure of τp in these two phases. The inference 
may apparently be contradicting if one considers the other two pairs, westerly of the first 
pair and easterly of the next (eg W3 and E4), particularly during the mildly disturbed phase 
of 2003–2005 (Figure 25b). This is mainly due to the fact that the background τp has a strong 
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for the altitude region 21–28 km obtained from lidar at Gadanki (marked on the X- axis by a vertical 
arrow), the scale of which is shown on the right-hand side of the plot. 

The value of τp shows a pronounced decrease with latitude during westerly phase of QBOU 

compared to that during its easterly phase. Interestingly, during the easterly phase of QBOU, 
while the latitude variation of τp is relatively small in the equatorial region (0– 15°N), 
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completes approximately 3.5 cycles, with two easterly (E1 and E2) and two westerly (W1 and 
W2) phases during the period 1998–2002 and two easterly (E3 and E4) and one westerly (W3) 
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During the former half (very quiet period), the mean τp in the equatorial region shows a 
general enhancement during westerly phase of QBOU (W1 and W2) while in the off-
equatorial region of northern hemisphere it shows an enhancement during the easterly 
phase of QBOU [88]. When the stratospheric QBOU was in its westerly phase the mean values 
of τp in both the hemispheres decreases steeply with increase in latitude on either side of 
equator. During the easterly phase of QBOU, though the value of τp decreases with increase 
in latitude beyond 15°N, it is fairly uniform in the equatorial region (15°S to 15°N) with a 
bite-out over the equator. During the latter half (mildly disturbed period), the mean τp 
decreases rapidly on either side of equator with increase in latitude in both the phases of 
QBOU. Figure 25b shows a general enhancement in τp during W3 period in the equatorial 
and off-equatorial regions of both the hemispheres compared to that during the E3 period. 
However, during E4, τp in general is relatively large in the equatorial and northern 
hemispheric off-equatorial region compared to that during E3 and W3. Note that, in the 
above analysis two consecutive easterly and westerly cycles of QBOU are considered and the 
inferences arrived based on the latitudinal structure of τp in these two phases. The inference 
may apparently be contradicting if one considers the other two pairs, westerly of the first 
pair and easterly of the next (eg W3 and E4), particularly during the mildly disturbed phase 
of 2003–2005 (Figure 25b). This is mainly due to the fact that the background τp has a strong 
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increasing trend during this half in addition to the periodic variations. This can override the 
periodic variations associated with QBOU. However, this contradiction is totally absent in 
the former half (1998–2002) when the background τp was fairly steady. During this period τp 
in the equatorial region is high in both the westerly phases (W1 and W2) compared to that 
during the easterly phases E1 and E2, irrespective of sequence of pairs considered. This 
shows that the influence of QBOU in τp can be clearly delineated only during the very 
quiescent volcanic periods, when the background stratospheric aerosol loading remains in 
its steady background level. 

16.3. Altitude structure of αp in the lower stratosphere in different phases of 
QBOU 

Figure 26a shows the mean profile of αp in the altitude region 18–28 km obtained from lidar 
data at Gadanki for the two periods, January to September 1998 and November 1998 to 
September 1999, when the QBOU was in its easterly and westerly phases, respectively. 
Figure 26a clearly shows that the value of αp is consistently larger during the westerly phase 
of QBOU than the corresponding values during its easterly phase. This shift in the altitude 
profile toward a higher value side during the westerly phase is not due to the influence of 
any trend because the mean level of the stratospheric particulate optical depth in the 0°–
15°N region remains fairly the same during the period 1998–2002 and an increase in this 
level occurred only after 2002 (Figure 21). 

For a more detailed study on the effect of QBOU on stratospheric aerosols, the zonal mean 
altitude profile of αp in different phases of QBOU during the study period is examined for 

 
Figure 26. Altitude profiles of mean extinction from lidar at Gadanki for the E1 and W1 phases of QBOU 
for the period 1998-1999, along with the altitude profiles of zonal mean extinction from SAGE-II during 
the four alternate phases of QBOU from 1998-2005; averaged over the latitude regions (a) 0°N–10°N and 
(b) 20°N–30°N, representative of equatorial and off-equatorial region 
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the equatorial and off -equatorial regions separately. The mean profiles thus obtained for the 
latitude region 0–10°N and 20–30°N (averaged zonally, as well as along the respective 
latitude bands) are shown in Figures 26b and 26c, respectively. Over the equatorial regions 
the altitude profile of aerosol extinction coefficient in the altitude region 22–27 km during 
the easterly phase of QBOU are consistently lower than that during the subsequent westerly 
phase. In the off-equatorial region, the aerosol extinction coefficient in the altitude region 
25–32 km is found to be relatively low during the westerly phase. It may be noted that the 
earlier studies also have shown that aerosol extinction in the lower stratosphere can be 
influenced by the phase of the quasi biennial oscillation [11,28,29,95] in this region even 
though the difference in the nature of the latitudinal dependence over the equatorial and 
off-equatorial regions were not addressed in detail.  

Association between the altitude structure of QBO in particulate extinction (QBOa) and QBOU 
for the entire study period is examined by subjecting the time series of zonal mean monthly 
average αP (obtained from SAGE-II) and zonal mean zonal wind, U (obtained from NCEP 
reanalysis), at each altitude bin from 20 to 30 km to Fourier analysis after removing the linear 
trend. To illustrate the QBO features, the spectral components corresponding to the periods 
other than 22-45 month are removed from the respective trend removed time series data using 
the corresponding amplitudes and phases. The altitude structure of the residual amplitudes 
thus obtained for αp and U over the equatorial and off-equatorial regions are presented in 
Figure 27. The left side panels show the residual amplitude for αp and the right side panels the 
same for zonal wind. Both these panels show clearly the presence of a QBO. While the phase of 
the biennial oscillation in wind shows a clear downward propagation with time as expected, 
the phase of QBOa changes many times with increase in altitude. This change in the phase of 
QBOa with altitude is analogous to that reported for the stratospheric ozone [96] and was 
attributed to the secondary meridional circulation (SMC). 

 
Figure 27. Amplitude spectra of QBO in αp (from SAGE-II) and zonal wind (from NCEP) for the 
altitude region 20 to 30 km showing the time history of the biennial component for the period 1998 -
2005 for the equatorial and off-equatorial regions. 
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increasing trend during this half in addition to the periodic variations. This can override the 
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during the easterly phases E1 and E2, irrespective of sequence of pairs considered. This 
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quiescent volcanic periods, when the background stratospheric aerosol loading remains in 
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September 1999, when the QBOU was in its easterly and westerly phases, respectively. 
Figure 26a clearly shows that the value of αp is consistently larger during the westerly phase 
of QBOU than the corresponding values during its easterly phase. This shift in the altitude 
profile toward a higher value side during the westerly phase is not due to the influence of 
any trend because the mean level of the stratospheric particulate optical depth in the 0°–
15°N region remains fairly the same during the period 1998–2002 and an increase in this 
level occurred only after 2002 (Figure 21). 

For a more detailed study on the effect of QBOU on stratospheric aerosols, the zonal mean 
altitude profile of αp in different phases of QBOU during the study period is examined for 

 
Figure 26. Altitude profiles of mean extinction from lidar at Gadanki for the E1 and W1 phases of QBOU 
for the period 1998-1999, along with the altitude profiles of zonal mean extinction from SAGE-II during 
the four alternate phases of QBOU from 1998-2005; averaged over the latitude regions (a) 0°N–10°N and 
(b) 20°N–30°N, representative of equatorial and off-equatorial region 
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the equatorial and off -equatorial regions separately. The mean profiles thus obtained for the 
latitude region 0–10°N and 20–30°N (averaged zonally, as well as along the respective 
latitude bands) are shown in Figures 26b and 26c, respectively. Over the equatorial regions 
the altitude profile of aerosol extinction coefficient in the altitude region 22–27 km during 
the easterly phase of QBOU are consistently lower than that during the subsequent westerly 
phase. In the off-equatorial region, the aerosol extinction coefficient in the altitude region 
25–32 km is found to be relatively low during the westerly phase. It may be noted that the 
earlier studies also have shown that aerosol extinction in the lower stratosphere can be 
influenced by the phase of the quasi biennial oscillation [11,28,29,95] in this region even 
though the difference in the nature of the latitudinal dependence over the equatorial and 
off-equatorial regions were not addressed in detail.  

Association between the altitude structure of QBO in particulate extinction (QBOa) and QBOU 
for the entire study period is examined by subjecting the time series of zonal mean monthly 
average αP (obtained from SAGE-II) and zonal mean zonal wind, U (obtained from NCEP 
reanalysis), at each altitude bin from 20 to 30 km to Fourier analysis after removing the linear 
trend. To illustrate the QBO features, the spectral components corresponding to the periods 
other than 22-45 month are removed from the respective trend removed time series data using 
the corresponding amplitudes and phases. The altitude structure of the residual amplitudes 
thus obtained for αp and U over the equatorial and off-equatorial regions are presented in 
Figure 27. The left side panels show the residual amplitude for αp and the right side panels the 
same for zonal wind. Both these panels show clearly the presence of a QBO. While the phase of 
the biennial oscillation in wind shows a clear downward propagation with time as expected, 
the phase of QBOa changes many times with increase in altitude. This change in the phase of 
QBOa with altitude is analogous to that reported for the stratospheric ozone [96] and was 
attributed to the secondary meridional circulation (SMC). 

 
Figure 27. Amplitude spectra of QBO in αp (from SAGE-II) and zonal wind (from NCEP) for the 
altitude region 20 to 30 km showing the time history of the biennial component for the period 1998 -
2005 for the equatorial and off-equatorial regions. 
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17. QBO in αp and secondary meridional circulation 

To study the altitude structure of the QBOa, the time series of zonal-averaged monthly mean 
aerosol extinction coefficient at different altitudes (at 0.5 km interval) are subjected to 
Fourier analysis after removing the linear trend. This analysis of αp at different levels 
showed a prominent peak in its amplitude corresponding to the periodicity of QBO (30 
month) and AO (12 month). Figure 28 shows the altitude profile of the amplitude and phase 
of QBOa from 18 to 32 km in the equatorial (0–15°N and 0–15°S) and off-equatorial (15–30°N 
and 15–30°S) regions. In general, the amplitude of QBOa decreases with increase in altitude 
(as that observed in the raw aerosol extinction data). Over the equatorial region, the altitude 
variation of QBOa amplitude (Figures 28b and 28c) shows three prominent peaks in the 
region 18–22 km, 23– 27 km and 28–32 km with peak amplitude centered around 20 km, 25 
km and 30 km, respectively. This feature is remarkably symmetric about the. equator, in 
both the hemispheres. Another interesting feature to be noted is that the phase remains 
fairly constant around these peaks. In the equatorial region, the phase of QBOa around 25 
km is ~15 months and that at around 30 km and 20 km are ~28 and 0 months, respectively. 
Thus the phase difference of QBOa in the upper and lower regime with respect to that at 25 
km is around 13 and 15 months, which corresponds to 156° and 180°, respectively (for the 30 
month periodicity one month in phase corresponds to 12°). This shows that the QBOa 
around 25 km is almost out of phase with that in the upper (28–32 km) and lower (18–22 
km) regime [88]. 

Over the off-equatorial region the altitude structure of the amplitude and phase of QBOa are 
found to be different from that over the equatorial region. Figures 28a and 28d show that the  

 
Figure 28. Altitude structure of the QBO amplitude and phase in aerosol extinction for the altitude 
region 18–32 km in the equatorial region [(c) 0°N–15°N and (b) 0°S–15°S] and off-equatorial region [(d) 
15°N–30°N and (a) 15°S–30°S]. 
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amplitude of QBOa is significant in the lower and upper altitude regions with a minimum 
value around 24.5 km in the northern hemisphere and around 21 km in the southern 
hemisphere. While the amplitude of QBOa shows a broad maximum in the altitude region 
24–28 km with a peak around 26 km in the southern part, correspondingly it shows a 
maximum around 29 km in the northern part. 

Over the equatorial region, the observed features of QBOa in the three altitude regions could 
be attributed to the influence of the secondary meridional circulation (SMC) induced by the 
vertical shear of QBO in stratospheric zonal wind. Through a detailed analysis of the QBO 
modulation of the meridional wind in the stratosphere, Ribera et al. [87] demonstrated the 
existence of discrete zones of meridional wind convergence and divergence over the 
equator. These convergence (divergence) zones during the westerly (easterly) phase of 
QBOU are located at the lower and upper limits of the maximum zonal wind shear and 
maximum temperature anomaly layers. The existence of convergence and divergence zones, 
which are directly related to the rising and sinking motions, forms two circulation cells 
(SMC) in the consecutive vertical levels, quasi-symmetric about the equator. 

To examine the cycle-to-cycle variation of the QBO in aerosol extinction coefficient and its 
phase structure at the three altitude regions, the monthly mean values of αp at the central 
altitudes (of the three regions) 20 km, 25 km and 30 km for the equatorial region 0–15°N and 
0–15°S are estimated during the period 1998 to 2005 and this data is subjected to wavelet 
analysis (after de-trending). Contour plots in Figure 29 shows the time history of the  

 

 
Figure 29. Wavelet spectra of zonal averaged monthly mean aerosol extinction at 20, 25, and 30 km for 
the equatorial region 0°N–15°N and 0°S–15°S during the period 1998–2005. 
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To study the altitude structure of the QBOa, the time series of zonal-averaged monthly mean 
aerosol extinction coefficient at different altitudes (at 0.5 km interval) are subjected to 
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and 15–30°S) regions. In general, the amplitude of QBOa decreases with increase in altitude 
(as that observed in the raw aerosol extinction data). Over the equatorial region, the altitude 
variation of QBOa amplitude (Figures 28b and 28c) shows three prominent peaks in the 
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Figure 28. Altitude structure of the QBO amplitude and phase in aerosol extinction for the altitude 
region 18–32 km in the equatorial region [(c) 0°N–15°N and (b) 0°S–15°S] and off-equatorial region [(d) 
15°N–30°N and (a) 15°S–30°S]. 
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amplitude of QBOa is significant in the lower and upper altitude regions with a minimum 
value around 24.5 km in the northern hemisphere and around 21 km in the southern 
hemisphere. While the amplitude of QBOa shows a broad maximum in the altitude region 
24–28 km with a peak around 26 km in the southern part, correspondingly it shows a 
maximum around 29 km in the northern part. 

Over the equatorial region, the observed features of QBOa in the three altitude regions could 
be attributed to the influence of the secondary meridional circulation (SMC) induced by the 
vertical shear of QBO in stratospheric zonal wind. Through a detailed analysis of the QBO 
modulation of the meridional wind in the stratosphere, Ribera et al. [87] demonstrated the 
existence of discrete zones of meridional wind convergence and divergence over the 
equator. These convergence (divergence) zones during the westerly (easterly) phase of 
QBOU are located at the lower and upper limits of the maximum zonal wind shear and 
maximum temperature anomaly layers. The existence of convergence and divergence zones, 
which are directly related to the rising and sinking motions, forms two circulation cells 
(SMC) in the consecutive vertical levels, quasi-symmetric about the equator. 

To examine the cycle-to-cycle variation of the QBO in aerosol extinction coefficient and its 
phase structure at the three altitude regions, the monthly mean values of αp at the central 
altitudes (of the three regions) 20 km, 25 km and 30 km for the equatorial region 0–15°N and 
0–15°S are estimated during the period 1998 to 2005 and this data is subjected to wavelet 
analysis (after de-trending). Contour plots in Figure 29 shows the time history of the  

 

 
Figure 29. Wavelet spectra of zonal averaged monthly mean aerosol extinction at 20, 25, and 30 km for 
the equatorial region 0°N–15°N and 0°S–15°S during the period 1998–2005. 
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amplitudes for different periodicities (ranging from 2 to 45 months) in αp for the study 
period. The spectral characteristics at the respective altitudes are similar in both the 
hemispheres. The annual component repeats coherently in all the three altitudes indicating 
that they follow the same pattern in the entire altitude range 18–32 km. But the temporal 
pattern of QBO differs. When the QBO in αp is in its positive phase (maximum amplitude) in 
the lower (20 km) and upper (30 km) regimes, it is in the negative phase (minimum 
amplitude) in the middle regime (25 km). The QBOa at 25 km is out of phase with that in the 
upper and lower regimes during the entire study period. However, the amplitudes of AO 
and QBO in αp at 30 km are relatively small in the first 40 months compared to rest of the 
period. This analysis confirms the temporal repeatability of QBOa phase structure in these 
three altitude regions inferred from the mean αp at different altitudes averaged for the entire 
period of analysis shown in Figure 28. The phase of QBOU (Figure 23) matches with that of 
QBOa in the middle regime (25 km) while it is in opposite phase with those in the lower (20 
km) and upper (30 km) regime. 

Studies by Fadnavis and Beig [96] on the influence of SMC induced by QBO in the 
spatiotemporal variations of ozone over the tropical and subtropical regions however 
showed maximum amplitude of the QBO signal in ozone concentration at the two pressure 
levels, 30 hPa and 9 hPa, where the QBO manifests in opposite phase. This feature is in good 
agreement with the amplitude and phase of the QBO signal observed in aerosol extinction 
coefficient at 25 km and 30 km. From Figures 28b and 28c it can be seen that while the 
maximum amplitude of QBO signal in aerosol extinction coefficient centered around 20 and 
30 km coincides with SMC cells centered at ~80 hPa and ~9 hPa as illustrated by Plumb and 
Bell [98] and Punge et al. [99], the maximum QBO signal in aerosol extinction coefficient in 
the altitude region 23–27 km centered around 25 km coincides with the level of maximum 
zonal wind shear (centered ~24 hPa) where the divergence and convergence zones 
(circulation cells) intersect. Similarly, Dunkerton [100] studied the QBO anomalies in ozone, 
methane and water vapor and observed a double peak structure in their amplitudes. 
Numerical simulations of QBO anomalies also showed influence of SMC in modulating the 
distribution of tracers leading to the formation of two peaks in their number density near 24 
and 32 km [101-103]. However, the observed maximum amplitude of QBO in αp centered 
around 20 km is not reproduced in these model simulations. 

18. Summary 

The altitude structure of aerosol extinction in the tropical UTLS region and its variability in 
different time scales is examined with particular stress for the Indian longitude sector, using 
the data from a dual polarization lidar (at 532 nm wavelength) located at Gadanki along 
with data obtained from SAGE-II onboard ERBS. Organized convection associated with the 
Asian summer monsoon (ASM) and highly dynamic ITCZ makes this region unique in the 
global scenario. Altitude profiles of particulate extinction for a period of eight years from 
1998-2005 (volcanically quiescent period) obtained from SAGE-II in the latitude region 30°S 
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to 30°N and the altitude profiles of particulate backscatter, particulate extinction and 
volume depolarization for the same period derived from lidar data at Gadanki are used for 
this purpose. The lidar data are used mainly to study the influence of local features such as 
STCs, local convection etc in the properties of particulates in the UTLS region while the 
satellite data are used to study the spatial features in the tropical UTLS from 30°S to 30°N. A 
comparison of aerosol extinction from SAGE-II with that from lidar on a profile basis as well 
as on monthly mean basis over a small geographical grid size (6° in latitude and 13° in 
longitude) centered at Gadanki showed a very good agreement between the two in the 
major features such as mean altitude structure as well as the mean annual pattern. 

Lidar studies show a significant increase is particulate scattering in the upper troposphere 
with a high value of δ over the Indian subcontinent during the ASM period when the 
tropospheric convective activity is the highest. This feature is clearly associated with particle 
formation due to homogenous/heterogeneous nucleation and condensation and subsequent 
freezing to form non-spherical ice crystals (associated with STC). The particulate backscatter 
coefficient in the LS region is maximum during winter and minimum during the ASM 
period. The winter peak is closely associated with the increase in vertical mass flux in 
conjunction with the tropical upwelling and Brewer Dobson circulation.  

Occurrence of STCs in the UT region is very common in this geographical region. The 
frequency of occurrence of STC is the largest during the ASM period, when most of the 
observed STCs are optically dense and geometrically thick. The most favoured altitude for 
STC is 14-16 km. Most of the observed STCs are optically and geometrically thin. Thin STCs 
are generally observed at higher altitudes, very close to the cold point. Most of the dense 
STCs are found to be associated with organized convection while the thin STCs could be of 
in situ origin. The values of δ in these clouds vary from 0.03 to 0.6 with low values occurring 
more frequently than high values. Though cloud depth (thickness) generally varies from 0.4 
to ~4.0 km, in majority of the cases it is less than 1.7 km. While the cloud optical depth, in 
general, increases with increase in cloud temperature, the depolarization shows a decrease. 
For values of temperature < 198 K, the cloud thickness and depolarization show a sharp 
decrease. These clouds contribute significantly to the particulate scattering in the UT region. 
High value of βP observed in the UT region during the ASM period is mainly contributed by 
the STC particulates. They also contribute to scattering in the lower stratosphere, very close 
to the cold point, mainly through the penetration of particles from these STCs across the 
tropopause aided by the upward propagating inertia-gravity waves. This feature, which is 
characteristic for the Indian monsoon region, is almost absent in the southern hemisphere 
where the occurrence of organized very deep convection is minimal. However, the Brewer- 
Dobson circulation plays a significant role in the transport of UT particles in to the lower 
stratosphere during the winter season.  

The convective activity prevailing in the troposphere significantly influences the 
microphysical properties of particulates in the UTLS region. The particulate scattering and 
optical depth in the UT region shows a general decrease with increase in latitude on either 
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amplitudes for different periodicities (ranging from 2 to 45 months) in αp for the study 
period. The spectral characteristics at the respective altitudes are similar in both the 
hemispheres. The annual component repeats coherently in all the three altitudes indicating 
that they follow the same pattern in the entire altitude range 18–32 km. But the temporal 
pattern of QBO differs. When the QBO in αp is in its positive phase (maximum amplitude) in 
the lower (20 km) and upper (30 km) regimes, it is in the negative phase (minimum 
amplitude) in the middle regime (25 km). The QBOa at 25 km is out of phase with that in the 
upper and lower regimes during the entire study period. However, the amplitudes of AO 
and QBO in αp at 30 km are relatively small in the first 40 months compared to rest of the 
period. This analysis confirms the temporal repeatability of QBOa phase structure in these 
three altitude regions inferred from the mean αp at different altitudes averaged for the entire 
period of analysis shown in Figure 28. The phase of QBOU (Figure 23) matches with that of 
QBOa in the middle regime (25 km) while it is in opposite phase with those in the lower (20 
km) and upper (30 km) regime. 

Studies by Fadnavis and Beig [96] on the influence of SMC induced by QBO in the 
spatiotemporal variations of ozone over the tropical and subtropical regions however 
showed maximum amplitude of the QBO signal in ozone concentration at the two pressure 
levels, 30 hPa and 9 hPa, where the QBO manifests in opposite phase. This feature is in good 
agreement with the amplitude and phase of the QBO signal observed in aerosol extinction 
coefficient at 25 km and 30 km. From Figures 28b and 28c it can be seen that while the 
maximum amplitude of QBO signal in aerosol extinction coefficient centered around 20 and 
30 km coincides with SMC cells centered at ~80 hPa and ~9 hPa as illustrated by Plumb and 
Bell [98] and Punge et al. [99], the maximum QBO signal in aerosol extinction coefficient in 
the altitude region 23–27 km centered around 25 km coincides with the level of maximum 
zonal wind shear (centered ~24 hPa) where the divergence and convergence zones 
(circulation cells) intersect. Similarly, Dunkerton [100] studied the QBO anomalies in ozone, 
methane and water vapor and observed a double peak structure in their amplitudes. 
Numerical simulations of QBO anomalies also showed influence of SMC in modulating the 
distribution of tracers leading to the formation of two peaks in their number density near 24 
and 32 km [101-103]. However, the observed maximum amplitude of QBO in αp centered 
around 20 km is not reproduced in these model simulations. 

18. Summary 

The altitude structure of aerosol extinction in the tropical UTLS region and its variability in 
different time scales is examined with particular stress for the Indian longitude sector, using 
the data from a dual polarization lidar (at 532 nm wavelength) located at Gadanki along 
with data obtained from SAGE-II onboard ERBS. Organized convection associated with the 
Asian summer monsoon (ASM) and highly dynamic ITCZ makes this region unique in the 
global scenario. Altitude profiles of particulate extinction for a period of eight years from 
1998-2005 (volcanically quiescent period) obtained from SAGE-II in the latitude region 30°S 
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to 30°N and the altitude profiles of particulate backscatter, particulate extinction and 
volume depolarization for the same period derived from lidar data at Gadanki are used for 
this purpose. The lidar data are used mainly to study the influence of local features such as 
STCs, local convection etc in the properties of particulates in the UTLS region while the 
satellite data are used to study the spatial features in the tropical UTLS from 30°S to 30°N. A 
comparison of aerosol extinction from SAGE-II with that from lidar on a profile basis as well 
as on monthly mean basis over a small geographical grid size (6° in latitude and 13° in 
longitude) centered at Gadanki showed a very good agreement between the two in the 
major features such as mean altitude structure as well as the mean annual pattern. 

Lidar studies show a significant increase is particulate scattering in the upper troposphere 
with a high value of δ over the Indian subcontinent during the ASM period when the 
tropospheric convective activity is the highest. This feature is clearly associated with particle 
formation due to homogenous/heterogeneous nucleation and condensation and subsequent 
freezing to form non-spherical ice crystals (associated with STC). The particulate backscatter 
coefficient in the LS region is maximum during winter and minimum during the ASM 
period. The winter peak is closely associated with the increase in vertical mass flux in 
conjunction with the tropical upwelling and Brewer Dobson circulation.  

Occurrence of STCs in the UT region is very common in this geographical region. The 
frequency of occurrence of STC is the largest during the ASM period, when most of the 
observed STCs are optically dense and geometrically thick. The most favoured altitude for 
STC is 14-16 km. Most of the observed STCs are optically and geometrically thin. Thin STCs 
are generally observed at higher altitudes, very close to the cold point. Most of the dense 
STCs are found to be associated with organized convection while the thin STCs could be of 
in situ origin. The values of δ in these clouds vary from 0.03 to 0.6 with low values occurring 
more frequently than high values. Though cloud depth (thickness) generally varies from 0.4 
to ~4.0 km, in majority of the cases it is less than 1.7 km. While the cloud optical depth, in 
general, increases with increase in cloud temperature, the depolarization shows a decrease. 
For values of temperature < 198 K, the cloud thickness and depolarization show a sharp 
decrease. These clouds contribute significantly to the particulate scattering in the UT region. 
High value of βP observed in the UT region during the ASM period is mainly contributed by 
the STC particulates. They also contribute to scattering in the lower stratosphere, very close 
to the cold point, mainly through the penetration of particles from these STCs across the 
tropopause aided by the upward propagating inertia-gravity waves. This feature, which is 
characteristic for the Indian monsoon region, is almost absent in the southern hemisphere 
where the occurrence of organized very deep convection is minimal. However, the Brewer- 
Dobson circulation plays a significant role in the transport of UT particles in to the lower 
stratosphere during the winter season.  

The convective activity prevailing in the troposphere significantly influences the 
microphysical properties of particulates in the UTLS region. The particulate scattering and 
optical depth in the UT region shows a general decrease with increase in latitude on either 
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side of the equator with a well pronounced summer-winter contrast. However,  
organized convection during the ASM period enhances the particulate loading in the  
UT in the northern latitudes even beyond 25°N. While the particulate optical depth  
in the 18–21 km region (lowest part of the stratosphere) is relatively low in the equatorial 
region, it shows an increase in the off-equatorial region mainly due to this enhancement in 
particulate concentration above the cold point, particularly over the Indo-Gangetic Plain, 
during this period. At a higher altitude (21–30 km) it shows a different pattern, with high 
values near the equator and low values in the off-equatorial region. This confirms the 
existence of a stratospheric aerosol reservoir. This spatial distribution could be attributed to 
horizontal advection in the lower regime (rapid transport from near equatorial region to 
higher latitudes) as well as lofting to higher altitudes over the equatorial region (B-D 
circulation). 

Spectral analysis of zonal mean particulate optical depth in the stratosphere (18-32km) 
revealed the existence of a strong QBO both in the equatorial and off-equatorial regions. The 
phase of the QBO signal in particulate extinction (QBOa) around 25 km is found to be in 
opposite phase with that in the upper (28-32 km) and lower regime (18-22 km), illustrating 
the existence of a secondary meridional circulation (SMC) produced due to vertical shear of 
QBO phase in zonal wind (QBOU). While the particulate optical depth in the lower 
stratosphere is relatively large during the westerly phase of QBOU in the equatorial region, 
relatively high values are observed during the easterly phase of QBOU in the off-equatorial 
region. During the westerly phase of stratospheric QBOU, the mean particulate optical depth 
rapidly decreases with increase in latitude on either side of equator in both the hemispheres. 
During the easterly phase, this remains fairly steady between ±15° latitude, with a small 
bite-out around the equator, and decreases steadily for latitudes beyond 15°. 
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side of the equator with a well pronounced summer-winter contrast. However,  
organized convection during the ASM period enhances the particulate loading in the  
UT in the northern latitudes even beyond 25°N. While the particulate optical depth  
in the 18–21 km region (lowest part of the stratosphere) is relatively low in the equatorial 
region, it shows an increase in the off-equatorial region mainly due to this enhancement in 
particulate concentration above the cold point, particularly over the Indo-Gangetic Plain, 
during this period. At a higher altitude (21–30 km) it shows a different pattern, with high 
values near the equator and low values in the off-equatorial region. This confirms the 
existence of a stratospheric aerosol reservoir. This spatial distribution could be attributed to 
horizontal advection in the lower regime (rapid transport from near equatorial region to 
higher latitudes) as well as lofting to higher altitudes over the equatorial region (B-D 
circulation). 

Spectral analysis of zonal mean particulate optical depth in the stratosphere (18-32km) 
revealed the existence of a strong QBO both in the equatorial and off-equatorial regions. The 
phase of the QBO signal in particulate extinction (QBOa) around 25 km is found to be in 
opposite phase with that in the upper (28-32 km) and lower regime (18-22 km), illustrating 
the existence of a secondary meridional circulation (SMC) produced due to vertical shear of 
QBO phase in zonal wind (QBOU). While the particulate optical depth in the lower 
stratosphere is relatively large during the westerly phase of QBOU in the equatorial region, 
relatively high values are observed during the easterly phase of QBOU in the off-equatorial 
region. During the westerly phase of stratospheric QBOU, the mean particulate optical depth 
rapidly decreases with increase in latitude on either side of equator in both the hemispheres. 
During the easterly phase, this remains fairly steady between ±15° latitude, with a small 
bite-out around the equator, and decreases steadily for latitudes beyond 15°. 
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1. Introduction 
Changes in the frequency and extent of natural inundation occurring on large permanent 
and ephemeral lake systems may lead to significant fluctuations in regional dust loading on 
both a seasonal and an inter-annual basis [1]. As surface water diversion increases, arid-land 
surfaces that were previously wet or stabilized by vegetation are increasingly susceptible to 
deflation by wind, resulting in desertification and increase in dust outbreaks [2-4]. 
Desiccation of lake beds, whether due to drought or to water diversion schemes, as in the 
Aral Sea in Turkmenistan [5,6], Owens lake in California [7,8], lake Eyre in Australia, 
Hamoun lakes in Iran [9-12], can lead to increased dust storm activity. Thus, some dust may 
be derived from dried lake beds and can be highly saline, while the finest aerosols can be 
injurious to health. Anthropogenic sources were previously considered as important dust 
contributors [13], but more recent estimates of only 5-7% of total mineral dust from such 
sources gives major importance to natural sources [14]. Each year, several billion tons of 
soil-dust are entrained into the atmosphere playing a vital role in solar irradiance 
attenuation, and affects marine environments, atmospheric dynamics and weather [15-20].  

Atmospheric aerosols affect the global climatic system in many ways, i.e. by attenuating the 
solar radiation reaching the ground, modifying the solar spectrum, re-distributing the earth-
atmosphere energy budget and influencing cloud microphysics and the hydrological cycle. 
Mineral dust plays an important role in the optical, physical and chemical processes in the 
atmosphere, while dust deposition adds exogenous mineral and organic material to 
terrestrial surfaces, having a significant impact on the Earth’s ecosystems and 
biogeochemical cycles. The impact of dust aerosols in the Earth’s system depends mainly on 
particle characteristics such as size, shape and mineralogy [21], which are initially 
determined by the terrestrial sources from which the soil sediments are entrained and from 
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their chemical composition [22]. Size distribution is a key parameter to characterize the 
aerosol chemical, physical, optical properties and their effects on health. The lower and 
upper size limits of dust aerosols are from a few nanometers to ~100μm and aerosol 
properties change substantially over this size range. Several studies demonstrated that 
airborne Particulate Matter (PM) has an impact on climate [23], biogeochemical cycling in 
ecosystems [24], visibility [25] and human health [26-28]. Over recent years in the public 
health domain the PM concentration has become a topic of considerable importance, since 
epidemiological studies have shown that exposure to particulates with aerodynamic 
diameters of < 10 μm (PM10) and especially < 2.5 μm (PM2.5) induces an increase of lung 
cancer, morbidity and cardiopulmonary mortality [e.g. 29-35]. Thus air pollution appears to 
have an adverse effect on respiratory and cardiovascular systems [36], which might result in 
an acute reduction of lung function, aggravation of asthma, increased risk of pneumonia in 
the elderly, low birth weight and high death rates in newborns [37].  

Some dust contaminants (soluble and chelatable metallic salts, pesticides, etc) affect human 
health when they are transported over densely populated areas [38], retained in residences 
and other occupied structures [39], and they also impact the nutrient loading of waters 
flowing from adjacent watersheds [40] and terminal bodies of water by direct and indirect 
deposition [41-42]. PM is a complex mixture of substances suspended in to the atmosphere 
in solid or liquid state with different properties (e.g. variable size distribution or chemical 
composition amongst others) and origins (anthropogenic and natural). Owing to this 
mixture of substances, the chemical composition of PM may vary widely as a function of 
emission sources and the subsequent chemical reactions which take place in the atmosphere 
[43-45].The chemical mass balance is the most commonly used method for assessing PM 
source contributions [46], while statistical methods, such as factor analysis and multi-linear 
regression [47], have also produced interesting results regarding dust source identification. 
Elemental and mineralogical analyses have also been used to identify the source regions of 
dust deposited in Arctic ice caps [48] and on other depositional surfaces [49, 42].  

One spectacular example of such dust effects is the Hamoun (dry) lakes in the eastern part of 
Iran that has attracted scientific interest during recent years, since it constitutes a major dust 
source region in southwest Asia, often producing intense dust storms that cover the Sistan 
region in eastern of Iran and the southwest of Afghanistan and Pakistan and influencing the air 
quality, human health and ecosystems as well as aerosol loading and climate from local to 
regional scales [50-52, 12]. Particles from the Hamoun dust storms might also cover farm and 
grasslands to result in damage to crops and fill the rivers and water channels with aeolian 
material. Over recent years, tens of thousands of people have suffered from respiratory diseases 
and asthma during months of devastating dust storms in the Sistan basin, especially in the cities 
of Zabol and Zahak and the surrounding villages [53]. According to the Asthma Mortality Map 
of Iran, the rate of asthma in Sistan is, in general, higher than in other regions [54].  

The aim of this Chapter is to: (1) assess the seasonal and annual variability of dust storms 
that originate from the Hamoun Basin, (2) identify the amount of dust loading from the dry 
lakes, (3) assess the contribution of the lake beds to regional dust emissions for specific 
locations, (4) assess the dust chemical and mineralogical composition to provide useful 
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information regarding the status of dust storms and also human health and, (5) assess dust 
concentrations and air quality of the regions affected by the dust storms.  

2. Sistan region 
The Sistan basin (Helmand basin) lies between the Hindu Kush Mountains in Afghanistan and 
the mountain ranges flanking the eastern border of Iran and is the depository that receives the 
discharge of the Helmand (Hirmand) river in the lower Sistan Basin (Fig. 1). It is a large and 
remote desert basin, extremely arid and known for its windstorms, extreme floods and 
droughts. The closed basin receives the waters of the Helmand river, the only major perennial 
river in western Asia between the Tigris-Euphrates and Indus rivers [9]. The Helmand and its 
tributary streams drain the southern Hindu Kush Mountains of Afghanistan and flow into an 
otherwise waterless basin of gravel plains and sandy tracts before terminating in Sistan (also 
Seistan, British spelling), a depression containing the large inland delta of the Helmand river 
and a series of shallow, semi-connected playas at the western edge of the basin (Fig. 1).  

 
Figure 1. Landsat-5 image showing the lower Hirmand Basin and Sistan region. [9]. 

In 1949 the United States initiated a new program for the improvement of 
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their chemical composition [22]. Size distribution is a key parameter to characterize the 
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properties change substantially over this size range. Several studies demonstrated that 
airborne Particulate Matter (PM) has an impact on climate [23], biogeochemical cycling in 
ecosystems [24], visibility [25] and human health [26-28]. Over recent years in the public 
health domain the PM concentration has become a topic of considerable importance, since 
epidemiological studies have shown that exposure to particulates with aerodynamic 
diameters of < 10 μm (PM10) and especially < 2.5 μm (PM2.5) induces an increase of lung 
cancer, morbidity and cardiopulmonary mortality [e.g. 29-35]. Thus air pollution appears to 
have an adverse effect on respiratory and cardiovascular systems [36], which might result in 
an acute reduction of lung function, aggravation of asthma, increased risk of pneumonia in 
the elderly, low birth weight and high death rates in newborns [37].  

Some dust contaminants (soluble and chelatable metallic salts, pesticides, etc) affect human 
health when they are transported over densely populated areas [38], retained in residences 
and other occupied structures [39], and they also impact the nutrient loading of waters 
flowing from adjacent watersheds [40] and terminal bodies of water by direct and indirect 
deposition [41-42]. PM is a complex mixture of substances suspended in to the atmosphere 
in solid or liquid state with different properties (e.g. variable size distribution or chemical 
composition amongst others) and origins (anthropogenic and natural). Owing to this 
mixture of substances, the chemical composition of PM may vary widely as a function of 
emission sources and the subsequent chemical reactions which take place in the atmosphere 
[43-45].The chemical mass balance is the most commonly used method for assessing PM 
source contributions [46], while statistical methods, such as factor analysis and multi-linear 
regression [47], have also produced interesting results regarding dust source identification. 
Elemental and mineralogical analyses have also been used to identify the source regions of 
dust deposited in Arctic ice caps [48] and on other depositional surfaces [49, 42].  

One spectacular example of such dust effects is the Hamoun (dry) lakes in the eastern part of 
Iran that has attracted scientific interest during recent years, since it constitutes a major dust 
source region in southwest Asia, often producing intense dust storms that cover the Sistan 
region in eastern of Iran and the southwest of Afghanistan and Pakistan and influencing the air 
quality, human health and ecosystems as well as aerosol loading and climate from local to 
regional scales [50-52, 12]. Particles from the Hamoun dust storms might also cover farm and 
grasslands to result in damage to crops and fill the rivers and water channels with aeolian 
material. Over recent years, tens of thousands of people have suffered from respiratory diseases 
and asthma during months of devastating dust storms in the Sistan basin, especially in the cities 
of Zabol and Zahak and the surrounding villages [53]. According to the Asthma Mortality Map 
of Iran, the rate of asthma in Sistan is, in general, higher than in other regions [54].  

The aim of this Chapter is to: (1) assess the seasonal and annual variability of dust storms 
that originate from the Hamoun Basin, (2) identify the amount of dust loading from the dry 
lakes, (3) assess the contribution of the lake beds to regional dust emissions for specific 
locations, (4) assess the dust chemical and mineralogical composition to provide useful 

Changes of Permanent Lake Surfaces, and Their Consequences for  
Dust Aerosols and Air Quality: The Hamoun Lakes of the Sistan Area, Iran 165 

information regarding the status of dust storms and also human health and, (5) assess dust 
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tributary streams drain the southern Hindu Kush Mountains of Afghanistan and flow into an 
otherwise waterless basin of gravel plains and sandy tracts before terminating in Sistan (also 
Seistan, British spelling), a depression containing the large inland delta of the Helmand river 
and a series of shallow, semi-connected playas at the western edge of the basin (Fig. 1).  
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capacity of 1,495,000 acre-feet (1,844 million cubic meters). About 300 miles (482.8 
kilometers) of concrete-lined canals were built to distribute the reservoir waters [9]. The 
Hirmand river is the longest river in Afghanistan (ca. 1150 km; catchment > 160,000 km2) 
and the main watershed for the Sistan basin, finally draining into the natural swamp of 
the Hamoun lakes complex [10].  

Severe dust plumes usually extend from Sistan into southern Afghanistan and 
southwestern Pakistan obscuring the surface over much of the region (Fig 2). Severe 
droughts during the past decades, especially after 1999, have caused desiccation of the 
Hamoun lakes leaving a fine layer of sediment that is easily lifted by the wind [55], thus 
modifying the basin to one of the most active sources of dust in southwest Asia [56, 50, 
57]. Therefore, the Hamoun dry-lake beds exhibit large similarities with the other two 
major dust source regions of the world that comprise of dried lakes and topographic lows, 
i.e. Bodele depression in Chad [3] and lake Eyre in Australia [4]. The strong winds blow 
fine sand off the exposed Hamoun lake beds and deposit it to form huge dunes that may 
cover a hundred or more villages along the former lakeshore. As a consequence, the 
wildlife around the lake has been negatively impacted and fisheries have been brought to 
a halt. 

Fig. 2 (left panel) shows a severe dust storm over the Sistan region as observed from the 
Terra-MODIS satellite’s true color image on 15 June 2004. The intense dust plumes form a 
giant U-shape extending from Sistan into southern Afghanistan and southwestern 
Pakistan that obscures the surface over much of the region. The pale color of the dust 
plume is consistent with that of dried wetland soils. The dust is blowing off the dry lake 
beds that become the Hamoun wetlands during wet years. 

 
 

 
Figure 2. MODIS image of dust deflation over southern Afghanistan originating from the dry Hamoun 
lakes in Sistan on June 15, 2004. 

Changes of Permanent Lake Surfaces, and Their Consequences for  
Dust Aerosols and Air Quality: The Hamoun Lakes of the Sistan Area, Iran 167 

3. Hamoun lakes 
The Hamoun lakes are situated roughly at the termination of the Hirmand river’s inland 
delta. The Hamoun lakes complex (Hamoun-e-Puzak, Hamoun-e-Sabori and Hamoun-e-
Hirmand and Baringak) are located in the north of the Sistan region, which is also the 
largest fresh water ecosystem of the Iranian Plateau and one of the first wetlands in the 
Ramsar Convention [58]. Water in the Hamoun lakes is rarely more than 3 meters deep, 
while the size of the lakes varies both seasonally and from year to year. Maximum 
expansion takes place in late spring, following snowmelt and spring precipitation in the 
mountains. In years of exceptionally high runoff, the Hamoun lakes overflow their low 
divides and create one large lake that is approximately 160 kilometers long and 8–25 
kilometers wide with nearly 4,500 square kilometres surface area. Overflow from this lake is 
carried southward into the normally dry Gaud-i Zirreh (Fig. 1), the lowest playa (463-meter 
altitude) in the Sistan depression. Furthermore, mountain runoff varies considerably from 
year to year; in fact, the Hamoun lakes have completely dried up at least three times in the 
20th century [9]. The maximum extent of the Hamoun lakes following large floods is shown 
in Fig. 4, where a continuous large lake has been created covering an extended area of ~4,500 
km2 with a volume of 13000 million m3 in Sistan and southwestern Afghanistan. This figure 
corresponds to spring of 1998 after snowmelt in the Afghanistan mountains that transferred 
large quantities of water into the Hamoun Basin. As a consequence, livelihoods in the Sistan 
region are strongly interlinked with and dependent on the wetland products and services, 
as well as on agricultural activities in the Sistan plain. Fishing and hunting represent an 
important source of income for many households and, therefore, the local and regional 
economy is strongly dependent on weather conditions, precipitation and land use – land 
cover changes. The political boundary between Iran and Afghanistan splits the Hamoun 
system, further complicating management possibilities in the area. Most (90%) of the 
watershed is located in Afghanistan and practically all of the wetlands’ water sources 
originate there. The Iranian part is desert, and produces runoff only in rare cases of 
significant local rainfall [10]. 

In view of the Hirmand and the surrounding rivers that supply most of the sediments to the 
Hamoun lakes, a brief encapsulation of the relevant geology of the catchment area in 
Afghanistan is given. Afghanistan has a very complex geology, encompassing two major 
relatively young orogenies, Triassic and subsequent Himalayan, resulting in amalgamation 
of crustal blocks and formation of concomitant ophiolites and younger clastic and carbonate 
sedimentary rocks as well as basaltic lavas and, more recently, extensive alluvial and eolian 
detritus [59] . The Sistan region and Hamoun dry lake beds are mainly composed of 
Quaternary lacustrine silt and clay material as well as Holocene fluvial sand, silt and clay 
(Fig. 3). These materials have been carried to the basin by the rivers, while along their 
courses Neogene fluvial sand, eolian sand, silt and clay are the main constituents. Note also 
the difference in the soil-dust composition between two major desert areas, Registan and 
Dasht-i-Margo in Afghanistan. The former is composed of Neogene coarse gravels and the 
latter of Quaternary eolian sand. More details about the geology in the Sistan region can be 
found in [60]. 
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Figure 3. Geological map of the Sistan Basin and southern Afghanistan [61-63]. 
 

 
Figure 4. Position of the Hamoun Lakes in Iran and Afghanistan, showing a maximum inundation 
period. 
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4. Droughts in the Sistan 
The Sistan Basin has recently experienced an unusually long 10-year drought starting in 
2000 [10]. Combined with war and severe political disruption over the past 2 decades, the 
10-year drought has created conditions of widespread famine that affected many people 
in eastern Iran and southwestern Afghanistan. A suggested, climatic forcing mechanism 
has been proposed for the recent drought by Barlow and others (2002). A prolonged 
ENSO (El Niño-Southern oscillation) cold phase (known as La Niña) from 1998 to 2001 
and unusually warm ocean waters in the western Pacific appear to have contributed to the 
prolonged drought. The unusually warm waters (warm pool) resulted in positive 
precipitation anomalies in the Indian Ocean and negative anomalies over central 
Afghanistan [64], thus contributing to the drying of the Hamoun Basin. The contrast 
between a relatively wet year in 1976 and the nearly dry Hamoun lakes in 2001 is shown 
in Figs. 2 and 4. Millions of fish and untold numbers of wildlife and cattle died. 
Agricultural fields and approximately 100 villages were abandoned, and many 
succumbed to blowing sand and moving dunes [65].  

Most of the Sistan population lives near the Hamoun lakes and is employed in agricultural, 
fishery, handicrafts and other jobs. To counter the effects of droughts, the Iranian 
government prepares facilities such as food and flour supplies, medicine and health services 
and employment in the region to prevent the forced emigration of people, but the 
continuous and extreme droughts have forced some people to leave the Sistan region. Long 
droughts at the end of the 1960s, middle of the 1980s, and from 1999 to 2010 affected the 
Sistan region significantly and resulted in desiccation of the Hamoun lakes, making the 
surrounding lands saline and disturbing their soil fertility, while some places became barren 
(see Fig. 5). The most important findings in Fig. 5 are: (1) in 1976, the Hamoun lakes were 
still thriving. Dense reed beds appear as dark green, while tamarisk thickets fringing the 
margins of the upper lakes show up as pink shades in the satellite images (Fig. 5). Bright 
green patches represent irrigated agricultural lands, mainly wheat and barley. The lakes 
flood to an average depth of half a meter, denoted by lighter shades of blue, while dark blue  

 
Figure 5. Satellite (Landsat) images of the Hamoun Basin in spring of different years. Hamoun lakes are 
fed primarily by water catchments in neighbouring Afghanistan. In 1976, when rivers in Afghanistan 
were flowing regularly, the lake's water level was relatively high. Between 1999 and 2011, however, 
drought conditions caused frequent dryness of the Hamoun lakes that almost disappeared in 2001 after 
a 3-year intense drought period [65].  
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to black indicates deeper waters, which, however, do not exceed four meters. (2) By 2001, 
the Hamoun lakes had vanished since central and southwest Asia were hit by the largest 
persistent drought anywhere in the world. The only sign of water in this scorched landscape 
of extensive salt flats (white) is the Chah Nimeh reservoir in the southern part of Sistan (not 
shown on  the satellite image), which is now only used for drinking water. Degraded reed 
stands in muddy soil are visible as dark green hues at the southern end of Hamoun-i Puzak. 
In 2003 the Hamoun Basin was covered with water again, but with significantly lower 
coverage than in the mid-1970s [65].  

5. Data set and experimental methods 
In order to address the scientific topics mentioned above multiple ground-based 
instrumentation and several sets of satellite images (mostly Landsat and MODIS) were 
used for illustration purposes and for detection of water level in Hamoun and for 
monitoring of land use – land cover changes, seasonality of dust storms and associated 
sediments, air quality perspectives, chemical and mineralogical composition of dust over 
the Sistan region and Hamoun Basin. Within this framework, satellite images from 
different years were used to identify changes in the lake’s surface. Information about dust 
storm occurrence was obtained from Zabol meteorological station, 5 km from the Hamoun 
lakes (see Fig. 4). The ground-based measurements were primarily used to compare 
effects of the Hamoun surface on dust aerosols.  

More specifically, the amount of dust loading during dust storms was measured using 
passive dust traps fixed at two monitoring towers (respectively, at four and eight meters 
above ground level in altitude), with one meter distance between the adjacent individual 
traps; the 4 m tower had four traps and the 8 m tower had 8 traps (Fig. 6). The two towers 
were established in open sites (station A and station B, denoted by red stars in Fig. 2 right 
panel) close to the dry-bed lake dust source region during the period August 2009 to July 
2010. The dust sampler used in the campaign was developed by the Agricultural and 
Natural Research Center of Sistan (Fig. 6), and is a modified version of the SSDS sampler 
[66-67]. At the observation sites, the samplers collect airborne dust sediment. The traps were 
mounted on a stable bracket parallel to the wind direction. The samplers consist of a tube 
with a diameter of 12 cm. The sediment-laden air passes through a vertical 2.5 cm x 6 cm 
sampler opening in the middle. Inside the sampler, air speed is reduced and the particles 
settle in a collection pan at the bottom, while the air discharges through an outlet with a U 
shape. After each measurement, the samplers were evacuated to make them ready for 
measuring the following dust events. The collected samples were oven dried at 105 oC for 24 
hours, and then, dried samples were weighed using an electronic scale in order to obtain 
total mass quantities at each sampling height and for each dust storm. The samples were 
also transported to a laboratory for chemical and mineralogical analysis. 

Furthermore, soil samples were collected from topsoil (0–5 cm depth) at several locations in 
the dry-bed Hamoun lakes and downwind areas. These samples were analyzed to 
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investigate the chemical and mineralogical characteristics of dust, relevance of inferred 
sources and contributions to air pollution.  

 

  
Figure 6. Schematic diagram of the dust sampler system.   
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Furthermore, soil samples were collected from topsoil (0–5 cm depth) at several locations in 
the dry-bed Hamoun lakes and downwind areas. These samples were analyzed to 
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investigate the chemical and mineralogical characteristics of dust, relevance of inferred 
sources and contributions to air pollution.  

 

  
Figure 6. Schematic diagram of the dust sampler system.   
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element analyses. Each milled sample (<75μm) was combined with a polyvinyl alcohol, 
transferred into an aluminum cup and manually pressed to ten tons. The pressed powders 
were dried at 100°C for at least 30 minutes and stored in a desiccator before analyses were 
conducted. For the fusion method, each milled sample (<75μm) was weighed out in a 1/6 
sample to flux (Lithium tetraborate) ratio. These samples were then transferred into 
mouldable Pt/Au crucibles and fused at 1050°C in a muffle furnace. Aluminum cooling caps 
were treated with an iodine-ethanol mixture (releasing agent) and placed on top of the 
crucibles as they cooled. Some samples needed to be treated with an extra 3g of flux if they 
continued to crack. Finally, all geochemical samples were analyzed using the Thermo Fisher 
ARL 9400 XP+ Sequential XRF. The Quantas software package was used for the major 
element analyses and the WinXRF software package was used for the trace element 
analyses. The concentrations of the major elements are reported as oxides in weight 
percentages, while the trace element concentrations are reported as elements in parts per 
million (ppm).  

Furthermore, in order to provide analysis of the air quality, PM10 concentration 
measurements were obtained by using an automatic Met One BAM 1020 beta gauge monitor 
(Met One, Inc.,) over Zabol. The instrument measures PM10 concentrations (in μg.m-3) with a 
temporal resolution of one hour. The measurements were carried out at the Environmental 
Institute of Sistan located at the outskirts of Zabol during the period September 2010 to 
September 2011 (total of 373 days). The recording station is close to the Hamoun basin and is 
placed in the main pathway of the dust storms of the Sistan region. The hourly measured 
PM10 data were daily-averaged, from which the monthly values and seasonal variations 
were obtained. For further assessing the air quality over Zabol, the PM10 concentrations 
were used to calculate an Air Quality Index (AQI) [52].  

6. Meteorology and climatology over Sistan 
The climate over Sistan is arid, with low annual average precipitation of ~55 mm occurring 
mainly in the winter (December to February) and evaporation exceeding ~4000 mmyear-1 
[58]. During summer, the area is under the influence of a low pressure system attributed to 
the Indian thermal low that extends further to the west as a consequence of the south Asian 
monsoon system. These low pressure conditions are the trigger for the development of the 
Levar northerly wind, commonly known as the “120-day wind” [73], causing frequent dust 
and sand storms, especially during summer (June to August) [74, 56] and contributing to the 
deterioration of air quality [52]. Therefore, one of the main factors affecting the weather 
conditions over the region is the strong winds rendering Sistan as one of the windiest 
deserts in the world. These winds blow continuously in spring and summer (from May to 
September), and on some days during winter, and have significant impacts on the landscape 
and the lives of the local inhabitants.    

The annual variation of mean Temperature (T), Relative Humidity (RH) and atmospheric 
Pressure (P) over Zabol (a large city in the Sistan region) during the period 1963 to 2010 is 
shown in Fig 7. The monthly mean T exhibits a clear annual pattern with low values in the 
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winter (9 to 12 oC) and high (~35 oC) in summer, following the common pattern found in the 
northern Mid-latitudes. During the summer period the maximum T often goes up to 46 or 48 
oC causing an extremely large diurnal variation, which is a characteristic of many arid 
environments. RH illustrates an inverse annual variation with larger values in winter (50 to 
57%) and very low values in summer (~25%), which are about 10 to 15% during daytime. 
During the period October to April P values are generally high (1020 to 1024 hPa in winter), 
which is above the standard mean sea level value of 1013.25 hPa. P values decrease during 
summer (~ 996 hPa in July) as a result of the Indian thermal low that develops over the 
entire south Asia during summer monsoon months. This has a direct impact on the intensity 
of the winds over the region, which has a monthly mean of as high as 12 m.s-1 during June 
and July with frequent gusts of above 20 to 25 m.s-1. In contrast, during late autumn and 
winter months the wind speed is confined to ~3 to 4 m.s-1 [12].  

 
Figure 7. Monthly mean variation of air Temperature, Relative Humidity and atmospheric pressure in 
Zabol during the period 1963 –2010. 

7. Temporal changes of Hamoun dry lake beds and dust storms   
The dust storms over a region cause several climatic implications, environmental and human 
concerns  [16, 75,18, 76, 36] and can be examined via multiple instrumentation and techniques. 
Among others, the analysis of the visibility records can constitute a powerful tool for 
monitoring of the seasonal and inter-annual variation of the dust storms, since the main result 
of such phenomena is the limitation of visibility and deterioration of air quality. The annual 
variation of visibility (as the main indicator for the dust storms) over Sistan follows a clear 
annual pattern, with large values in winter, usually above 10 km, and very low in summer (< 4 
km on average) as analyzed from meteorological observations taken at Zabol (Fig. 8). A 
power-decreasing curve relation associated with 93% of the variance was observed between 
wind speed and visibility [12]. This inverse relation indicates that the wind speed does not act 
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the Indian thermal low that extends further to the west as a consequence of the south Asian 
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Levar northerly wind, commonly known as the “120-day wind” [73], causing frequent dust 
and sand storms, especially during summer (June to August) [74, 56] and contributing to the 
deterioration of air quality [52]. Therefore, one of the main factors affecting the weather 
conditions over the region is the strong winds rendering Sistan as one of the windiest 
deserts in the world. These winds blow continuously in spring and summer (from May to 
September), and on some days during winter, and have significant impacts on the landscape 
and the lives of the local inhabitants.    

The annual variation of mean Temperature (T), Relative Humidity (RH) and atmospheric 
Pressure (P) over Zabol (a large city in the Sistan region) during the period 1963 to 2010 is 
shown in Fig 7. The monthly mean T exhibits a clear annual pattern with low values in the 
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winter (9 to 12 oC) and high (~35 oC) in summer, following the common pattern found in the 
northern Mid-latitudes. During the summer period the maximum T often goes up to 46 or 48 
oC causing an extremely large diurnal variation, which is a characteristic of many arid 
environments. RH illustrates an inverse annual variation with larger values in winter (50 to 
57%) and very low values in summer (~25%), which are about 10 to 15% during daytime. 
During the period October to April P values are generally high (1020 to 1024 hPa in winter), 
which is above the standard mean sea level value of 1013.25 hPa. P values decrease during 
summer (~ 996 hPa in July) as a result of the Indian thermal low that develops over the 
entire south Asia during summer monsoon months. This has a direct impact on the intensity 
of the winds over the region, which has a monthly mean of as high as 12 m.s-1 during June 
and July with frequent gusts of above 20 to 25 m.s-1. In contrast, during late autumn and 
winter months the wind speed is confined to ~3 to 4 m.s-1 [12].  

 
Figure 7. Monthly mean variation of air Temperature, Relative Humidity and atmospheric pressure in 
Zabol during the period 1963 –2010. 

7. Temporal changes of Hamoun dry lake beds and dust storms   
The dust storms over a region cause several climatic implications, environmental and human 
concerns  [16, 75,18, 76, 36] and can be examined via multiple instrumentation and techniques. 
Among others, the analysis of the visibility records can constitute a powerful tool for 
monitoring of the seasonal and inter-annual variation of the dust storms, since the main result 
of such phenomena is the limitation of visibility and deterioration of air quality. The annual 
variation of visibility (as the main indicator for the dust storms) over Sistan follows a clear 
annual pattern, with large values in winter, usually above 10 km, and very low in summer (< 4 
km on average) as analyzed from meteorological observations taken at Zabol (Fig. 8). A 
power-decreasing curve relation associated with 93% of the variance was observed between 
wind speed and visibility [12]. This inverse relation indicates that the wind speed does not act 
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as a ventilation phenomenon over Zabol, as usually occurs in coastal urban environments with 
local sea-breeze cells [77], but rather as a factor responsible for the deterioration of visibility, 
since the intense Levar winds are the cause of the dust outbreaks over Sistan. Therefore, the 
major dust storms over the region are associated with intense winds of northwesterly direction 
that are responsible for the deterioration of visibility to lower than 100 m in many cases.   

 
Figure 8. Monthly mean variation of the visibility (km) and wind speed (ms-1) in Zabol during the 
period 1963–2009. 

Although the visibility exhibits a clear annual pattern (Fig. 8) suggesting that the summer 
season is the favourable period for the occurrence of frequent and intense dust storms, long-
term data series over Zabol (1963-2009) show that it contains considerable year-to-year 
variations (Fig. 9b). Focusing on recent years, the days with visibility <= 2 km have been 
dramatically increased from about 20 during 1995 to 1999 to >100 during 2000 to 2001. This 
is attributed to a severe drought period that dried the largest part of the Hamoun wetlands 
(see Fig. 5) and favored the alluvial uplift, as well as the frequency and mass intensity of 
dust storms that affected the visibility over Sistan (Fig. 9b). However, in the 2000s the days 
with very low visibility seem to have a decreasing trend, but remaining above the standards 
of the climatological mean. It is, therefore, concluded that the regional and synoptic 
meteorology (mainly precipitation) is strongly linked to land use – land cover changes over 
Hamoun and then, to dust outbreaks over Sistan region.  

In contrast, the annual variation of the wind speed (Fig. 9a) exhibits an opposite pattern 
with higher intensities during summer (June and July) and lower in winter. As far as the 
wind direction is concerned, it is found from the Zabol data series that the northwestern 
direction clearly dominates, being more apparent in summer, while high percentages for 
intense winds are also associated with a northwesterly flow (Fig. 9a). The probability for 
intense winds to blow from other directions is low; summer winds are much more intense 
with ~27% of wind speeds above 11 ms-1, while calm conditions are limited to 3% against 
19% and 20% for autumn and winter, respectively. The higher frequency and intensity of 
northwestern winds is the reason for the frequent dust storms that affect Zabol. It is to be 
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noted that Zabol is located at the downwind direction of dust storms that normally originate 
from Hamoun (Fig. 2).  

 
Figure 9. Flow chart of the seasonal wind speed and direction in Zabol during the period 1963-2010. 
The percentage of calm periods is shown at the bottom of each wind rose. The thickest bar represents 
wind speeds in excess of 12 m/s); (b) year-to-year variation of the visibility recordings at Zabol 
meteoroological station. 

The water levels in the Hamoun lakes change considerably from year to year as has been 
discussed above. Table 1 summarizes the percentage of water surface in July in the Hamoun 
lakes, as well as the annual precipitation and number of dusty days during the period 1985-2005. 
Yearly variations of Hamoun lakes water surface identified four periods from 1985 to 2005: [10]: 

1. A low-water period from 1985-1988: the Hamoun dried out or shrunk to a very small 
size almost every year, but there was some inflow every year. 

2. A high-water period from 1989-1993: there was considerable inflow for five years, 
during which time the Hamoun only shrunk below the previous period's maximum 
levels for a very short time. 

3. A medium-water period from 1994-1999: a dynamic balance of inflow and outflow 
maintained a reasonably high minimum water volume every year. 

4. A dry period from 2000-present: the inflow ceased and a catastrophic drought ensued 
except for a flood in 2005 that immediately dried up before 2006.  

On the other hand, Table 2 summarizes the correlation coefficients between the percentage 
of dried beds in July, precipitation and number of dusty days, i.e. the parameters that are 
included in Table 1. The analysis shows that precipitation has a direct effect on water levels 
(r=0.63 for Hamoun Saberi). On the other hand, in years with high precipitation the lakes 
had high water surface. Hamoun Saberi is also affected by the Farah river that has a closer 
watershed, but this correlation is low for both Hamoun Hirmand and Hamoun Puzak (r= 
0.35 and r=0.54 respectively). The correlation between dusty days and percentage of dried 
Hamoun beds (100-percent of water surface) shows high correlation coefficient values 
regarding Hamoun Saberi and Baringak (r=0.88 and r=0.82 respectively) and lower 
correlation for Hamoun Hirmand (r= 0.63). The high correlation for the Hamoun Saberi and 
Baringak indicates that Sistan dust storms are directly affected by the north and 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 174 

as a ventilation phenomenon over Zabol, as usually occurs in coastal urban environments with 
local sea-breeze cells [77], but rather as a factor responsible for the deterioration of visibility, 
since the intense Levar winds are the cause of the dust outbreaks over Sistan. Therefore, the 
major dust storms over the region are associated with intense winds of northwesterly direction 
that are responsible for the deterioration of visibility to lower than 100 m in many cases.   

 
Figure 8. Monthly mean variation of the visibility (km) and wind speed (ms-1) in Zabol during the 
period 1963–2009. 

Although the visibility exhibits a clear annual pattern (Fig. 8) suggesting that the summer 
season is the favourable period for the occurrence of frequent and intense dust storms, long-
term data series over Zabol (1963-2009) show that it contains considerable year-to-year 
variations (Fig. 9b). Focusing on recent years, the days with visibility <= 2 km have been 
dramatically increased from about 20 during 1995 to 1999 to >100 during 2000 to 2001. This 
is attributed to a severe drought period that dried the largest part of the Hamoun wetlands 
(see Fig. 5) and favored the alluvial uplift, as well as the frequency and mass intensity of 
dust storms that affected the visibility over Sistan (Fig. 9b). However, in the 2000s the days 
with very low visibility seem to have a decreasing trend, but remaining above the standards 
of the climatological mean. It is, therefore, concluded that the regional and synoptic 
meteorology (mainly precipitation) is strongly linked to land use – land cover changes over 
Hamoun and then, to dust outbreaks over Sistan region.  

In contrast, the annual variation of the wind speed (Fig. 9a) exhibits an opposite pattern 
with higher intensities during summer (June and July) and lower in winter. As far as the 
wind direction is concerned, it is found from the Zabol data series that the northwestern 
direction clearly dominates, being more apparent in summer, while high percentages for 
intense winds are also associated with a northwesterly flow (Fig. 9a). The probability for 
intense winds to blow from other directions is low; summer winds are much more intense 
with ~27% of wind speeds above 11 ms-1, while calm conditions are limited to 3% against 
19% and 20% for autumn and winter, respectively. The higher frequency and intensity of 
northwestern winds is the reason for the frequent dust storms that affect Zabol. It is to be 
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noted that Zabol is located at the downwind direction of dust storms that normally originate 
from Hamoun (Fig. 2).  

 
Figure 9. Flow chart of the seasonal wind speed and direction in Zabol during the period 1963-2010. 
The percentage of calm periods is shown at the bottom of each wind rose. The thickest bar represents 
wind speeds in excess of 12 m/s); (b) year-to-year variation of the visibility recordings at Zabol 
meteoroological station. 

The water levels in the Hamoun lakes change considerably from year to year as has been 
discussed above. Table 1 summarizes the percentage of water surface in July in the Hamoun 
lakes, as well as the annual precipitation and number of dusty days during the period 1985-2005. 
Yearly variations of Hamoun lakes water surface identified four periods from 1985 to 2005: [10]: 

1. A low-water period from 1985-1988: the Hamoun dried out or shrunk to a very small 
size almost every year, but there was some inflow every year. 

2. A high-water period from 1989-1993: there was considerable inflow for five years, 
during which time the Hamoun only shrunk below the previous period's maximum 
levels for a very short time. 

3. A medium-water period from 1994-1999: a dynamic balance of inflow and outflow 
maintained a reasonably high minimum water volume every year. 

4. A dry period from 2000-present: the inflow ceased and a catastrophic drought ensued 
except for a flood in 2005 that immediately dried up before 2006.  

On the other hand, Table 2 summarizes the correlation coefficients between the percentage 
of dried beds in July, precipitation and number of dusty days, i.e. the parameters that are 
included in Table 1. The analysis shows that precipitation has a direct effect on water levels 
(r=0.63 for Hamoun Saberi). On the other hand, in years with high precipitation the lakes 
had high water surface. Hamoun Saberi is also affected by the Farah river that has a closer 
watershed, but this correlation is low for both Hamoun Hirmand and Hamoun Puzak (r= 
0.35 and r=0.54 respectively). The correlation between dusty days and percentage of dried 
Hamoun beds (100-percent of water surface) shows high correlation coefficient values 
regarding Hamoun Saberi and Baringak (r=0.88 and r=0.82 respectively) and lower 
correlation for Hamoun Hirmand (r= 0.63). The high correlation for the Hamoun Saberi and 
Baringak indicates that Sistan dust storms are directly affected by the north and 
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northwestern winds flowing through the Saberi. The year-to-year variation of the dusty 
days and the percentage (%) of dried bed lakes in Baringak and Hamoun Saberi (Fig. 10) 
indicates a co-variation of the examined parameters, thus suggesting that the land use – land 
cover changes play a major role in the occurrence of dust storms over Sistan region.
 

Year Baringak Saberi Hirmand Puzak precipitation Dusty days 
1985 0 30 7 35 25.6 88 
1986 35 65 12 53 72.8 30 
1987 25 40 2 53 8.7 91 
1988 15 50 6 50 69.5 62 
1989 90 92 60 54 26.1 38 
1990 90 98 70 72 96.1 37 
1991 80 95 90 80 85.8 41 
1992 80 98 80 93 80.9 33 
1993 75 95 70 60 52.4 46 
1994 43 60 20 60 116.6 39 
1995 48 66 7 62 76.2 21 
1996 62 90 47 70 84.3 18 
1997 60 85 25 60 76.4 23 
1998 80 100 73 60 61.4 22 
1999 72 90 25 60 87.7 28 
2000 0 12 0 0 26.8 116 
2001 0 0 0 0 7.2 110 
2002 0 5 0 0 37.5 88 
2003 0 0 0 0 32.3 92 
2004 0 0 0 0 51.1 80 
2005 80 90 18 32 129.5 41 

Table 1. Yearly variability of percentage of water surface in Hamoun lakes in July, annual precipitation 
and the dusty days (visibility <= 2km) over Sistan region  

 
 
 
 

 Baringak Hamoun 
Saberi 

Hamoun 
Hirmand 

Hamoun 
Puzak Precipitation Dusty  

days 
Baringak 1      
Hamoun Saberi 0.96** 1     
Hamoun Hirmand 0.84** 0.80** 1    
Hamoun Puzak 0.80** 0.89** 0.74** 1   
Precipitation -0.59** -0.63** -0.35 -0.54 1  
Dusty days 0.82** 0.88** 0.60** 0.81** -0.730** 1 
** Correlation is significant at the 0.01 level 

Table 2. Correlations between percent of Hamoun dried beds in July and dusty days (1985-2005).  
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Figure 10. Yearly variability of the dusty days (visibility <= 2km) over Sistan region with association to 
percentage of Hamoun dried beds (1985-2005). The lower coverage of the Hamoun Basin by water (high 
percentage of dried beds) corresponds to higher number of dusty days over Sistan region.  

8. Dust loading measurements 
Dust activity is a function of several parameters, such as topography, rainfall, soil moisture, 
surface winds, regional meteorology, boundary layer height and convective activity [78-79.  

Data on dust loading are available at only a few places around the world [e.g.80-84] and 
those presented here are the first for the Sistan region. Hence, obtaining measurements of 
horizontal dust flux will significantly increase our understanding of wind erosion and dust 
influences. Apart from the natural emissions of dust, [85] identified two ways in which 
human activities can influence dust emissions: (a) by changes in land use, which alter the 
potential for dust emission, and (b) by perturbing local climate that, in turn, alter dust 
emissions. As has been discussed above, both ways are considerably active over the Sistan 
region and Hamoun Basin.   

The dust loading measured at the two stations close to the Hamoun basin for several dust 
events during the period August 2009 to July 2010 is plotted in Fig. 11. In the same graph, 
meteorological data from the Zabol station that give information about the duration of dust 
events (for the examined days as well as on the preceding or succeeding days, i.e. about 2-3 
days before the peak-day of the dust storm) and daily mean and maximum wind speeds, are 
also plotted. The results of the average dust loading measured at eight heights at station B 
and at four heights at station A reveal considerable variation, ranging from ~0.10 to ~2.5  
kgm-2. In general, the highest dust loading is observed for dust events occurring in summer, 
but intense dust storms can also take place in winter, since the Hamoun basin is an active 
dust source region throughout the year. The dust loading is highly correlated with the 
duration of the dust storms, as shown from their correlation, with the linear regressions 
being statistically significant at the 0.99% confidence level (Fig. 12). Apart from the strong 
linkage to the duration of dust storms, the dust loading at both stations also seems to have a 
dependence on the daily mean and maximum wind speeds (not presented). However, this 
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northwestern winds flowing through the Saberi. The year-to-year variation of the dusty 
days and the percentage (%) of dried bed lakes in Baringak and Hamoun Saberi (Fig. 10) 
indicates a co-variation of the examined parameters, thus suggesting that the land use – land 
cover changes play a major role in the occurrence of dust storms over Sistan region.
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Figure 10. Yearly variability of the dusty days (visibility <= 2km) over Sistan region with association to 
percentage of Hamoun dried beds (1985-2005). The lower coverage of the Hamoun Basin by water (high 
percentage of dried beds) corresponds to higher number of dusty days over Sistan region.  

8. Dust loading measurements 
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surface winds, regional meteorology, boundary layer height and convective activity [78-79.  
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The dust loading measured at the two stations close to the Hamoun basin for several dust 
events during the period August 2009 to July 2010 is plotted in Fig. 11. In the same graph, 
meteorological data from the Zabol station that give information about the duration of dust 
events (for the examined days as well as on the preceding or succeeding days, i.e. about 2-3 
days before the peak-day of the dust storm) and daily mean and maximum wind speeds, are 
also plotted. The results of the average dust loading measured at eight heights at station B 
and at four heights at station A reveal considerable variation, ranging from ~0.10 to ~2.5  
kgm-2. In general, the highest dust loading is observed for dust events occurring in summer, 
but intense dust storms can also take place in winter, since the Hamoun basin is an active 
dust source region throughout the year. The dust loading is highly correlated with the 
duration of the dust storms, as shown from their correlation, with the linear regressions 
being statistically significant at the 0.99% confidence level (Fig. 12). Apart from the strong 
linkage to the duration of dust storms, the dust loading at both stations also seems to have a 
dependence on the daily mean and maximum wind speeds (not presented). However, this 
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dependence was found to be more intense and statistically significant (at the 95% confidence 
level) at station B, which is located closer to the dust source, whereas for station A the 
correlation was not found to be statistically significant. This finding emphasizes the strong 
effect of the wind speed on dust erosion and transportation, as well as on dust loading, at 
least for areas close to dust sources. However, the results show that the main factor that 
controls the dust loading at both stations is the duration of the dust storms, and secondly 
the wind speed. The role of the wind might have been found to be more critical if 
measurements were taken at the sampler stations instead of using the meteorological data 
from Zabol. The analysis showed that the total dust loading for the 19 events of 
measurements at station A is 16.9 kg m-2 corresponding to 0.88 kg m-2 per event, whereas at 
station B the measurements yielded 15.8 kg m-2 (17 events), corresponding to 0.93 kg m-2 per 
event. The larger dust loading at station B is attributed to the smaller distance from the 
source region.    

 
Figure 11. Average dust loading (kgm-2) during various dust events in the Sistan region as measured at 
the 4m (station A) and 8m (station B) monitoring towers. The duration of dust events (hours), as well as the 
mean and maximum wind speeds on the dusty days were obtained from the Zabol meteorological station.    

Figure 13 illustrates the height variation in dust loading during the dust storms measured at 
station A (19 days, up to 4m in height) and station B (17 days, up to 8m in height). 
Contrasting height variations measured during intense dust storms occurred between the 
two stations, while similar variations correspond to moderate and low dust storm events. 
More specifically, the dust loading shows an increase (decrease) with height in station A 
(station B), revealing a difference in the dust transport mechanisms. This finding can be 
explained by considering the fact that station B is located closer to the Hamoun dust source 
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region, meaning that uplift and newly transported dust concentration is higher near the 
surface. On the other hand,  at station A that is located about 20 km away, the dust loading 
presents larger values up to 3 m since the near-ground dust particles have already been 
deposited near the source, and as the distance increases so does the dust-plume height. The 
diurnal variability of the dust loading at the two stations (not presented) showed increased 
mass concentrations during daytime that can be explained by enhanced convection and 
turbulent mixing in a deepened boundary layer. Furthermore, the local winds are stronger 
during daytime due to thermal convections.  

 
Figure 12. Correlation between dust loading measurements and duration of dust storm events for 19 
days at station A and 17 days at station B.  

  
Figure 13. Height variation of the dust loading at stations A (a) and at station B (b) for several dust storm 
days. Green colors are loadings for winter, yellow for spring, red for summer and blue for autumn. 
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dependence was found to be more intense and statistically significant (at the 95% confidence 
level) at station B, which is located closer to the dust source, whereas for station A the 
correlation was not found to be statistically significant. This finding emphasizes the strong 
effect of the wind speed on dust erosion and transportation, as well as on dust loading, at 
least for areas close to dust sources. However, the results show that the main factor that 
controls the dust loading at both stations is the duration of the dust storms, and secondly 
the wind speed. The role of the wind might have been found to be more critical if 
measurements were taken at the sampler stations instead of using the meteorological data 
from Zabol. The analysis showed that the total dust loading for the 19 events of 
measurements at station A is 16.9 kg m-2 corresponding to 0.88 kg m-2 per event, whereas at 
station B the measurements yielded 15.8 kg m-2 (17 events), corresponding to 0.93 kg m-2 per 
event. The larger dust loading at station B is attributed to the smaller distance from the 
source region.    
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More specifically, the dust loading shows an increase (decrease) with height in station A 
(station B), revealing a difference in the dust transport mechanisms. This finding can be 
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region, meaning that uplift and newly transported dust concentration is higher near the 
surface. On the other hand,  at station A that is located about 20 km away, the dust loading 
presents larger values up to 3 m since the near-ground dust particles have already been 
deposited near the source, and as the distance increases so does the dust-plume height. The 
diurnal variability of the dust loading at the two stations (not presented) showed increased 
mass concentrations during daytime that can be explained by enhanced convection and 
turbulent mixing in a deepened boundary layer. Furthermore, the local winds are stronger 
during daytime due to thermal convections.  
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days. Green colors are loadings for winter, yellow for spring, red for summer and blue for autumn. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

20

40

60

80

100

120

Y=29.55(4.92) + 6.75(5.98)
r=0.84, P<0.0001 [Station B]

Y=33.81(5.04) + 4.06(5.64)
r=0.85, P<0.0001 [Station A]

D
us

t d
ur

at
io

n 
(h

ou
r)

Sediment loading (Kgm-2)

 Station A
 Station B

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0 (a) Station A

H
ei

gh
t (

m
)

Sediment loading (kgm-2)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

1

2

3

4

5

6

7

8
(b) Station B

H
ei

gh
t (

m
)

Sediment loading (kgm-2)



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 180 

9. PM10 measurements 

In order to provide a first ever in-situ analysis of the air quality over Sistan, PM10 

concentration measurements were obtained by using an automatic Met One BAM 1020 beta 
gauge monitor (Met One, Inc.,) at Zabol [12]. The instrument measures PM10 concentrations 
(in μg.m-3) with a temporal resolution of one hour. The measurements were carried out at the 
Environmental Institute in Sistan located at the outskirts of Zabol during the period 
September 2010 to August 2011. The recording station is close to the Hamoun basin and is 
placed in the main pathway of the dust storms in the Sistan region. The hourly measured 
PM10 data were daily-averaged, from which the monthly values and seasonal variations were 
obtained (Table 3). For further assessing the air quality over Zabol, the PM10 concentrations 
were used to calculate the Air Quality Index (AQI).  
 

 Monthly Mean Daily minimum Daily maximum 
PM10 (g.m-3) PM10 (g.m-3) PM10 (g.m-3) 

January 196 29 597 
February 147 13 787 

March 262 21 2698 
April 224 97 515 
May 322 71 1276 
June 627 100 1875 
July 847 110 2007 

August 807 155 2448 
September 564 88 1046 

October 531 100 2339 
November 200 66 737 
December 476 84 3094 

Winter 273 13 3094 
Spring 270 21 2698 

Summer 716 100 2448 
Autumn 484 66 2339 

Table 3. Monthly mean, daily maximum and daily minimum PM10 concentrations in Zabol during the 
period September 2010 to August 2011.  

The results show extremely large PM10 concentrations at Zabol (see Fig. 14). Even the mean 
values are much higher than the most risky and dangerous maximum levels provided by 
the U.S. Environmental Protection Agency (397 g.m-3). Throughout the year, and especially 
during the period June to October, the area suffers from severe pollution since even the 
lower PM10 values are above 100 μg.m-3, while the maximum ones are usually above 1000 
μg.m-3. On the other hand, extreme PM10 measurements associated with severe dust events 
may also occur in other months, for example like December. Daily PM10 concentrations 
during major dust storms are about 10 to 20 times above the standard levels. Regarding the 
monthly mean PM10 concentrations, the results show extremely large values (>500 μg.m-3) 
during the period June to October, reaching up to 847 μg.m-3 in July.  
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Figure 14. Daily PM10 concentrations at Zabol during the period 28/8/2010 to 10/9/2011.  
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in Fig. 15. In summer ~60% of the PM10 values were higher than 425 μg.m-3, while the lower 
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in summer, suggesting an extremely turbid atmosphere with frequent dust storms and near 
absence of clear or relatively clear conditions over Sistan during summer. Autumn also 
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Levar winds in September favouring the dust storms over Sistan.   
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10. Air quality index (AQI) 
In order to identify the impact of air pollution on human health, air pollution indices are 
commonly used, of which the AQI is the most well known [86-88]. As a consequence, the 
AQI is a powerful prenatainarry tool to ensure public health protection [86].  

The AQI is divided into six categories, varying from 0 to 500, with different health impacts 
[86] as listed in Table 4. The two first AQI categories (good and moderate, <155 PM10 μg.m−3) 
have no impact on health, while the last AQI category (hazardous, >424 PM10 μg.m−3) is 
associated with a serious risk of respiratory symptoms and aggravation of lung disease, 
such as asthma, for sensitive groups and with respiratory effects likely in the general 
population [89, 87]. The AQI for Zabol was calculated for the period September 2010 to  
July 2011.  
 
 
 

Health Quality AQI PM10 (μg.m-3) Days (%) 
Good 0-50 0-54 21 5.7 
Moderate 51-100 55-154 106 28.6 
Unhealthy for sensitive 
people 101-150 155-254 66 17.8 

Unhealthy 151-200 254-354 36 9.7 
Very unhealthy 201-300 355-424 12 3.2 
Hazardous 301-500 425< 129 34.9 

Table 4. Health quality as determined by the Air Quality Index (AQI), PM10 and number of days with 
severe pollution in Zabol during the period September 2010 to July 2011.

Based on the technological rules related to AQI, the following formula was used to derive 
the PM10 concentration from AQI [90, 88]: 

 
I Ihigh lowI (C C ) Ilow lowC Chigh low


  


  

Where I is the concentration of PM10, Ilow and Ihigh are AQI grading limited values that are 
lower and larger than I (AQI index), respectively, and Chigh and Clow denote the PM10 
concentrations corresponding to Ihigh and Ilow, respectively.  

Provisional studies focusing on air quality and dust over Iran have already been carried out. 
For example, amongst others, [91] performed a comparative study of air quality in Tehran 
during the period 1997 to 1998.  The results revealed that in 1997 the air quality on 32% of 
the days was unhealthy, and on 5% of the days it could be regarded as very unhealthy, 
whereas in 1998 the unhealthy and very unhealthy days increased to 34% and 6%, 
respectively. [92] studied the air quality in Tehran and Isfahan and offered solutions for its 
improvement using the AQI. It was found that on 329 days of the year in Tehran, and on 34 
of the days in Isfahan, the AQI departed beyond 100.  [93] also studied AQI in Tehran 
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reporting that on 273 days in 2001 the values were higher than those set for the air quality 
standards; 13% of the days were considered as very unhealthy and 0.27% were classified as 
dangerous. [52] found that 15 % of the days were unhealthy for sensitive people in the city 
of Zahedan thatwas affected by Sistan dust storms, while 2 % were associated with a high 
health risk or were even hazardous.  

Comparing the present results with those of the above-mentioned studies, it is 
concluded that the Sistan region experiences much higher PM concentration levels. 
Assessment of air quality in Zabol shows that 243 days out of 370 (65%) exhibit air 
pollution levels of above the air quality standards (>155 μg.m-3), a fraction that is much 
higher than that (26.5%) reported for Zahedan city located also in Sistan about 200 km 
south of Zabol [52]. The most significant finding is the 129 days (34.9%) that are 
characterized as hazardous (Table 4), which in combination with the adverse effects on 
human health, make it clear that environmental conditions in the Sistan region are 
rather poor for human well-being. On the other hand, only 5.7% of the days are 
associated with low pollution levels when the air quality is considered satisfactory and 
air pollution poses little or no risk. Several studies have shown that ambient air 
pollution is highly correlated with respiratory morbidity, mainly amongst children [94, 
36, 95]. The results gathered from hospitals in the Sistan region showed that during 
dust storms respiratory patients increased significantly, especially those affected by 
chronic obstructive pulmonary disease and asthma. The percentage of these diseases 
increases in summer (June and July) [53]. Apart from the dust storms, re-suspended 
dust within the urban environment is a strong source of PM10 concentrations, while 
urban-anthropogenic and industrial activities are considered to have a much lower 
effect on the air pollution over Zabol.          

The mean diurnal variation of PM10 concentrations for each season in Zabol indicates a 
clear pattern for all seasons except winter, with the maximum of the diurnal variation 
being observed in the middle of the day (~08:00-11 LST) while in winter PM10 values reach 
a maximum in the afternoon hours to early morning (~16:00 – 02:00 LST). In general, solar 
heating and vertical mixing of pollutants are the main factors for the reduction of PM10 
levels at local noon to early afternoon hours. However, the maximum PM10 concentrations 
normally occur between 08:00 and 11:00 (LST) over Sistan. The diurnal PM10 variability in 
all seasons, except winter, is closely associated with the intensity of the wind speed 
measured at the Zabol meteorological station (see Fig. 16). This wind, being northerly in 
direction, carries large quantities of dust from the Hamoun dry lake bed. The mean diurnal 
wind speed variation is similar for all seasons; however, the wind favors the increase of 
aerosol load in summer and autumn (maximum PM10 for higher wind speeds). Note that 
the Hirmand River and some other ephemeral channels provide little water in winter and 
spring to the Hamoun lake beds. Therefore, in early summer, the Hamoun lakes are wet 
and at the end of summer and early autumn are always completely dried out. On the other 
hand, the Levar winds continue also in September and so high wind speeds cause huge 
dust storms.    
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reporting that on 273 days in 2001 the values were higher than those set for the air quality 
standards; 13% of the days were considered as very unhealthy and 0.27% were classified as 
dangerous. [52] found that 15 % of the days were unhealthy for sensitive people in the city 
of Zahedan thatwas affected by Sistan dust storms, while 2 % were associated with a high 
health risk or were even hazardous.  

Comparing the present results with those of the above-mentioned studies, it is 
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higher than that (26.5%) reported for Zahedan city located also in Sistan about 200 km 
south of Zabol [52]. The most significant finding is the 129 days (34.9%) that are 
characterized as hazardous (Table 4), which in combination with the adverse effects on 
human health, make it clear that environmental conditions in the Sistan region are 
rather poor for human well-being. On the other hand, only 5.7% of the days are 
associated with low pollution levels when the air quality is considered satisfactory and 
air pollution poses little or no risk. Several studies have shown that ambient air 
pollution is highly correlated with respiratory morbidity, mainly amongst children [94, 
36, 95]. The results gathered from hospitals in the Sistan region showed that during 
dust storms respiratory patients increased significantly, especially those affected by 
chronic obstructive pulmonary disease and asthma. The percentage of these diseases 
increases in summer (June and July) [53]. Apart from the dust storms, re-suspended 
dust within the urban environment is a strong source of PM10 concentrations, while 
urban-anthropogenic and industrial activities are considered to have a much lower 
effect on the air pollution over Zabol.          

The mean diurnal variation of PM10 concentrations for each season in Zabol indicates a 
clear pattern for all seasons except winter, with the maximum of the diurnal variation 
being observed in the middle of the day (~08:00-11 LST) while in winter PM10 values reach 
a maximum in the afternoon hours to early morning (~16:00 – 02:00 LST). In general, solar 
heating and vertical mixing of pollutants are the main factors for the reduction of PM10 
levels at local noon to early afternoon hours. However, the maximum PM10 concentrations 
normally occur between 08:00 and 11:00 (LST) over Sistan. The diurnal PM10 variability in 
all seasons, except winter, is closely associated with the intensity of the wind speed 
measured at the Zabol meteorological station (see Fig. 16). This wind, being northerly in 
direction, carries large quantities of dust from the Hamoun dry lake bed. The mean diurnal 
wind speed variation is similar for all seasons; however, the wind favors the increase of 
aerosol load in summer and autumn (maximum PM10 for higher wind speeds). Note that 
the Hirmand River and some other ephemeral channels provide little water in winter and 
spring to the Hamoun lake beds. Therefore, in early summer, the Hamoun lakes are wet 
and at the end of summer and early autumn are always completely dried out. On the other 
hand, the Levar winds continue also in September and so high wind speeds cause huge 
dust storms.    
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Figure 16. Mean hourly variation of the PM10 (left panel) and wind speed (right panel) for each season 
in Zabol. 
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components are given in [96], as well as the chemical reactions of dust with atmospheric 
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corresponds to screened samples with diameter <75 μm and can constitute an indication of 
both regional geology and wind transported dust that is deposited in local soils [44].  

Emphasizing the dust mineralogy at station A, it is seen that the airborne dust is mainly 
composed of quartz, which is the dominant component (26-40%) for all the days of 
observations. Calcareous particles, mainly consisting of calcite, are the second dominant 
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mineralogical component over the site with average mass percentage of 22%, while micas 
(muscovite) contribute 13% and plagioclase (albite), 11%. The remaining components 
contribute much less to the dust mass, while chlorite (6.3%) is apparent in all dust samples 
for all days. The others, i.e. dolomite, enstatite, gypsum, halite, etc are present only in some 
samples with various percentages. It is quite interesting to note that quartz is much more 
common over Sistan than the feldspars (plagioclase, microcline and orthoclase). 

 
 

Figure 17. a. Mineralogical composition as obtained from XRD analysis for airborne dust samples 
collected on different days in station A. b. Same as in Figure 17a, but for the station B. 
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mineralogical component over the site with average mass percentage of 22%, while micas 
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contribute much less to the dust mass, while chlorite (6.3%) is apparent in all dust samples 
for all days. The others, i.e. dolomite, enstatite, gypsum, halite, etc are present only in some 
samples with various percentages. It is quite interesting to note that quartz is much more 
common over Sistan than the feldspars (plagioclase, microcline and orthoclase). 
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The mineralogical analysis for the 9-days recorded data at station B (Fig. 16b) shows more or 
less similar results to those obtained for station A and, therefore, any discussion will be 
given on their comparison (Fig. 19). The mineralogical composition has the same descending 
order as in station A, i.e. quartz (39.8±4.4%), calcite (18.8±3.5%), plagioclase (albite) 
(12.7±1.4%) and muscovite (10.1±3.2%). On the other hand, dust deposition may influence 
biogeochemical cycling in terrestrial ecosystems, while dust accumulation in soils can 
influence texture, element composition and acid neutralizing capacity [97-98]. Furthermore, 
the chemical and mineralogical composition of soil dust provides useful information about 
its provenance [99], radiative forcing implications [100] and human health effects [101]. For 
these reasons, in addition to the airborne dust samples, soil samples were collected at 16 
locations around Sistan and Hamoun, at depths ranging from 0 to 5 cm from the soil crust. 
The results of soil sample mineralogy are summarized in Fig. 18. From an initial 
consideration of these results, it is established that the soil samples exhibit similar 
mineralogy to the airborne dust at both stations, thus suggesting similarity in sources for 
both airborne and soil dust. On the other hand, some soils in the Sistan region have been 
primarily formed from dust transported from the Hamoun lakes, presenting large 
similarities in mineralogy and chemical composition to airborne dust. However, 
atmospheric chemical reactions involving dust and aerosols of other types can alter the 
chemical characteristics of dust before its deposition [102]. Therefore, the mineralogy of the 
soil samples may differ significantly in comparison to the results obtained for airborne dust 
at stations A and B, since some of the soil samples (11 samples) were collected in the 
Hamoun dried lakes and others (five samples) around stations A and B.   

 
Figure 18. Mineralogical composition as obtained from XRD analysis for soil samples collected at 
various locations in the Hamoun Basin.  

Figure 19 summarizes the results from the mineralogical analysis of samples taken at the 
two stations and from the soil samples, allowing a quantitative comparison between them. 
The vertical bars correspond to one standard deviation from the mean for both airborne and 
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soil samples. The distance from the source region from whence dust is deposited also 
influences the particle size distribution, mineralogy and chemical composition of dust. 
Therefore, generally speaking, at local scales quartz clearly dominates with fractions up to 
~50%, while as the distance from the dust source increases, feldspars (plagioclase, 
microcline) and phyllosilicate minerals (illite and kaolinite) present increased fractions [103, 
42]. However, in our study the dust samples were all obtained within the same area and, 
therefore, are mineralogically similar. Nevertheless, station B, which is located closer to the 
Hamoun basin, the source of dust exposures, exhibits higher percentages of quartz, while 
station A (near to Zabol city) exhibits higher concentrations of calcite and muscovite 
compared to station B. On the other hand, the soil samples exhibit a lower mean percentage 
for quartz (27.7±4.7) and higher percentages for calcite, chlorite, halite and muscovite 
compared to the airborne samples. 
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Figure 19. Average mineralogy components for airborne dust samples at stations A and B and for soil 
samples obtained at various locations in Hamoun Basin. The vertical bars express one standard 
deviation from the mean.  

These mineralogical airborne dust and soil compositions, derived essentially from the 
Hamoun source region, reflect the composition of the material available from this 
provenance as well as the relevant grain size characteristics, enabling the wind storms to 
entrain this material into the lower atmosphere. While most of the minerals (quartz, 
feldspars of various types, muscovite) can easily be tied to basement-type lithology of 
generally gneissic-granitic character, others (chlorite, pyroxenes and hornblende) rather 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 186 

The mineralogical analysis for the 9-days recorded data at station B (Fig. 16b) shows more or 
less similar results to those obtained for station A and, therefore, any discussion will be 
given on their comparison (Fig. 19). The mineralogical composition has the same descending 
order as in station A, i.e. quartz (39.8±4.4%), calcite (18.8±3.5%), plagioclase (albite) 
(12.7±1.4%) and muscovite (10.1±3.2%). On the other hand, dust deposition may influence 
biogeochemical cycling in terrestrial ecosystems, while dust accumulation in soils can 
influence texture, element composition and acid neutralizing capacity [97-98]. Furthermore, 
the chemical and mineralogical composition of soil dust provides useful information about 
its provenance [99], radiative forcing implications [100] and human health effects [101]. For 
these reasons, in addition to the airborne dust samples, soil samples were collected at 16 
locations around Sistan and Hamoun, at depths ranging from 0 to 5 cm from the soil crust. 
The results of soil sample mineralogy are summarized in Fig. 18. From an initial 
consideration of these results, it is established that the soil samples exhibit similar 
mineralogy to the airborne dust at both stations, thus suggesting similarity in sources for 
both airborne and soil dust. On the other hand, some soils in the Sistan region have been 
primarily formed from dust transported from the Hamoun lakes, presenting large 
similarities in mineralogy and chemical composition to airborne dust. However, 
atmospheric chemical reactions involving dust and aerosols of other types can alter the 
chemical characteristics of dust before its deposition [102]. Therefore, the mineralogy of the 
soil samples may differ significantly in comparison to the results obtained for airborne dust 
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soil samples. The distance from the source region from whence dust is deposited also 
influences the particle size distribution, mineralogy and chemical composition of dust. 
Therefore, generally speaking, at local scales quartz clearly dominates with fractions up to 
~50%, while as the distance from the dust source increases, feldspars (plagioclase, 
microcline) and phyllosilicate minerals (illite and kaolinite) present increased fractions [103, 
42]. However, in our study the dust samples were all obtained within the same area and, 
therefore, are mineralogically similar. Nevertheless, station B, which is located closer to the 
Hamoun basin, the source of dust exposures, exhibits higher percentages of quartz, while 
station A (near to Zabol city) exhibits higher concentrations of calcite and muscovite 
compared to station B. On the other hand, the soil samples exhibit a lower mean percentage 
for quartz (27.7±4.7) and higher percentages for calcite, chlorite, halite and muscovite 
compared to the airborne samples. 
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Figure 19. Average mineralogy components for airborne dust samples at stations A and B and for soil 
samples obtained at various locations in Hamoun Basin. The vertical bars express one standard 
deviation from the mean.  

These mineralogical airborne dust and soil compositions, derived essentially from the 
Hamoun source region, reflect the composition of the material available from this 
provenance as well as the relevant grain size characteristics, enabling the wind storms to 
entrain this material into the lower atmosphere. While most of the minerals (quartz, 
feldspars of various types, muscovite) can easily be tied to basement-type lithology of 
generally gneissic-granitic character, others (chlorite, pyroxenes and hornblende) rather 
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suggest mafic parent rocks, as can be inferred from basic mineralogical analysis [e.g.,104]  . 
However, the calcite, dolomite, halite and gypsum suggest evaporate minerals, although 
both calcite and dolomite can also reflect alteration products of primary acid or mafic rock 
constituents. The inferred evaporate minerals reflect local derivation of salt from desiccating 
water bodies in the Hamoun lakes, originally formed from altered transported components 
via the Hirmand river system. Thus, the semi-quantitative mineral determinations for the 
airborne dust over the Sistan region support derivation of the particles from well weathered 
and well eroded (transported) argillaceous alluvium from the extensive Hirmand river 
system draining Afghanistan and terminating in the Hamoun Basin. The general geology of 
Afghanistan encompasses extensive terrains of both acidic and mafic rocks, while similar 
mineralogical composition of dust (i.e. dominance of quartz, but lower percentage of calcite) 
was found at the Bagram and Khowst sites located in eastern Afghanistan [44]. More 
specifically, they found that these sites are underlain by loess (wind deposited silt), sand, 
clay and alluvium containing gravel. As shown in Fig. 2, as well as in other studies [44, 51, 
12], nearly the whole of Afghanistan is affected by the dust storms originating from 
Hamoun, since the dust plume usually follows a counter-clockwise direction, carrying 
wind-blown dust towards eastern Afghanistan. Similarly to our findings, the airborne dust 
at selected locations in southwestern Iran was found to be composed mainly from quartz 
and calcite, suggesting detritus sedimentary origin, followed by kaolinite and a minor 
percentage of gypsum [72]. Furthermore, [44] found that airborne dust samples derived 
from poorly drained rivers and lakes in central and southern Iraq contain substantial calcite 
(33– 48%), quartz and feldspar with minor chlorite and clay minerals. Previous studies [105-
106], have shown that silicate minerals (quartz, feldspars) and phyllosilicates (illite, 
kaolinite, smectite/montmorillonite clays, chlorite) dominate aeolian dust. Dust samples 
may also contain substantial amounts of carbonates, oxides, gypsum, halite and soluble 
salts, but the quantity and percentage of these minerals are quite variable from site to site. 

12. Elemental composition of dust  
Knowledge of the chemical composition of airborne dust is necessary for clarifying the 
likely source regions and is important for quantitative climate modelling, in understanding 
possible effects on human health, precipitation, ocean biogeochemistry and weathering 
phenomena [50]. Chemical analysis of dust provides valuable information about potentially 
harmful trace elements such as lead, arsenic and heavy metals (Co, Cr, Cu, Ni, Pb). On the 
other hand, the major-element and ion-chemistry analyses provide estimates of mineral 
components, which themselves may be hazardous to human health and ecosystems and 
which can act as carriers of other toxic substances. The chemical analysis of dust samples at 
both stations was performed via XRF analysis for the major oxides (Figs. 20a, b).  

In general, the analysis reveals that all samples at both stations contain major amounts of 
SiO2, mainly in the mineral quartz, variable amounts of CaO in the mineral calcite, 
plagioclase feldspar and to a limited extent in dolomite, as well as substantial Al2O3 
concentrations. More specifically, average major elements of airborne dust at both stations 
indicate a predominant SiO2 mass component (46.8 – 47.8%) with significant CaO (12-12.2%)  

Changes of Permanent Lake Surfaces, and Their Consequences for  
Dust Aerosols and Air Quality: The Hamoun Lakes of the Sistan Area, Iran 189 

 

 
Figure 20. a. Major elements (oxides) for airborne dust samples obtained on different days at Station A 
analysed by means of XRF. b. Same as in Fig. 20a, but for the station B.  

and Al2O3 (10.4-10.8%) contributions; a few percent of Na2O (4.2-5.4%), MgO (4.3%) and 
total iron as Fe2O3 (3.8-4.1%), as well as trace amounts (<1%) of TiO2, K2O, P2O5 and MnO, 
while the remaining major elements (Cr2O3, NiO, V2O5, ZrO2) were not detected by XRF 
analysis (Figs. 20a, b). When compared to various average shale analyses in the literature 
(Geosynclinal Average Shale and Platform Average Shale from [107] ; Average Shale from 
[108]; North American Shale Composite from [109], the Sistan dust is significantly depleted 
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suggest mafic parent rocks, as can be inferred from basic mineralogical analysis [e.g.,104]  . 
However, the calcite, dolomite, halite and gypsum suggest evaporate minerals, although 
both calcite and dolomite can also reflect alteration products of primary acid or mafic rock 
constituents. The inferred evaporate minerals reflect local derivation of salt from desiccating 
water bodies in the Hamoun lakes, originally formed from altered transported components 
via the Hirmand river system. Thus, the semi-quantitative mineral determinations for the 
airborne dust over the Sistan region support derivation of the particles from well weathered 
and well eroded (transported) argillaceous alluvium from the extensive Hirmand river 
system draining Afghanistan and terminating in the Hamoun Basin. The general geology of 
Afghanistan encompasses extensive terrains of both acidic and mafic rocks, while similar 
mineralogical composition of dust (i.e. dominance of quartz, but lower percentage of calcite) 
was found at the Bagram and Khowst sites located in eastern Afghanistan [44]. More 
specifically, they found that these sites are underlain by loess (wind deposited silt), sand, 
clay and alluvium containing gravel. As shown in Fig. 2, as well as in other studies [44, 51, 
12], nearly the whole of Afghanistan is affected by the dust storms originating from 
Hamoun, since the dust plume usually follows a counter-clockwise direction, carrying 
wind-blown dust towards eastern Afghanistan. Similarly to our findings, the airborne dust 
at selected locations in southwestern Iran was found to be composed mainly from quartz 
and calcite, suggesting detritus sedimentary origin, followed by kaolinite and a minor 
percentage of gypsum [72]. Furthermore, [44] found that airborne dust samples derived 
from poorly drained rivers and lakes in central and southern Iraq contain substantial calcite 
(33– 48%), quartz and feldspar with minor chlorite and clay minerals. Previous studies [105-
106], have shown that silicate minerals (quartz, feldspars) and phyllosilicates (illite, 
kaolinite, smectite/montmorillonite clays, chlorite) dominate aeolian dust. Dust samples 
may also contain substantial amounts of carbonates, oxides, gypsum, halite and soluble 
salts, but the quantity and percentage of these minerals are quite variable from site to site. 

12. Elemental composition of dust  
Knowledge of the chemical composition of airborne dust is necessary for clarifying the 
likely source regions and is important for quantitative climate modelling, in understanding 
possible effects on human health, precipitation, ocean biogeochemistry and weathering 
phenomena [50]. Chemical analysis of dust provides valuable information about potentially 
harmful trace elements such as lead, arsenic and heavy metals (Co, Cr, Cu, Ni, Pb). On the 
other hand, the major-element and ion-chemistry analyses provide estimates of mineral 
components, which themselves may be hazardous to human health and ecosystems and 
which can act as carriers of other toxic substances. The chemical analysis of dust samples at 
both stations was performed via XRF analysis for the major oxides (Figs. 20a, b).  

In general, the analysis reveals that all samples at both stations contain major amounts of 
SiO2, mainly in the mineral quartz, variable amounts of CaO in the mineral calcite, 
plagioclase feldspar and to a limited extent in dolomite, as well as substantial Al2O3 
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Figure 20. a. Major elements (oxides) for airborne dust samples obtained on different days at Station A 
analysed by means of XRF. b. Same as in Fig. 20a, but for the station B.  
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in SiO2, Al2O3, K2O and total Fe and significantly enriched in CaO, Na2O and MgO. The 
MgO is largely contained in dolomite and, to a lesser extent, in clay minerals such as 
palygorskite and montmorillonite [78, 44]. These components can be ascribed to the 
importance of evaporate minerals such as calcite, dolomite, halite and gypsum (as also 
suggested by the mineralogical analysis) inferred to have come from the desiccation taking 
place in the Hamoun dust source region. Furthermore, the elevated values for the trace 
elements Cl, F and S (Table 5) support the latter postulate as it would be expected from an 
evaporate-rich source for deflation of dust [e.g.,110]. Similar to the elemental composition of 
dust over Sistan, [44] determined a high fraction of SiO2 in silt, less CaO in calcite and 
slightly more Al2O3 in clay minerals at the Khowst site. At both Afghanistan sites (Bagram 
and Khowst), the SiO2 was dominant with fractions of about 50-55%, followed by Al2O3, 
CaO and MgO. 

By comparing the major elements of different dust storms, some interesting relationships 
have been found. More specifically, on days (e.g. 15/11/2009, 7/1/2010, 23/1/2010) (Fig. 20a) 
when airborne dust was relatively depleted in SiO2, enhanced MgO and, particularly, Na2O 
values were recorded. Conversely, when SiO2 values were higher (e.g. 8/7/2010, 23/8/2010), 
both MgO and Na2O contributions dropped. This suggests that certain intense dust storms 
were richer in evaporate source material (i.e., elevated MgO and Na2O) coming from 
Hamoun dried lake beds, while others had more silica, reflecting weathered rock detritus 
from the Hirmand river and Afghanistan mountains. An explanation of these variable 
chemical compositions of dust samples is a real challenge, but it is postulated here that they 
may reflect local desiccation cycles and, possibly, even micro-climatic changes in the 
Hamoun-lakes dust source region. Excessive desiccation of the lakes would enhance 
potential evaporate minerals for deflation in drier periods, while in wetter periods, airborne 
dust would logically have been derived more from weathered fluvial detritus rich in SiO2. 

Figure 21 summarizes the results of the elemental compositions determined by XRF analysis 
at both stations. For comparison reasons, the mean elemental composition found for several 
sites in southwestern Iran (Khuzestan province) [71-72] is also shown. The vertical bars 
express one standard deviation from the mean. Concerning the major elemental oxides over 
Sistan, both stations exhibit similar results, well within the standard deviations, suggesting 
that the transported dust over Sistan is locally or regionally produced with similarity in 
source region. In contrast, the mean elemental composition of airborne dust over Khuzestan 
province exhibits remarkable differences from that over Sistan, revealing various source 
regions and dust mineralogy. More specifically, the SiO2 percentage is significantly lower 
and highly variable over Khuzestan, which is also characterized by higher contributions of 
Na2O, MgO and K2O compared to Sistan. The dust storms over southwestern Iran may 
originate from local sources as well as being transported over medium- and long-ranges 
from different sources located in Iraq as well as in the Arabian Peninsula. A comparative 
study of the mineralogy and elemental composition of airborne dust at several locations in 
Iraq, Kuwait and the Arabian Peninsula [44] has shown significantly variable contributions, 
suggesting differences in overall geology, lithology and mineralogy of these regions. In 
further contrast, airborne dust over Sistan seems to have its individual characteristics 
originating from local and well-defined sources. 
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Figure 21. Average X-ray fluorescence (XRF) results for major dust elements in stations A and B. 
Similar results obtained in Khuzestan Province, southwestern Iran [71-72] are also shown for 
comparison reasons.  

The Earth’s crust is dominated by silicon and aluminum oxides. Numerous studies [78, 50 
and references therein] reviewing the elemental composition of airborne dust over the globe 
report that mineral dust is composed of ~60% SiO2 and 10-15% Al2O3. The contribution of 
other oxides, i.e. Fe2O3 (~7%), MgO (~2.5%) and CaO (~4%), are, in general, more variable 
depending on source location. Furthermore, the review study of [96] showed that airborne 
dust samples collected over the globe have fairly small variations in elemental composition. 
The CaO concentrations over Sistan are found to be much higher than those (5.5%) 
summarized in [96]. 

13. Trace elements 
The average concentrations of trace elements (in ppm) in dust samples collected during 
major dust storms at stations A and B are summarized in Table 5, as obtained from XRF 
analysis. The results show that the dominant trace elements over Sistan are F and Cl, with 
the former being dominant in the vast majority of the dust events at station A. However, on 
two days (8/7/2010 and 23/8/2010) the Cl concentrations were extremely large, thus 
controlling the average value; there is a lack of observations at station B on 23/8/2010, thus 
the lower average Cl concentration. Note that on both these days, the SiO2 component is 
large, while MgO and Na2O are low (Fig. 20a). The dominance of chlorine indicates soil 
salinization in the Hamoun basin and along the Hirmand river and its tributaries. 
Furthermore, S exhibits higher concentration at station A, while for the other elements the 
concentrations between the two stations are more or less similar. The concentrations of 
potentially harmful and toxic elements, like Cs, Pb and As are, in general, low at both 
stations; however, Ba, Cr and Zn present moderate concentrations.     

On the other hand, the analysis of the major element ratios provides essential knowledge of 
the dust chemical composition and source region. The ratios of Si/Al at stations A and B are 
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were richer in evaporate source material (i.e., elevated MgO and Na2O) coming from 
Hamoun dried lake beds, while others had more silica, reflecting weathered rock detritus 
from the Hirmand river and Afghanistan mountains. An explanation of these variable 
chemical compositions of dust samples is a real challenge, but it is postulated here that they 
may reflect local desiccation cycles and, possibly, even micro-climatic changes in the 
Hamoun-lakes dust source region. Excessive desiccation of the lakes would enhance 
potential evaporate minerals for deflation in drier periods, while in wetter periods, airborne 
dust would logically have been derived more from weathered fluvial detritus rich in SiO2. 

Figure 21 summarizes the results of the elemental compositions determined by XRF analysis 
at both stations. For comparison reasons, the mean elemental composition found for several 
sites in southwestern Iran (Khuzestan province) [71-72] is also shown. The vertical bars 
express one standard deviation from the mean. Concerning the major elemental oxides over 
Sistan, both stations exhibit similar results, well within the standard deviations, suggesting 
that the transported dust over Sistan is locally or regionally produced with similarity in 
source region. In contrast, the mean elemental composition of airborne dust over Khuzestan 
province exhibits remarkable differences from that over Sistan, revealing various source 
regions and dust mineralogy. More specifically, the SiO2 percentage is significantly lower 
and highly variable over Khuzestan, which is also characterized by higher contributions of 
Na2O, MgO and K2O compared to Sistan. The dust storms over southwestern Iran may 
originate from local sources as well as being transported over medium- and long-ranges 
from different sources located in Iraq as well as in the Arabian Peninsula. A comparative 
study of the mineralogy and elemental composition of airborne dust at several locations in 
Iraq, Kuwait and the Arabian Peninsula [44] has shown significantly variable contributions, 
suggesting differences in overall geology, lithology and mineralogy of these regions. In 
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similar (7.8±0.8 and 8.3±0.9, respectively), due to the presence of silicate and aluminosilicate 
minerals in most dust samples. The ratios of Mg/Al (0.90±0.16, 0.92±0.12), Ca/Al (3.09±0.19, 
3.12±0.19) and Fe/Al (0.51±0.02, 0.49±0.01) at the two stations suggest contributions of clays 
and Ca-rich (calcite) minerals to the chemical compositions of the airborne dust. In contrast, 
the Fe/Al ratio is low over Sistan and is nearly half of that found for airborne dust over 
southwestern Iran and several locations over the globe [72], but is comparable to that found 
over central Asia [111]. It should be noted that this ratio remains nearly invariant, ranging 
from 0.47 to 0.54, for all the collected dust samples at both stations and can be a good 
surrogate for the dust source region, since any variation in Fe/Al mainly corresponds to 
variations in clay minerals and not to coating during dust transportation [50]. In contrast, 
the Ca/Al ratio exhibits the highest variations from sample to sample (2.80-3.46), since it is 
influenced by particle size, with higher values as particle-size increases [72]. Synoptically, all 
the ratio values and the low standard deviations suggest similarity in geochemical 
characteristics over Sistan and a uniform source of airborne dust.     
 
 

Trace Elements 
Parts per million (ppm) Station A Station B 

Cl 28670 15047 
F 13938 13456 
S 4445 2506 

Ba 210 253 
Sr 154 125 
Zr 83 76 
Cr 70 84 
V 69 69 

Zn 57 51 
La 30 32 
Rb 24 19 
Ni 18 16 
Ce 17 16 
Cs 14 13 
Sc 11 11 
Cu 11 11 
Pb 10 10 

Table 5. Average X-ray fluorescence (XRF) values for trace elements of airborne dust for stations A and B. 

14. Conclusions 
The present Chapter focused on shedding light on the dust loading, PM concentrations, 
physical and chemical composition of dust in the Sistan region, southeastern Iran, which 
constitutes a major dust source region in south west Asia. Sistan region is a closed 
topographic low basin surrounded by arid and rocky mountains, while its northern part 
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drains the Hilmand river, thus constituting a wetland area known as Hamoun. Hamoun 
lakes complex have an area about 4500 Km2 with water volumes of 13025 million m3 and 
play the role of a “water cooler” for the region when they are full of water as the severe 
winds blow across the lakes.  

Severe droughts over the past decades, especially after 1999, have caused desiccation of the 
Hamoun lakes, leaving a fine layer of sediment that is easily lifted by the wind and therefore 
making the basin one of the most active sources of dust in south-west Asia [56, 50]. The 
strong “Levar”, especially during the summer season, blows fine sands off the exposed lake 
bed and deposits this detritus within huge dune bed forms that may cover a hundred or 
more villages along the former lakeshore. As a consequence, the wildlife around the lake has 
been negatively impacted and fisheries have been brought to a halt, which also implies an 
impact on society. The drainage of the Hamoun wetlands, in association with the intense 
Levar winds in summer, is the main factor responsible for the frequent and massive dust 
storms over the Sistan region. Analysis of water surface in combination with dust storms 
showed that the Hamoun dried beds, particularly Hamoun Saberi and Baringak, have a 
dramatic effect on dust storms as sources of aerosols. 

Systematic PM concentrations were measured in Zabol city, affected by the Sistan dust 
storms, covering the period September 2010 to August 2011. The results show that the PM10 
concentrations were considerably higher than the corresponding European Union air 
quality annual standard. The analysis of the daily PM concentrations showed that the air 
quality is affected by dust storms from the Sistan desert, which may be very intense during 
summer. Hamoun, as an intense dust source region, caused a dramatic increase in PM10 
concentrations and a deterioration of air quality (65% of the days were considered 
unhealthy for sensitive people and 34.9% as hazardous). 

Dust loading from the Hamoun basin appears to have a significant contributing influence on 
the development of extreme dust storms, especially during the summer days. This influence 
firstly seems to depend on the intensity and duration of dust storms, and secondly, on the 
distance from the source region, the wind speed and altitude. The grain-size distribution of 
the dust loading was strongly influenced by the distance from the dust source, since grain 
sizes shifted to larger values towards station B that is closer to the Hamoun basin. 
Furthermore, the particle size distribution exhibited a shift towards lower values as the 
altitude increases, with this feature seen to be more obvious amongst larger size particles, 
while the frequency of particles below 2.5 μm seemed not to be affected by altitude. In 
general, the regional dust loading and characteristics are subject to significant spatio-
temporal variability. This finding necessitates more systematic observations at as many 
locations as possible around the Hamoun basin in order to improve the understanding of 
forcing dynamics, transport mechanisms as well as to quantify the dust amounts emitted 
from the Hamoun basin.      

To fully understand mineral dust characteristics and the potential impact on human health, 
dust mineralogy and geochemical properties were examined in the Sistan region by 
collecting airborne samples at two stations and soil samples from several locations over 
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Sistan and the Hamoun basin. The Sistan region is an ideal site to study the nature of dust 
storms as it receives large amounts of fine alluvial material from the extended Hirmand 
river system draining much of the Afghanistan highlands, which comprise crystalline 
basement rocks, Phanerozoic sediments and extensive flood basalts. As a result, large 
quantities of quartz-rich, feldspar- and mica-bearing silt, as well as mafic material from 
flood basalt sources and carbonate minerals from dolomites, are transported to the Hamoun 
wetlands in northern Sistan. Due to droughts at Hamoun and large irrigation projects 
upstream on the river catchment, extensive desiccation has occurred in the wetlands 
resulting in large dry lake environments. These have produced large quantities of evaporate 
minerals to add to the alluvial silts, and the combination of these materials provides the 
provenance for the airborne dust. 

Dust aerosol characterization included chemical analysis of major and trace elements by XRF 
and mineral analysis by XRD. The results showed that quartz, calcite, muscovite, plagioclase 
and chlorite are the main mineralogical components of the dust, in descending order, over 
Sistan, and were present in all the selected airborne dust samples. In contrast, significantly 
lower percentages for enstatite, halite, dolomite, microcline, gypsum, diopside, orthoclase and 
hornblende were found, since these minerals occurred only in some of the samples at both 
stations. On the other hand, SiO2, CaO, Al2O3, Na2O, MgO and Fe2O3 were the major elements 
characterising the dust, while large amounts of F, Cl and S were also found as trace elements. 
The mineralogy and chemical composition of airborne dust at both stations were nearly the 
same and quite similar to the soil samples collected at several locations downwind. This 
suggests that the dust over Sistan is locally emitted, i.e. from the Hamoun basin, and in a few 
cases can also be long-range transported to distant regions. On the other hand, individual dust 
storms showed significant differences between either evaporite-dominated aerosols or those 
characterized by deflation from alluvial silts. These possibly reflect either localized climatic 
cyclicity or desiccation cycles. However, in some cases the soil samples showed poor 
comparisons with aerosol compositions, suggesting that dynamic sorting, soil-forming 
processes and climatic influences, such as rainfall, altered the mineralogy and chemistry in 
these partially eolian deposits. Sistan is also an ideal site for studying dust storms and 
enrichment factors relative to crustal norms; the latter factors suggest that the dust is 
essentially of crustal rather than anthropogenic origin. SEM analyses of the samples indicated 
that airborne dust has rounded irregular, prismatic and rhombic shapes, with only the finer 
particles and a few examples of the coarser dust being spherical.   
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Sistan and the Hamoun basin. The Sistan region is an ideal site to study the nature of dust 
storms as it receives large amounts of fine alluvial material from the extended Hirmand 
river system draining much of the Afghanistan highlands, which comprise crystalline 
basement rocks, Phanerozoic sediments and extensive flood basalts. As a result, large 
quantities of quartz-rich, feldspar- and mica-bearing silt, as well as mafic material from 
flood basalt sources and carbonate minerals from dolomites, are transported to the Hamoun 
wetlands in northern Sistan. Due to droughts at Hamoun and large irrigation projects 
upstream on the river catchment, extensive desiccation has occurred in the wetlands 
resulting in large dry lake environments. These have produced large quantities of evaporate 
minerals to add to the alluvial silts, and the combination of these materials provides the 
provenance for the airborne dust. 

Dust aerosol characterization included chemical analysis of major and trace elements by XRF 
and mineral analysis by XRD. The results showed that quartz, calcite, muscovite, plagioclase 
and chlorite are the main mineralogical components of the dust, in descending order, over 
Sistan, and were present in all the selected airborne dust samples. In contrast, significantly 
lower percentages for enstatite, halite, dolomite, microcline, gypsum, diopside, orthoclase and 
hornblende were found, since these minerals occurred only in some of the samples at both 
stations. On the other hand, SiO2, CaO, Al2O3, Na2O, MgO and Fe2O3 were the major elements 
characterising the dust, while large amounts of F, Cl and S were also found as trace elements. 
The mineralogy and chemical composition of airborne dust at both stations were nearly the 
same and quite similar to the soil samples collected at several locations downwind. This 
suggests that the dust over Sistan is locally emitted, i.e. from the Hamoun basin, and in a few 
cases can also be long-range transported to distant regions. On the other hand, individual dust 
storms showed significant differences between either evaporite-dominated aerosols or those 
characterized by deflation from alluvial silts. These possibly reflect either localized climatic 
cyclicity or desiccation cycles. However, in some cases the soil samples showed poor 
comparisons with aerosol compositions, suggesting that dynamic sorting, soil-forming 
processes and climatic influences, such as rainfall, altered the mineralogy and chemistry in 
these partially eolian deposits. Sistan is also an ideal site for studying dust storms and 
enrichment factors relative to crustal norms; the latter factors suggest that the dust is 
essentially of crustal rather than anthropogenic origin. SEM analyses of the samples indicated 
that airborne dust has rounded irregular, prismatic and rhombic shapes, with only the finer 
particles and a few examples of the coarser dust being spherical.   
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1. Introduction 
Carboxylic acids together with water-soluble inorganic ions are an important group of 
water-soluble organic compounds in the atmospheric aerosols (Jacobson et al., 2000, 
Bourotte et al., 2007). They are highlighted because they account for substantial portion of 
atmospheric aerosols, and potentially control chemical and physical properties of the 
particles. Consequently, they may have direct and indirect effects on the earth’s radiation 
balance by scattering incoming solar radiation, which counteracts the global warming 
(IPCC, 2007). More attention has been paid to carboxylic acids due to their potential to 
modify the hygroscopic properties of atmospheric particles, including cloud condensation 
nuclei activity and hence to change global radiation balance (Kerminen, 2001; Peng et al., 
2001). Major water-soluble inorganic ions are associated with atmospheric visibility 
degradation, adverse human health effects, and acidity of precipitation (Dockery & Pope, 
1996; IPCC, 2007).  

Among the organic acids, low molecular weight carboxylic acids such as acetic, oxalic and 
malonic are generally most abundant in the atmospheric aerosols. Carboxylic acids in 
variable concentrations have been reported in various environments including rural and 
urban atmosphere (Kawamura & Sakaguchi, 1999; Kerminen et al., 2000; Nicolas et al., 2009) 
and have different source origin, including biomass burning, fossil fuel combustion 
(Kawamura 1987; Narukawa et al., 1999), sea spray, traffic and industrial emissions and 
photochemical oxidation of precursors from anthropogenic and biogenic origin (Kawamura 
& Sakaguchi, 1999; Limbeck & Puxbaum, 1999; Kumar et al., 2001; Chakraborty & Gupta, 
2010). Other sources for carboxylic acids in the marine atmosphere include in-cloud and 
heterogeneous formations (Warneck, 2003).  
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1. Introduction 
Carboxylic acids together with water-soluble inorganic ions are an important group of 
water-soluble organic compounds in the atmospheric aerosols (Jacobson et al., 2000, 
Bourotte et al., 2007). They are highlighted because they account for substantial portion of 
atmospheric aerosols, and potentially control chemical and physical properties of the 
particles. Consequently, they may have direct and indirect effects on the earth’s radiation 
balance by scattering incoming solar radiation, which counteracts the global warming 
(IPCC, 2007). More attention has been paid to carboxylic acids due to their potential to 
modify the hygroscopic properties of atmospheric particles, including cloud condensation 
nuclei activity and hence to change global radiation balance (Kerminen, 2001; Peng et al., 
2001). Major water-soluble inorganic ions are associated with atmospheric visibility 
degradation, adverse human health effects, and acidity of precipitation (Dockery & Pope, 
1996; IPCC, 2007).  

Among the organic acids, low molecular weight carboxylic acids such as acetic, oxalic and 
malonic are generally most abundant in the atmospheric aerosols. Carboxylic acids in 
variable concentrations have been reported in various environments including rural and 
urban atmosphere (Kawamura & Sakaguchi, 1999; Kerminen et al., 2000; Nicolas et al., 2009) 
and have different source origin, including biomass burning, fossil fuel combustion 
(Kawamura 1987; Narukawa et al., 1999), sea spray, traffic and industrial emissions and 
photochemical oxidation of precursors from anthropogenic and biogenic origin (Kawamura 
& Sakaguchi, 1999; Limbeck & Puxbaum, 1999; Kumar et al., 2001; Chakraborty & Gupta, 
2010). Other sources for carboxylic acids in the marine atmosphere include in-cloud and 
heterogeneous formations (Warneck, 2003).  
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Chemical composition of PM2.5 and even that of PM10 aerosols is important to gain insights 
into sources and of their toxicity and to evaluate effectiveness of abatement strategies for 
relevant emission sectors. Particulate matter (PM) with aerodynamic diameter less than 2.5 
μm (PM2.5) exhibited stronger relation with health than those with aerodynamic diameter 
less than 10 μm (PM10), but other studies have reported a strong potential of PM10 to 
human health (Salma et al., 2002; Kappos et al., 2004). Most studies on low molecular weight 
carboxylic acids and their related compounds (Limbeck et al., 2001; Limon-Sanchez et al., 
2002; Kawamura & Yasui, 2005) and major ions (Harrison et al., 2004; Karthikeyan & 
Balasubramanian, 2006; Mariani et al., 2007; Kundu et al., 2010; Mkoma et al., 2010) have 
extensively been reported.  

In Africa similar aerosols measurements especially of organic components are missing. 
Therefore, a full scenario of air quality is far from being revealed because some pollutants 
including carboxylic acids have not been measured. The knowledge of elucidating chemical 
composition, levels, and source profiles of aerosols in the Tanzania atmosphere remains a 
challenge and is needed for both scientific and policy reasons. The continuous changes in 
socioeconomic and political environments in Tanzania result in changes in development, 
particularly in transport, industry, energy, and construction sectors. This chapter reports for 
the first time in Tanzania, composition of low molecular weight carboxylic acids in PM2.5 
and PM10 aerosol samples collected from a rural background atmosphere in Morogoro. An 
insight of characteristics of water-soluble inorganic ions is also discussed in this chapter. 

2. Experimental 

2.1. Aerosol sampling site 

Aerosol samples were collected at a rural site in Morogoro (300,000 inhabitants) between 26 
April and 10 May 2011. This site is located at about 200 km west of the Indian Ocean and the 
city of Dar es Salaam, a business capital in Tanzania (Fig. 1). The samples were collected at 
Solomon Mahlangu Campus of Sokoine University of Agriculture (06°47'41"S, 37°37'44"E, 
altitude 504 m a.s.l.). This site is located about 5 km from Morogoro central area and major 
road systems and possible aerosol sources include biomass burning, agriculture, livestock 
and soil dust. Approximately 70% of this area is covered by vegetation and about 15% with 
pasture field. Conversely, tropical savannah is the most important land cover in large part of 
the sampling site. 

2.2. Aerosol collection 

Two samplers were used in parallel to collect aerosol particles: a “Gent” PM2.5 and PM10 
filter holder each with two quartz fibre filters (Whatman QM-A) in series. Quartz fibre filters 
can adsorb volatile organic compounds (VOCs) causing positive artifacts when measuring 
PM and particulate OC. On the other hand, semi-volatile organic compounds (SVOCs) in 
aerosols may partially evaporate during sampling resulting in negative artifacts (Turpin et 
al., 2000; Mader et al., 2003; Hitzenberger et al., 2004). The quartz fibre filters were pre-fired 
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at 550 °C during 24 h before use. Samplers operated at a flow rate of 17 L/min and were 
mounted on grass survey at SMC synoptic station approximately 2.7 m above ground level. 
The sampling was carried out approximately in 24 h intervals and exchange of filters during 
sampling periods was done at 7:30 am. A total of 11 sets of actual filed samples and 2 blanks 
were collected for each sampler and used in this chapter. After sampling the exposed filters 
were folded in half face to face, placed in polyethylene plastic bags and kept frozen at -4 °C 
during storage and transported cool to the laboratory of research and development in 
chemistry (LPQ) at the Institute of chemistry, Federal University of Bahia (UFBA). The 
samples were stored in a freezer at −20 °C prior to analysis. All the procedures were strictly 
quality-controlled to avoid any possible contamination of the samples. 

 
Figure 1. Location of the sampling site in Morogoro, Tanzania 

During the sampling period meteorological data were collected from the site. The daily winds 
were predominantly south-easterly with an average speed of 6.8 m/s. Average temperature 
was 26.8 oC and average relative humidity was 73%. The recorded maximum temperature and 
relative humidity were 29.8 °C and 79.5%, while minimum values were 23.7 °C and 63.5%, 
respectively. During the campaigns 5 days hand rainfall of a total 19.9 mm. 

2.3. Aerosol analyses 

For particulate mass measurements, the filter samples were weighed before and after 
sampling with an analytical microbalance balance Mettler Toledo MX5 (reading precision 1 
μg). Before weighing, the filters were conditioned in a chamber equipped with hydro-
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particularly in transport, industry, energy, and construction sectors. This chapter reports for 
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April and 10 May 2011. This site is located at about 200 km west of the Indian Ocean and the 
city of Dar es Salaam, a business capital in Tanzania (Fig. 1). The samples were collected at 
Solomon Mahlangu Campus of Sokoine University of Agriculture (06°47'41"S, 37°37'44"E, 
altitude 504 m a.s.l.). This site is located about 5 km from Morogoro central area and major 
road systems and possible aerosol sources include biomass burning, agriculture, livestock 
and soil dust. Approximately 70% of this area is covered by vegetation and about 15% with 
pasture field. Conversely, tropical savannah is the most important land cover in large part of 
the sampling site. 

2.2. Aerosol collection 

Two samplers were used in parallel to collect aerosol particles: a “Gent” PM2.5 and PM10 
filter holder each with two quartz fibre filters (Whatman QM-A) in series. Quartz fibre filters 
can adsorb volatile organic compounds (VOCs) causing positive artifacts when measuring 
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thermometer clock at a temperature of 20 °C and relative humidity of 40% for 48 h and the 
weightings were done under these conditions.  

For determination of carboxylic acids and water-soluble ions one-half of 12.88 cm2 portions 
punched from of each PTFE filter was extracted using 5 ml Milli-Q ultrapure water 
(resistivity of 18.2 MΩcm, Barnstead International, USA) in a shaker tubes Model AT56 
(Fanem Ltd, Sao Paulo, Brazil) for 5 minutes, followed by filtering through 
Polytetrafluoroethylene (PTFE) filter (0.45 μm pore size, Sartorius Stedim, Germany). The 
concentrations of aqueous extracts were determined by Dionex ion chromatography ICS 
1100 and ICS 2100 for acids/anions and cations respectively which was equipped with an 
auto sampler (Dionex ICS Series AS-DV). An analytical column AS16 (3 x 50 mm) with 
AG16 guard column (3 x 50 mm) and CSRS-300 I (2 mm) suppressor in ion-exchange mode 
was used to determine carboxylates (monocarboxylates: formate and acetate; dicarboxylates: 
oxalate, malonate, succinate, and maleate; ketocarboxylate: pyruvate) and water-soluble 
anions (chloride Cl−, nitrate NO3− and sulphate SO42−). The eluent gradient programme was 
sweeping from 6.0 to 8.0 mmol/L KOH in 35 minutes under flow rate of 0.38 μL/min, except 
for acetic acid which was determined in another run, reducing injection time to avoid 
overlap of peaks. For determination of water-soluble cations (NH4+, Na+, K+, Mg2+ and Ca2+) 
an analytical column CS16 and Guard column CG16 (both 3 x 50 mm) and CSRS-I (2 mm) 
suppressor in a chemical mode were used. An eluent of 17.5 mmol/L H2SO4 was used at 
flow rate of 0.35 μL/min. The injection volume was 25 μL for all detection. Peak 
identification was confirmed based on a match of ion chromatograph retention times and 
standard samples. Limit of detection determined as mean equal to 3 times standard 
deviation of the field blank value corresponded to a range of 0.008 to 0.017 ng/L for 
carboxylates, 0.008 to 0.023 ng/L for anions and 0.021 to 0.083 ng/L for cations. Limits of 
quantification were between 0.026 and 0.058 ng/L for carboxylates, 0.028 and 0.078 ng/L for 
anions and 0.063 and 0.252 ng/L for cations. 

3. Results and discussion 

3.1. Concentrations of PM mass 

Mean PM mass concentrations and associated standard deviations and ranges as derived 
from the two low-volume samplers are shown in Table 1. The results showed that mean 
mass concentration of PM2.5 and PM10 aerosols during the campaign were 13±3.5 μg/m3 
and 16±2.3 μg/m3, respectively. The percentages of PM2.5 mass in PM10 size fraction (Fig. 2) 
found to range from 44–99% with a mean of 83±29%. These results indicate that most of PM 
mass was in PM2.5 size fraction. High PM2.5/PM10 ratios for PM mass indicate that there is 
small contribution from soil dust, which is known to be mostly associated with PM10 
aerosols. Currently in Tanzania, the ambient air quality standard limit values for inhalable 
particulate matter are 60 to 90 μg/m3 for PM10 (TBS, 2006). The mean concentrations for 
PM10 mass at our site in Morogoro were below these average limit values. In addition, the 
current data sets were in line with levels reported in our previous studies (Mkoma et al., 
2009a,b; Mkoma et al., 2010). Nevertheless, when compared PM mass data from our rural 

Characteristics of Low-Molecular Weight 
Carboxylic Acids in PM2.5 and PM10 Ambient Aerosols From Tanzania 207 

site in Tanzania are in line with few available other data sets for rural sites in Southern 
Africa (Nyanganyura et al., 2007). They are also comparable to or lower to other sites in 
Europe and Asia (Van Dingenen et al., 2004; Gu et al., 2010; Maenhaut et al., 2011; Ram & 
Sarin, 2011). 

3.2. Concentrations of carboxylates ions 

Table 1 present mean total concentrations and range of carboxylates (TCAs) which were 
23.7±6.5 ng/m3 (range: 13.3-36.5 ng/m3) in PM2.5 and 36.4±12 ng/m3 (range: 10.7-58.2 ng/m3) 
in PM10 aerosols. Oxalate and malonate were most abundant carboxylates in PM2.5 
accounting for 32.5% and 31.85% of total carboxylates, respectively, whereas in PM10 acetate 
was most abundant accounted for 62.5% of total carboxylates followed by oxalate which 
accounted for 32.6% of total carboxylates. Other studies have also reported oxalates to be 
most abundant carboxylate in aerosol samples (Mochida et al., 2003; Warneck, 2003). 
Pyruvate was also found in substantial amount and formate the least abundant counting on 
average 3% of total carboxylates in each of the aerosol fractions. Succinate and malonate 
were below detection limit in PM2.5 and PM10 aerosols, respectively. The total carboxylates 
accounted for 0.18% to total PM2.5 mass and 0.22% to PM10 mass. In comparison with other 
studies, the mean concentrations of all measured carboxylates in Tanzania were lower to 
those reported in urban and rural sites around the world (Souza et al., 1999; Kerminen et al., 
2000; Yao et al., 2003; Kawamura & Yasui, 2005). 

3.3. Water-soluble inorganic ions and ratios 

Chemical characteristics of water-soluble inorganic ions and their relative abundances in 
PM2.5 and PM10 aerosols are also shown in Table 1. In both aerosol fractions, water-soluble 
Mg2+ was the most important cation and SO42– the main anionic species. On average Mg2+ 
accounted for 44.4% of total water-soluble ions in PM2.5 and 24.7% in PM10 whereas SO42–

accounted for 22.8% and 35.2% of total ions in PM2.5 and PM10, respectively. High levels of 
crustal element Mg2+ together with Ca2+ are essentially attributable to soil/mineral dust 
dispersal. As to reasonable NH4+ levels (8% of total ions) in PM2.5, this may be due to 
presence of ammonia gas from biomass burning especially during smoldering combustion 
(Andreae & Merlet, 2001) and from agricultural activities in particular cattle raising (Street 
et al., 2003; Stone et al., 2010). Water-soluble K+, a good indicator for biomass burning, was 
second most abundant cation in PM2.5 accounted for 10.6% of total water-soluble ions.  

For SO42– the higher levels could be attributed to its efficient formation by in-cloud 
processing of SO2 (Yao et al., 2003) and from secondary formation processes (Allen et al., 
2004). As to low NO3– levels, this is likely due to the fact that the site is rural with little or no 
traffic and undoubtedly there are less anthropogenic emissions of precursor gas NOx. Also 
as to low concentrations of Na+ which is mainly derived from sea-salt, this is presumably 
due to long distance (about 200 km) from the Indian Ocean to our sampling site. The 
observed levels for water-soluble ions are comparable with those reported in our previous 
work in Morogoro (Mkoma et al., 2009a; Mkoma et al., 2010). It appears that the levels of 
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SO42−, NO3−, and NH4+ in PM10 fractions are substantially lower in Tanzania than at 
European rural sites (Putaud et al., 2004) and Asia (Aggarwal & Kawamura, 2009; Pavuluri 
et al., 2011).  
 

Species PM2.5 PM10 
 Mean SD Min. Max. Rel. Ab. Mean SD Min. Max. Rel. Ab. 
PM mass 
(μg/m3) 

13.3 3.5 8.2 19.5 - 16.2 2.3 12.5 20.5 - 

Carboxylates ions (ng/m3) 
Formate, FA 0.71 0.30 0.38 1.27 3.00 1.2 0.6 0.5 2.6 3.4 
Acetate, Ac 5.4 2.2 0.4 7.8 22.9 22.7 3.3 16.3 27.5 62.5 
Oxalate, Oxa 7.7 2.7 4.7 13.1 32.5 11.8 7.2 4.5 31.0 32.6 
Malonate, Mal 7.5 3.9 4.8 18.3 31.8 - - - - - 
Succinate, Suc - - - - - 1.6 2.4 0.2 6.5 4.5 
Pyruvate, Pyr 2.4 0.7 1.5 3.8 9.9 2.2 0.7 0.9 3.3 6.1 
Total carboxylate 23.7 6.5 13.3 36.5 - 36.4 12.0 10.7 58.2 - 
Water-soluble ions (ng/m3) 
NH4+ 37.8 11.7 21.0 66.5 8.4 26.2 12.5 10.7 54.0 4.1 
NO3– 4.5 1.6 1.2 8.0 1.0 25.1 12.4 10.5 52.0 3.9 
SO42– 102 27 69.1 160 22.8 237 125 38.8 487 36.6 
Cl– 2.3 0.4 1.6 3.1 0.5 9.6 5.7 3.3 20.2 1.5 
Na+ 15.6 2.5 13.2 21.5 3.5 98.5 42.0 41.1 174.8 15.2 
K+ 47.5 24.1 22.0 97.0 10.6 37.6 28.2 6.3 88.5 5.8 
Mg2+ 199 33.7 155 265 44.4 158 69 16.4 228 24.5 
Ca2+ 39.3 8.5 28.1 58.8 8.8 56.2 42.9 1.0 107 8.7 
Total ions 448 88 348 585 - 646 214 256 1108 - 
Rel. Ab. = Relative abundances 

Table 1. Mean concentrations, ranges and relative abundances (%) of carboxylates and water-soluble 
inorganic ions in PM2.5 and PM10 aerosols from Morogoro. 

To determine the impact of marine sources on chemical composition of aerosol particles 
in PM2.5 and PM10 fractions, sea-salt ratios were calculated for each inorganic ion using 
Na as a reference element, assuming all Na to be of marine origin. The ratios for Cl–/Na+, 
SO42–/Na+, K+/Na+, Mg2+/Na+ and Ca2+/Na+ in PM2.5 were 0.15 (0.25), 6.48 (1.81), 2.95 
(0.04), 12.97 (0.04), 2.44 (0.12), respectively. The corresponding values in PM10 were 0.10 
(0.25), 2.51 (1.81), 0.43 (0.04), 1.68 (0.04), 0.75 (0.12), respectively. Values in brackets 
represent average ratios for each ion in sea-water (Brewer, 1975). Larger ratios of ions 
indicate incorporation of non-marine constituents in aerosols. As to low mean Cl–/Na+ 
ratios than sea-water ratio indicates that a minor fraction of Na+ may be contributed from 
other sources such as mineral dust. But also low ratio could be due to modifications of 
sea-salt fraction by non-marine constituents. Chloride loss may be explained by 
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heterogeneous reaction of airborne sea-salt with acidic gases and aerosol species 
(Millero, 2006).  

3.4. Time series of PM mass and selected aerosol species 

Time series of PM mass, selected acids and ions species in PM2.5 and PM10 fractions as a 
function of sampling time are shown in Figs. 2 and 3. Nss-SO42– in Fig. 2 was hereby 
obtained by subtracting sea-salt contribution from measured SO42– data. Sea-salt 
contribution of SO42– was obtained as 0.252Na+, whereby Na+ is the measured concentration 
of Na+ and 0.252 is SO42–/Na+ ratio in the bulk seawater composition given by Riley and 
Chester (1971). As can be observed in Fig. 2, selected species in both size fractions showed 
no clear trends that can be noted but showed slightly variation during sampling period 
especially for PM10 aerosols. The observed behaviour of the species could be resulted from 
variations in sources strengths and meteorological conditions, such as mixing height. 
Additionally, high relative humidity (mean: 73%) during the campaign could serve as 
removal mechanisms hence lead to a daily variation in carboxylates levels.  

In this study, oxalate concentrations were high to a factor of 10 than those of formate during 
the sampling period and in both PM2.5 and PM10 aerosol particles. These results indicate 
that formate was mainly from photochemical oxidation, while oxalates might have other 
sources besides photochemical oxidation. On the other hand, the concentrations of acetate 
were high than those of oxalate. Acetic acid in the atmosphere has been reported to be 
produced by oxidations of longer-chain dicarboxylic acids (Kawamura et al., 1996). 
Therefore, the observed acetate levels suggest that longer-chain dicarboxylic acids were 
possibly available at our site. Unfortunately, no data for high molecular weight dicarboxylic 
acids measured for the campaign.  

 
Figure 2. Time series of PM mass, carboxylates and nss-SO42− in PM2.5 fraction at Morogoro 
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SO42−, NO3−, and NH4+ in PM10 fractions are substantially lower in Tanzania than at 
European rural sites (Putaud et al., 2004) and Asia (Aggarwal & Kawamura, 2009; Pavuluri 
et al., 2011).  
 

Species PM2.5 PM10 
 Mean SD Min. Max. Rel. Ab. Mean SD Min. Max. Rel. Ab. 
PM mass 
(μg/m3) 

13.3 3.5 8.2 19.5 - 16.2 2.3 12.5 20.5 - 

Carboxylates ions (ng/m3) 
Formate, FA 0.71 0.30 0.38 1.27 3.00 1.2 0.6 0.5 2.6 3.4 
Acetate, Ac 5.4 2.2 0.4 7.8 22.9 22.7 3.3 16.3 27.5 62.5 
Oxalate, Oxa 7.7 2.7 4.7 13.1 32.5 11.8 7.2 4.5 31.0 32.6 
Malonate, Mal 7.5 3.9 4.8 18.3 31.8 - - - - - 
Succinate, Suc - - - - - 1.6 2.4 0.2 6.5 4.5 
Pyruvate, Pyr 2.4 0.7 1.5 3.8 9.9 2.2 0.7 0.9 3.3 6.1 
Total carboxylate 23.7 6.5 13.3 36.5 - 36.4 12.0 10.7 58.2 - 
Water-soluble ions (ng/m3) 
NH4+ 37.8 11.7 21.0 66.5 8.4 26.2 12.5 10.7 54.0 4.1 
NO3– 4.5 1.6 1.2 8.0 1.0 25.1 12.4 10.5 52.0 3.9 
SO42– 102 27 69.1 160 22.8 237 125 38.8 487 36.6 
Cl– 2.3 0.4 1.6 3.1 0.5 9.6 5.7 3.3 20.2 1.5 
Na+ 15.6 2.5 13.2 21.5 3.5 98.5 42.0 41.1 174.8 15.2 
K+ 47.5 24.1 22.0 97.0 10.6 37.6 28.2 6.3 88.5 5.8 
Mg2+ 199 33.7 155 265 44.4 158 69 16.4 228 24.5 
Ca2+ 39.3 8.5 28.1 58.8 8.8 56.2 42.9 1.0 107 8.7 
Total ions 448 88 348 585 - 646 214 256 1108 - 
Rel. Ab. = Relative abundances 

Table 1. Mean concentrations, ranges and relative abundances (%) of carboxylates and water-soluble 
inorganic ions in PM2.5 and PM10 aerosols from Morogoro. 

To determine the impact of marine sources on chemical composition of aerosol particles 
in PM2.5 and PM10 fractions, sea-salt ratios were calculated for each inorganic ion using 
Na as a reference element, assuming all Na to be of marine origin. The ratios for Cl–/Na+, 
SO42–/Na+, K+/Na+, Mg2+/Na+ and Ca2+/Na+ in PM2.5 were 0.15 (0.25), 6.48 (1.81), 2.95 
(0.04), 12.97 (0.04), 2.44 (0.12), respectively. The corresponding values in PM10 were 0.10 
(0.25), 2.51 (1.81), 0.43 (0.04), 1.68 (0.04), 0.75 (0.12), respectively. Values in brackets 
represent average ratios for each ion in sea-water (Brewer, 1975). Larger ratios of ions 
indicate incorporation of non-marine constituents in aerosols. As to low mean Cl–/Na+ 
ratios than sea-water ratio indicates that a minor fraction of Na+ may be contributed from 
other sources such as mineral dust. But also low ratio could be due to modifications of 
sea-salt fraction by non-marine constituents. Chloride loss may be explained by 
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heterogeneous reaction of airborne sea-salt with acidic gases and aerosol species 
(Millero, 2006).  

3.4. Time series of PM mass and selected aerosol species 

Time series of PM mass, selected acids and ions species in PM2.5 and PM10 fractions as a 
function of sampling time are shown in Figs. 2 and 3. Nss-SO42– in Fig. 2 was hereby 
obtained by subtracting sea-salt contribution from measured SO42– data. Sea-salt 
contribution of SO42– was obtained as 0.252Na+, whereby Na+ is the measured concentration 
of Na+ and 0.252 is SO42–/Na+ ratio in the bulk seawater composition given by Riley and 
Chester (1971). As can be observed in Fig. 2, selected species in both size fractions showed 
no clear trends that can be noted but showed slightly variation during sampling period 
especially for PM10 aerosols. The observed behaviour of the species could be resulted from 
variations in sources strengths and meteorological conditions, such as mixing height. 
Additionally, high relative humidity (mean: 73%) during the campaign could serve as 
removal mechanisms hence lead to a daily variation in carboxylates levels.  

In this study, oxalate concentrations were high to a factor of 10 than those of formate during 
the sampling period and in both PM2.5 and PM10 aerosol particles. These results indicate 
that formate was mainly from photochemical oxidation, while oxalates might have other 
sources besides photochemical oxidation. On the other hand, the concentrations of acetate 
were high than those of oxalate. Acetic acid in the atmosphere has been reported to be 
produced by oxidations of longer-chain dicarboxylic acids (Kawamura et al., 1996). 
Therefore, the observed acetate levels suggest that longer-chain dicarboxylic acids were 
possibly available at our site. Unfortunately, no data for high molecular weight dicarboxylic 
acids measured for the campaign.  
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Figure 3. Time series of PM mass, carboxylates and Na+ and Cl− in PM10 fraction at Morogoro 
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slope of linear regression equations (PM2.5 = 2.48 x PM10) indicated that oxalate was mainly 
present in fine fraction during sampling period. On the other hand, different size 
distributions between oxalate and acetate could be related to their different physical 
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element for crustal matter (Ca) were predominantly (for more than 62%) associated with 
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that these species originated from high temperature sources and/or gas-to-particle 
conversion. The nss-SO42– is due to oxidation of SO2, which is predominantly from 
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emissions and crustal source could be an important source for K+ aerosols at this site with 
small impact from biomass burning activities. 

 
Figure 4. Mean contribution (%) of PM2.5 aerosols mass and selected aerosol species in PM10 fraction 
during the campaign in Morogoro.  
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Figure 3. Time series of PM mass, carboxylates and Na+ and Cl− in PM10 fraction at Morogoro 
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emissions and crustal source could be an important source for K+ aerosols at this site with 
small impact from biomass burning activities. 

 
Figure 4. Mean contribution (%) of PM2.5 aerosols mass and selected aerosol species in PM10 fraction 
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amount in PM10 aerosol and to slightly extent Cl−, suggesting sea spray could be one of the 
contributing sources of the aerosol components at the site. But even though Na+ correlate 
well (r2=73) with Cl−, the calculated Cl− to Na+ mass ratio to sea-salt component in aerosol 
particles had mean value between 0.15 (PM2.5) and 0.10 (PM10). This suggest that 
continental contributions was most important than marine contribution since Cl−/Na+ ratio 
in marine aerosols varies between 1.0 and 1.7 (Chesselet et al., 1972). 

Sulphate has been used as reference to investigate major formation routes of carboxylic 
acids (Yu et al., 2005). As shown in Table 2, formate and pyruvate showed good correlation 
with SO42− in PM2.5, suggesting that in-cloud and heterogeneous formations play an 
important role in the formation of carboxylates. On the other hand, poor correlation of 
malonic with SO42− in PM2.5 suggests that possibly the acid is volatile at ambient 
temperatures (Peng et al., 2001). Acetate and oxalate showed poor correlations with SO42− in 
both aerosol fractions, indicating that they mainly originated from primary emissions 
sources and/or the atmospheric processes different from those of SO42−. This is contrary to 
what have been observed in other studies that in-cloud and heterogeneous formations can 
yield a good correlation between oxalate and SO42− (Yu et al., 2005).  

Wind speed poorly correlated with most carboxylates except with acetate (r2=51) in PM10 
aerosols. This indicates that in addition to secondary formation carboxylates were mainly 
generated from local sources, while acetate might be related to long range aerosols transport 
to the sampling site. It should also be noted that primary emissions are major sources of 
precursors for most carboxylic acids (Kawamura & Yasui, 2005). 
 

Species  FA Ac Oxa Mal Suc Pyr SO42− NO3− Cl− Na+ K+ Ca2+ WS 
FA  0.26 0.10 0.19 − 0.91 0.60 0.31 0.10 − 0.38 − -0.23 
Ac 0.42  0.21 0.11 − 0.28 -0.04 0.45 0.27 − -0.09 − -0.21 
Oxa 0.77 0.29  0.31 − 0.11 0.34 0.23 0.17 − 0.30 − -0.07 
Mal − − −  − 0.17 0.17 0.51 0.33 − 0.13 − 0.08 
Suc 0.57 0.42 -0.11 −  − − − − − − − − 
Pyr 0.48 0.54 0.13 − 0.51  0.52 0.21 -0.01 − 0.31 − -0.20 
SO42− − 0.26 0.30 − 0.31 -0.10  -0.16 -0.06 − 0.93 − 0.06 
NO3− 0.88 0.17 0.74 − 0.55 0.30 0.11  0.78 − -0.41 − -0.03 
Cl− 0.55 -0.29 0.56 − 0.28 -0.11 0.05 0.81  − -0.26 − -0.12 
Na+ 0.81 0.18 0.74 − 0.39 0.36 0.23 0.87 0.73  − − − 
K+ 0.53 0.35 0.38 − 0.45 0.45 0.22 0.39 0.18 0.45  − -0.02 
Ca2+ 0.65 0.23 0.52 − 0.30 0.32 0.25 0.58 0.32 0.58 0.51  − 
WS -0.10 0.51 0.25 − -0.44 -0.23 0.28 -0.06 -0.08 -0.19 0.11 0.26  
WS = Wind speed 

Table 2. Correlation coefficients for PM mass, carboxylates, selected ions and wind speed in PM2.5 
(upper diagonal triangle) and PM10 fractions (lower diagonal triangle) in Morogoro. Correlation 
coefficients that are larger than 0.50 are indicated in bold. 
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3.6.2. Concentrations ratios 

The ratio of acetic to formic acid has been used as good indicator of contributions of primary 
(high ratio) and secondary sources (low ratio) to carboxylic acids (Talbot et al., 1988, 1990; 
Grosjean, 1992). As can be seen in Table 3, low acetate/formate ratios for both PM2.5 and 
PM10 aerosols particles indicate that secondary formation was an important contributing 
source of carboxylates at our site. This suggestion is supported by the fact that high mean 
average temperature during sampling period (mean: 26.8 oC) might be controlling factor in 
determining the contribution of primary and secondary sources to these carboxylates. 
However, there are various types of the atmospheric reactions forming carboxylic acids (e.g. 
formic, acetic, and oxalic) in urban and near urban atmospheres, which include oxidation of 
unsaturated fatty acids originating from cooking activities, ozone oxidation of olefins 
emitted from vehicular exhausts (Scheff & Wadden, 1993) and oxidation of aromatic 
hydrocarbons (Kawamura & Ikushima, 1993).  

The ratio of oxalic acid to total dicarboxylic acid (for this study oxalic, malonic, succinic 
acids) can be used to evaluate aging process of organic aerosols (Kawamura & Sakaguchi, 
1999), because diacid such as oxalic acid can be produced by oxidations of longer-chain 
dicarboxylic acids (Kawamura et al., 1996). In this study oxalate to total dicarboxylates ratios 
show low values in both aerosol fractions, indicating that aerosols emitted from various 
sources and transported to this site were less and equally aged. Since there relative humidity 
was high during the campaign (up to 73% on average), it is supposed that oxalate was also 
produced in aqueous phase. Aqueous phase chemistry in aerosol and/or cloud droplets is 
important in production of oxalic acid (Warneck, 2003). On the other hand, mean ratio of 
oxalate to K+ in PM2.5 aerosols was 0.19±0.08, somewhat close to or higher than those 
reported range (0.03−0.1) for flaming and smoldering phases in burning plumes (Yamasoe et 
al., 2000). This suggests that carboxylates might be originated from biogenic sources with 
contribution from biomass burning emissions. 
 

Ratio PM2.5 PM10 

 Mean±Stdev Range Mean±Stdev Range 

Acetate/Formate 0.24±0.31 0.07−1.07 0.05±0.03 0.03−0.10 

Oxalate/Total dicarboxylates 0.33±0.08 0.23−0.49 0.33±0.17 0.15−0.83 

Oxalate/K+ 0.19±0.08 0.07−0.36 − − 

Table 3. Mean ratios and ranges for carboxylates and K+ in PM2.5 and PM10 aerosols in Morogoro.  

4. Conclusion  
PM2.5 and PM10 aerosols samples were collected from a rural site Morogoro, Tanzania and 
analysed for low molecular weight carboxylates and water-soluble inorganic ions. Oxalate 
and malonate were dominant species in PM2.5 while acetate was most prominent species in 
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amount in PM10 aerosol and to slightly extent Cl−, suggesting sea spray could be one of the 
contributing sources of the aerosol components at the site. But even though Na+ correlate 
well (r2=73) with Cl−, the calculated Cl− to Na+ mass ratio to sea-salt component in aerosol 
particles had mean value between 0.15 (PM2.5) and 0.10 (PM10). This suggest that 
continental contributions was most important than marine contribution since Cl−/Na+ ratio 
in marine aerosols varies between 1.0 and 1.7 (Chesselet et al., 1972). 

Sulphate has been used as reference to investigate major formation routes of carboxylic 
acids (Yu et al., 2005). As shown in Table 2, formate and pyruvate showed good correlation 
with SO42− in PM2.5, suggesting that in-cloud and heterogeneous formations play an 
important role in the formation of carboxylates. On the other hand, poor correlation of 
malonic with SO42− in PM2.5 suggests that possibly the acid is volatile at ambient 
temperatures (Peng et al., 2001). Acetate and oxalate showed poor correlations with SO42− in 
both aerosol fractions, indicating that they mainly originated from primary emissions 
sources and/or the atmospheric processes different from those of SO42−. This is contrary to 
what have been observed in other studies that in-cloud and heterogeneous formations can 
yield a good correlation between oxalate and SO42− (Yu et al., 2005).  

Wind speed poorly correlated with most carboxylates except with acetate (r2=51) in PM10 
aerosols. This indicates that in addition to secondary formation carboxylates were mainly 
generated from local sources, while acetate might be related to long range aerosols transport 
to the sampling site. It should also be noted that primary emissions are major sources of 
precursors for most carboxylic acids (Kawamura & Yasui, 2005). 
 

Species  FA Ac Oxa Mal Suc Pyr SO42− NO3− Cl− Na+ K+ Ca2+ WS 
FA  0.26 0.10 0.19 − 0.91 0.60 0.31 0.10 − 0.38 − -0.23 
Ac 0.42  0.21 0.11 − 0.28 -0.04 0.45 0.27 − -0.09 − -0.21 
Oxa 0.77 0.29  0.31 − 0.11 0.34 0.23 0.17 − 0.30 − -0.07 
Mal − − −  − 0.17 0.17 0.51 0.33 − 0.13 − 0.08 
Suc 0.57 0.42 -0.11 −  − − − − − − − − 
Pyr 0.48 0.54 0.13 − 0.51  0.52 0.21 -0.01 − 0.31 − -0.20 
SO42− − 0.26 0.30 − 0.31 -0.10  -0.16 -0.06 − 0.93 − 0.06 
NO3− 0.88 0.17 0.74 − 0.55 0.30 0.11  0.78 − -0.41 − -0.03 
Cl− 0.55 -0.29 0.56 − 0.28 -0.11 0.05 0.81  − -0.26 − -0.12 
Na+ 0.81 0.18 0.74 − 0.39 0.36 0.23 0.87 0.73  − − − 
K+ 0.53 0.35 0.38 − 0.45 0.45 0.22 0.39 0.18 0.45  − -0.02 
Ca2+ 0.65 0.23 0.52 − 0.30 0.32 0.25 0.58 0.32 0.58 0.51  − 
WS -0.10 0.51 0.25 − -0.44 -0.23 0.28 -0.06 -0.08 -0.19 0.11 0.26  
WS = Wind speed 

Table 2. Correlation coefficients for PM mass, carboxylates, selected ions and wind speed in PM2.5 
(upper diagonal triangle) and PM10 fractions (lower diagonal triangle) in Morogoro. Correlation 
coefficients that are larger than 0.50 are indicated in bold. 
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3.6.2. Concentrations ratios 

The ratio of acetic to formic acid has been used as good indicator of contributions of primary 
(high ratio) and secondary sources (low ratio) to carboxylic acids (Talbot et al., 1988, 1990; 
Grosjean, 1992). As can be seen in Table 3, low acetate/formate ratios for both PM2.5 and 
PM10 aerosols particles indicate that secondary formation was an important contributing 
source of carboxylates at our site. This suggestion is supported by the fact that high mean 
average temperature during sampling period (mean: 26.8 oC) might be controlling factor in 
determining the contribution of primary and secondary sources to these carboxylates. 
However, there are various types of the atmospheric reactions forming carboxylic acids (e.g. 
formic, acetic, and oxalic) in urban and near urban atmospheres, which include oxidation of 
unsaturated fatty acids originating from cooking activities, ozone oxidation of olefins 
emitted from vehicular exhausts (Scheff & Wadden, 1993) and oxidation of aromatic 
hydrocarbons (Kawamura & Ikushima, 1993).  

The ratio of oxalic acid to total dicarboxylic acid (for this study oxalic, malonic, succinic 
acids) can be used to evaluate aging process of organic aerosols (Kawamura & Sakaguchi, 
1999), because diacid such as oxalic acid can be produced by oxidations of longer-chain 
dicarboxylic acids (Kawamura et al., 1996). In this study oxalate to total dicarboxylates ratios 
show low values in both aerosol fractions, indicating that aerosols emitted from various 
sources and transported to this site were less and equally aged. Since there relative humidity 
was high during the campaign (up to 73% on average), it is supposed that oxalate was also 
produced in aqueous phase. Aqueous phase chemistry in aerosol and/or cloud droplets is 
important in production of oxalic acid (Warneck, 2003). On the other hand, mean ratio of 
oxalate to K+ in PM2.5 aerosols was 0.19±0.08, somewhat close to or higher than those 
reported range (0.03−0.1) for flaming and smoldering phases in burning plumes (Yamasoe et 
al., 2000). This suggests that carboxylates might be originated from biogenic sources with 
contribution from biomass burning emissions. 
 

Ratio PM2.5 PM10 

 Mean±Stdev Range Mean±Stdev Range 

Acetate/Formate 0.24±0.31 0.07−1.07 0.05±0.03 0.03−0.10 

Oxalate/Total dicarboxylates 0.33±0.08 0.23−0.49 0.33±0.17 0.15−0.83 

Oxalate/K+ 0.19±0.08 0.07−0.36 − − 

Table 3. Mean ratios and ranges for carboxylates and K+ in PM2.5 and PM10 aerosols in Morogoro.  

4. Conclusion  
PM2.5 and PM10 aerosols samples were collected from a rural site Morogoro, Tanzania and 
analysed for low molecular weight carboxylates and water-soluble inorganic ions. Oxalate 
and malonate were dominant species in PM2.5 while acetate was most prominent species in 
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PM10 aerosols followed by oxalate. Of the ionic components, SO42−, K+, and Mg2+ in PM2.5 
and SO42−, Na+, and Mg2+ in PM10 made lager contribution to total water-soluble inorganic 
aerosol mass. Various ratios and correlations between carboxylates and ions used for 
possible source identification suggest that primary emissions, secondary formation, and to a 
slightly extent sea spray and biomass burning could be the sources for the aerosols at this 
site. The ratio of acetate to formate was used to distinguish primary and secondary sources 
of these carboxylates and was found to be close to reported value for secondary reactions, 
indicating dominance of secondary sources. Substantial concentration of carboxylates and 
water-soluble ions observed in the Morogoro atmosphere suggest that it was urgent to 
study the characteristics and sources of these species to better understand their roles in the 
Tanzania environment. However, more work is needed to determine longer-chain (high) 
molecular weight carboxylic acids and related organic compounds and their seasonal 
variations in other urban and rural sites in Tanzania. 
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1. Introduction 
Atmospheric particles interact directly with solar radiation extinguishing part of it and 
decreasing the amount of radiation that reaches the Earth's surface. This effect produces a 
change in the local radiative balance. On the other hand, it also presents an indirect effect on 
the interaction with radiation because these particles are an important element in the 
formation and development of clouds influencing their optical properties and the length of 
residence. 

There are studies that have focused primarily on understanding and explaining the role of 
atmospheric particles in the formation and evolution of clouds. They have shown enough 
information able to explain those processes in theory (e.g. Pruppacher and Klett, 1997). And 
they have been validated with experimental works (e.g. Twomey, 1991; Raga and Jonas, 
1993 a, b). 

However, other issues of importance that do not yet have much information are the 
processes that modify the properties of atmospheric particles interacting with the cloud and 
the effects of changes in the environment. Particles increase their average size in regions of 
high relative humidity (RH) near the clouds (Baumgardner et al, 1996; Baumgardner and 
Clarke, 1998). Other studies show that the clouds condensation nuclei (CCN) are relatively 
higher in regions where a cloud is evaporated compared with places without clouds 
(DeFelice and Saxena, 1994; DeFelice and Cheng, 1998; Naoki et al, 2001). Also, the 
composition of atmospheric particles may change resulting from chemical reaction in 
aqueous state (Hegg et al, 1980; O'Dowd et al, 2000, Alfonso and Raga, 2002). Aerosol 
particles used as CCN show an increase in size after the cloud drops are evaporated (Hobbs, 
1993). Towmey (1974) and Albrecht (1989) showed that changes in particles concentrations 
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in an area influenced by polluted sources modify the local cloud albedo and its life time, 
inhibiting the rain process (Rosenfeld, 1999).  

So, there are many processes that change the properties of atmospheric particles and their 
interactions with clouds. This chapter is focused on identifying and assessing the main 
processes involved with particles in the vicinity of maritime convective clouds at the Inter-
Tropical Convergence Zone (ITCZ). 

1.1. Clouds in the Inter-Tropical Convergence Zone (ITCZ) 

The ITCZ is one of the most important weather systems in the Tropics. The area shows a 
decisive influence on the characterization of different clime and weather conditions in 
tropical region. The ITCZ is characterized by several interactions between the ocean and the 
atmosphere, identified as: 

 Area of confluence of trade winds from the Northeast and Southeast. 
 Area where the Equatorial depression is located due to an increased incidence of solar 

radiation and the presence of convective phenomena. 
 Area of maximum temperature on the sea surface 
 Maximum mass convergence zone 
 Area that has the band of maximum coverage of convective clouds. 

Therefore, the ITCZ is represented as a line of clouds of deep convection extending across 
the Atlantic and Pacific oceans, located between the 5° and 10° N (Holton, 1992). The band 
moves depending on the season, always matching in areas with high solar intensity or 
where the sea surface has higher temperatures. The clouds movement is towards the 
Southern hemisphere between September and February, and in the opposite direction in 
the next few months until the end of the summer in the Northern Hemisphere. However, 
just at the north of the Ecuador, the ITCZ movements are lower (Wallace and Hobbs, 
1977). In those areas, the rain intensifies with solar heating. An exception occurs with El 
Niño-Southern Oscillation (ENSO), and the ITCZ is deflected towards where the ocean 
surface increases its temperature. A special feature of the region is the presence of a warm 
water pool, nearby the coast of Mexico, located in the ITCZ between 12° and 8° N from 
September to November. The presence of high temperatures at the ocean surface 
promotes a greater amount of moisture and increases convection effects, which result in 
larger vertical clouds.  

1.2. Development of convective clouds 

A convective cloud is formed when a mass of moist air acquires buoyancy due to the 
increase in surrounding temperature; with this process, the presence of atmospheric 
instability helps to lift the air masses.  

Once the air mass reaches the saturation point, water vapor condenses on the CCN. The 
change of physical state releases latent heat that is absorbed by the air increasing the 
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buoyancy forces. From now on, the cloud experiences a violent vertical development 
reaching the maximum height generated by the strong temperature gradient between the 
cloud core and the environment surrounds it. However, the growing process will be affected 
by dry air entrainment on the cloud’s side walls, inhibiting the vertical development of 
convective cloud (Squires, 1958; Emanuel, 1982).  

The air entrainment dilutes and evaporates droplets releasing aerosol particles, which 
served as CCN, back into the atmosphere and cooling the air surrounding. The process 
generates downward movements in the cloud and promotes a high turbulence that mixes 
the air masses. 

1.3. Interaction of atmospheric particles with solar radiation 

Atmospheric particles play a very important role in the climate system. Their effects on the 
direct radiative forcing scattering or absorbing sunlight, and facilitating indirectly the 
formation of clouds are a relevant object of study since there is no adequate knowledge of 
their significance on clouds creation. Particles radiative forcing is globally comparable to 
greenhouse gases, but in the opposite direction because it causes a cooling climate (Charlson 
et al, 1992). Coakley and Grams (1976) consider that particles between the range 0.05 < r < 1 
μm may cause a cooling surface. Research has shown that the radiative forcing of 
atmospheric particles depends on their composition, size and altitude (Hansen et al, 1980; 
Pollack et al, 1981). So, it may be considered that a change in one or several properties on the 
atmospheric particles might affect the local forcing. 

The indirect radiative forcing occurs when the aerosol particles are used as CCN creating 
cloud droplets. The effects are classified in two types: 

a. Radiative forcing induced by an increase of anthropogenic particles promoting a higher 
concentration of droplets that change the cloud’s albedo (Twomey, 1974). This effect is 
also known as the cloud’s albedo or Twomey effects.  

b. Radiative forcing caused by a higher concentration of anthropogenic particles, causing a 
decrease in the droplets diameter and more competition for the water vapor available in 
the atmosphere. This will reduce the precipitation efficiency and modify the cloud’s 
residence time in the atmosphere (Albrecht, 1989). The event is known as cloud lifetime 
or Albrecht effects. 

1.4. EPIC 2001 

East Pacific Investigation of Climate Processes in the Coupled Ocean-Atmosphere System 
2001 (EPIC 2001) was sponsored by The U.S. Climate Variability and Predictability Research 
Program (CLIVAR), which has the goal of providing the observational basis needed to 
improve the representation of certain key physical processes in coupled ocean atmosphere 
models. In addition to physical processes, EPIC 2001 research was directed toward a better 
understanding and simulation of the effects of short-term variability in the east Pacific on 
climate. This variability is particularly important in the region because conditions in the 
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in an area influenced by polluted sources modify the local cloud albedo and its life time, 
inhibiting the rain process (Rosenfeld, 1999).  
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buoyancy forces. From now on, the cloud experiences a violent vertical development 
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ITCZ are highly variable on daily to intra-seasonal time scales. The effects of such variability 
rectify strongly onto climate time scales in this region.  

EPIC 2001 was conceived as an intensive process study along and near 95ºW during 
September and October 2001. This longitude was chosen to coincide with the Tropical 
Atmosphere Ocean project (TAO) mooring array in order to provide an overlap between the 
process study and long-term monitoring.  

In addition to the TAO moorings, two aircrafts, the National Center for Atmospheric 
Research's (NCAR) C-130 and NOAA's P-3, plus two ships, NOAA's R/V Ron H. Brown and 
the National Science Foundation's (NSF's) R/V New Horizon, and Galapagos-based 
soundings, were used to make measurements of the atmosphere and ocean in this region. 
The aircraft were based from 1 September to 10 October 2001 in Huatulco, Mexico. The ships 
spent approximately 3 weeks in the vicinity of 10º N, 95º W, and then traversed the 95º W 
line to the equator. After a short stop in the Galapagos Islands, the Ron H. Brown then 
proceeded south along 95º W and then to the Woods Hole Oceanographic Institute 
Improved Meteorological Recorder (IMET) mooring at 20º S, 85º W. Meanwhile the New 
Horizon reversed its track along 95º W and then returned to port.  

2. Methodology 
On this study we use a P-3 aircraft belonging to the National Oceanic and Atmospheric 
Administration (NOAA) and a C-130 Hercules property of the National Science Foundation 
(NSF) operated by the National Center of Atmospheric Research (NCAR). El Centro de 
Ciencias de la Atmósfera, at the Universidad Nacional Autónoma de México, (UNAM) 
installed and operated instrumental at the C-130 to measure some properties of atmospheric 
particles. 

2.1. Instrumentation 

We used instruments to measure the physical properties of atmospheric particles. The 
particles chemical composition is inferred from their optical properties as it is explained 
later in this chapter. Since the atmospheric particles are micro and sub-micron range sizes, 
the number of particles per volume may provide information on their origin or formation 
and might infer possible causes about their changes in concentrations. 

We use optical counters to estimate the concentration of particles. Their operating principle 
is based on the extinction of a beam of known wavelength, having gone through an air 
sample with a certain amount of particles. Table 1 contains the technical details of the 
instruments used in the EPIC 2001 flights for the study. 

2.1.1. Optical counters 

Condensation nuclei particle counter (TSI-3760) is an instrument that increases the size of 
the particles with a forced growth in an environment artificially saturated with butanol. This 
increases the efficiency of detection and counting of very small droplets (Twomey, 1991). 
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Table 1. Aerosol and cloud particle instrumentation on the C130 aircraft 

The CCN is a subset of the total concentration of particles, which can form droplets in an 
environments of over-saturation, as in a cloud (101 - 110% SS). The CCN counter model 100, 
determines the concentrations of these atmospheric particles. The operating principle is 
based on measuring the variation within a thermal gradient diffusion chamber, to create an 
environment of over-saturation. An electrical system controls the temperature of two plates 
that create the conditions of over saturation. A beam of laser light passes through the 
chamber and the instrument measures the amount of light scattered and estimates the 
concentration of CCN per volume. Delene et al (1998) and Delene and Deshler (2000) have a 
more detailed description and analysis of this instrument operation. 

The PCASP, FSSP300, and FSSP100 provide information on particle concentrations in size 
defined ranges. The instruments pass a beam of light with specific wavelength and intensity, 
through the air sample. The particles in the sample scatter the light beam with an intensity 
that depends on their size, shape and composition. The instrument measures the amount of 
light scattered with sensors. By knowing the intensity of scattered light and particles 
composition (water for FSSP100 and FSSP300) or sodium chloride (for PCASP), it is possible 
to infer the size range of particles to which they belong. A more detailed description of the 
operation and measurement uncertainty associated with the PCASP can be obtained on 
Strapp et al (1992). 

2.1.2. Instruments location 

The external instruments are installed in a pod on the wing and internal within the fuselage 
in the cabin. The location characterizes the way that each machine takes the air sample to 
analyze. The external instruments are in direct contact with the air all the time. Thus, the air 
sampling is instantaneous. But the internal instruments take the air sample by an air inlet 
and a section of hose that transports it to the device. In this case, the instrument uses a 

Instrument type Parameter Range Accuracy

CN counter       
(TSI Model 3760)

Light-Absorption 
Coefficient 10-7 to 10-2 m-l ±5%

PCASP-100X Light-scattering 
Coefficient 1.0x10-7 to 10x10-3 m-l ±5%

Number concentration of 
aerosol

0.01    to > 3 µm                         
0 to 2x104 cm-3

Varies with concentration, 
about 6% at 3300 cm-3.

Size spectra of aerosols 0.12 to 3.0 mm (15 channels)
± 20% (Diameter)                    
±16% (Concentration)

PMS Model FSSP-
100

Size spectra of aerosols 0.3 to 20 mm  (30 channels)
± 20% (Diameter)                    
±16% (Concentration)

Size spectra of aerosols      
and cloud droplets 2 to 47 mm     (30 channels)

± 20% (Diameter)                    
±16% (Concentration)

Number concentration of 
CCN 0.2 to 1.0 % supersaturation 10% at 1% supersaturation

CCN Counter

PMS Model FSSP-
300
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suction pump to enter the air. The path that the air sample covers must be considered when 
comparing the data from internal and external instruments. For instance, the CN counter 
readings show a 1 second delay compared with those obtained instantaneously from the 
PCASP and the FSSP. 

2.2. Composition of atmospheric particles derived by their physical properties 

To calculate the particles size we used Mie’s theory. It says that the intensity of light 
scattered in all directions depends on the size and composition of the particle and the 
wavelength of incident light. Mie’s theory considers spherical particles, so the optical 
counters used this assumption to obtain a value about the size of atmospheric particles. 

A particle exposed to a beam of light will eliminate some of the energy that hits on it. This 
phenomenon of extinction is given by the combination of absorption and scattering of light. 
Water droplets do not absorb radiation and only scatters light. With this justification, we 
assume that the dispersion coefficient values are a good approximation to the extinction 
coefficient of particles. 

The amount of light scattered by a particle depends on three combined effects: 1) reflection, 
2) refraction and 3) diffraction. Refraction depends on the composition of the particle, while 
the diffraction depends on the wavelength of incident light, the size, and the shape of the 
particle. Optical counters use these concepts to calculate the size of particles in an air 
sample. With this information it is possible to characterize the particles counted in certain 
size ranges, obtaining the size distribution spectrum of particles. 

The instruments are calibrated using refraction indexes for water (1.33), ammonium 
sulphate (1.48) or sodium chloride particles (1.54). Figure 1 shows the dispersion efficiency 
depending on the particles diameter with the three refraction indexes from Mie’s theory. 

Figure 1 shows the sensitivity of dispersion efficiency by varying the composition of 
particles. If we consider a particle with 0.4 μm diameter, the changes on its composition 
from water (n = 1.33) to sodium chloride (n = 1.58) is approximately 30 times. This indicates 
that the difference in the amount of light scattered by a cloud droplet and a NaCl particle 
increases by several orders of magnitude. 

The coefficient of dispersion of a population of particles with size r0 to rn is defined by 

 σ� � � Q��η, r, λ�πr�n�r�dr��
��  (1) 

where Qs is the scattering efficiency, which is a function of refractive index (η) radius of the 
particle (r) and the wavelength of scattered light (λ). And n(r) represents the concentration 
of a population of particles according to radius r. 

 σ� � ∑ Q��η, r�, λ�πr��n�r��dr����   (2) 

With this equation and the data obtained by particle counters we calculated the particles 
dispersion coefficients for the vicinity of the clouds. We used 28 different refractive indexes, 
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ranging from 1.33 to 1.60, resulting in a matrix of 28 dispersion coefficients for each data. 
The values were compared against the dispersion coefficients obtained directly from a 
nephelometer, inferring the approximate refractive index and a possible particles 
composition. 

 
Figure 1. Dispersion efficiency and particle diameter for three different refractive indexes 

2.3. Sampling 

In EPIC 2001 project we did 19 flights to investigate the ocean-atmosphere interaction, and 
clouds and aerosol particles properties in the Eastern Pacific. Nine flights were conducted 
within the ITCZ. The flights were in the area between 8° - 12° North latitude, and 93° - 97° 
West longitude (figure 2). During the flights were searched and selected young convective 
and precipitation clouds. 

 
Figure 2. EPIC 2001 research area. 
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3. Particles processing by clouds 
If a mass of moist air is forced to raise it creates a cloud, either by buoyancy promoted by 
surface heating or by mechanical means, such as climbing up a slope pushed by the wind. 
When the mass of air containing water vapor is cooled by adiabatic ascent, the vapor 
pressure increases until it reaches the complete saturation (RH = 100%). The increase in RH 
results in the formation of cloud droplets, because some particles act as CCN. The particles 
grow by molecular diffusion to the drop and form a solution. New droplets can interact 
with interstitial particles in the cloud or collide and coalesce with other droplets changing its 
composition. If the water droplet evaporates, then releases an aerosol particle with different 
mass and composition than the original particle. The particle is physical, chemical and 
hygroscopic different. According to the Köhler curve, a particle increasing its mass may 
trigger saturation values lower than a smaller particle (Pruppacher and Klett, 1997). In other 
words, the atmospheric particles that are processed by clouds acquire properties to become 
more efficient CCN. In addition, the size distribution of particles is modified and can 
directly influence the evolution of the cloud. The processes change the physical and 
chemical characteristics of particles, but their concentrations can be identified by analyzing 
the shapes of the distributions of sizes. 

3.1. Particles sizes distribution 

Atmospheric particles have different origins; some are from natural sources such as oceans, 
volcanoes, soil, pollen, forest fires, and so on. And human activities also generate particles 
that reach the atmosphere. Motor vehicles, power generation, industrial boilers and 
incineration of solid waste are some sources of anthropogenic particles. The diversity of 
emissions presents a wide range sizes, concentrations and compositions of particles. And 
their size range spans several orders of magnitude, ranging from nanometers to hundreds of 
micrometers. Similarly, the concentrations might be from 1.07 to 1.0-6 particles per cubic 
centimeter. In addition, the particles in the atmosphere undergo processes that transform 
their physical and chemical properties. Therefore the study of atmospheric particles is 
complicated. However, an important tool in particles analysis is the construction of size 
distribution graphs. These charts provide relevant information such as the nature of the 
particles (i.e., maritime, continental, urban, or rural zones), because each place has a kind of 
specific particle sources. 

In the study we use particle size distributions from inside, outside and away from the 
clouds to identify and analyze possible changes of particles properties interacting with 
cloud droplets. Particle counters at the C130 aircraft provided the information. The 
instruments measure aerosol particles and cloud droplets in different size ranges and cover 
a wide range of sizes (~ 0.1 to 50 microns).  

The PCASP dehydrates particles reducing the relative humidity below 30%, but the FSSP 
measure them at ambient relative humidity, so we calculate the dry particle diameter from 
both FSSP, based on the Tang’s theory ( 1976) and Tang and Munkelwitz (1977), to obtain a 
size distribution of dry particles.  
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3.2. Interaction between particles and clouds 

There are four main processes involved in the interaction particles-clouds: 

a. Vertical distribution 

The classic physics model for developing convective clouds indicates that the aerosol 
particles are incorporated from the base of the cloud. Some particles form droplets that grow 
vertically while being transported by updrafts currents generated by latent heat during a 
phase change from vapor to liquid. A few drops reach the top of the cloud, where updrafts 
currents lose strength by neutral stability between the cloud and the environment. At this 
point, the interaction of clouds with dry air dilutes and evaporates drops. In this mixing and 
evaporation zone of droplets is where the particles, used as CCN to form cloud droplets, are 
released back into the upper top of the cloud reaching the high troposphere and in some 
cases of deep convection may lead them to the lower stratosphere. Some researchers have 
shown that this mechanism is the main transport of particles from the boundary layer to free 
troposphere (i.e., Flossmann, 1998).  

b. Mass incorporation into the drop by diffusion 

A particle in a high relative humidity environment will grow by diffusion and condensation 
of vapor molecules producing a cloud droplet. The particle can be diluted to form a solution 
within the droplet. In that case, if the droplet is in an atmosphere of various gases that can 
be absorbed by the same specie (i.e., SO2 in marine clouds) there is an increase in the mass 
concentration of solute within the droplet changing its physical properties (mass increase). 
A rapid change in pH also transform the chemical properties, resulting in the dissolution of 
species in a solution (Hegg and Hobbs, 1982; Leaitch, 1996; Leaitch et al, 1986, O'Dowd et al, 
2000).  

When a particle is in high relative humidity (~ 80%) environment, it becomes an effective 
site for oxidizing species in aqueous phase (Chameides and Stelson, 1992). For example, SO2 
dissolved in a particle can react with ozone and hydrogen peroxide. In an acid particle 
(H2SO4) with low pH, the oxidant is hydrogen peroxide, but for particles with high pH (i.e., 
[NH4]2SO4), the oxidant will be ozone. The first reaction is more important in maritime 
areas, because SO2 is abundant from dimethyl sulphide emissions produced by 
phytoplankton. O'Dowd et al, (2000) estimate that under mass incorporation conditions a 
particle can increase its size to double in about 400 seconds.  

c. Collision-coalescence of drops 

When the droplets have certain size, they grow more efficiently by collision-coalescence. 
The collision and coalescence among cloud droplets is mainly governed by gravitational 
effects, so large droplets fall faster than small ones. This process produces a decrease in the 
concentration of drops, but form larger particles and evaporate the droplet mass. Each 
collision-coalescence between two original CCN becomes in to one drop, which has a mass 
equal to the sum of the two nuclei. If the original CCN have a different composition, it also 
changes the chemical composition of the resulting drop.  
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3. Particles processing by clouds 
If a mass of moist air is forced to raise it creates a cloud, either by buoyancy promoted by 
surface heating or by mechanical means, such as climbing up a slope pushed by the wind. 
When the mass of air containing water vapor is cooled by adiabatic ascent, the vapor 
pressure increases until it reaches the complete saturation (RH = 100%). The increase in RH 
results in the formation of cloud droplets, because some particles act as CCN. The particles 
grow by molecular diffusion to the drop and form a solution. New droplets can interact 
with interstitial particles in the cloud or collide and coalesce with other droplets changing its 
composition. If the water droplet evaporates, then releases an aerosol particle with different 
mass and composition than the original particle. The particle is physical, chemical and 
hygroscopic different. According to the Köhler curve, a particle increasing its mass may 
trigger saturation values lower than a smaller particle (Pruppacher and Klett, 1997). In other 
words, the atmospheric particles that are processed by clouds acquire properties to become 
more efficient CCN. In addition, the size distribution of particles is modified and can 
directly influence the evolution of the cloud. The processes change the physical and 
chemical characteristics of particles, but their concentrations can be identified by analyzing 
the shapes of the distributions of sizes. 

3.1. Particles sizes distribution 

Atmospheric particles have different origins; some are from natural sources such as oceans, 
volcanoes, soil, pollen, forest fires, and so on. And human activities also generate particles 
that reach the atmosphere. Motor vehicles, power generation, industrial boilers and 
incineration of solid waste are some sources of anthropogenic particles. The diversity of 
emissions presents a wide range sizes, concentrations and compositions of particles. And 
their size range spans several orders of magnitude, ranging from nanometers to hundreds of 
micrometers. Similarly, the concentrations might be from 1.07 to 1.0-6 particles per cubic 
centimeter. In addition, the particles in the atmosphere undergo processes that transform 
their physical and chemical properties. Therefore the study of atmospheric particles is 
complicated. However, an important tool in particles analysis is the construction of size 
distribution graphs. These charts provide relevant information such as the nature of the 
particles (i.e., maritime, continental, urban, or rural zones), because each place has a kind of 
specific particle sources. 

In the study we use particle size distributions from inside, outside and away from the 
clouds to identify and analyze possible changes of particles properties interacting with 
cloud droplets. Particle counters at the C130 aircraft provided the information. The 
instruments measure aerosol particles and cloud droplets in different size ranges and cover 
a wide range of sizes (~ 0.1 to 50 microns).  

The PCASP dehydrates particles reducing the relative humidity below 30%, but the FSSP 
measure them at ambient relative humidity, so we calculate the dry particle diameter from 
both FSSP, based on the Tang’s theory ( 1976) and Tang and Munkelwitz (1977), to obtain a 
size distribution of dry particles.  
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3.2. Interaction between particles and clouds 

There are four main processes involved in the interaction particles-clouds: 

a. Vertical distribution 

The classic physics model for developing convective clouds indicates that the aerosol 
particles are incorporated from the base of the cloud. Some particles form droplets that grow 
vertically while being transported by updrafts currents generated by latent heat during a 
phase change from vapor to liquid. A few drops reach the top of the cloud, where updrafts 
currents lose strength by neutral stability between the cloud and the environment. At this 
point, the interaction of clouds with dry air dilutes and evaporates drops. In this mixing and 
evaporation zone of droplets is where the particles, used as CCN to form cloud droplets, are 
released back into the upper top of the cloud reaching the high troposphere and in some 
cases of deep convection may lead them to the lower stratosphere. Some researchers have 
shown that this mechanism is the main transport of particles from the boundary layer to free 
troposphere (i.e., Flossmann, 1998).  

b. Mass incorporation into the drop by diffusion 

A particle in a high relative humidity environment will grow by diffusion and condensation 
of vapor molecules producing a cloud droplet. The particle can be diluted to form a solution 
within the droplet. In that case, if the droplet is in an atmosphere of various gases that can 
be absorbed by the same specie (i.e., SO2 in marine clouds) there is an increase in the mass 
concentration of solute within the droplet changing its physical properties (mass increase). 
A rapid change in pH also transform the chemical properties, resulting in the dissolution of 
species in a solution (Hegg and Hobbs, 1982; Leaitch, 1996; Leaitch et al, 1986, O'Dowd et al, 
2000).  

When a particle is in high relative humidity (~ 80%) environment, it becomes an effective 
site for oxidizing species in aqueous phase (Chameides and Stelson, 1992). For example, SO2 
dissolved in a particle can react with ozone and hydrogen peroxide. In an acid particle 
(H2SO4) with low pH, the oxidant is hydrogen peroxide, but for particles with high pH (i.e., 
[NH4]2SO4), the oxidant will be ozone. The first reaction is more important in maritime 
areas, because SO2 is abundant from dimethyl sulphide emissions produced by 
phytoplankton. O'Dowd et al, (2000) estimate that under mass incorporation conditions a 
particle can increase its size to double in about 400 seconds.  

c. Collision-coalescence of drops 

When the droplets have certain size, they grow more efficiently by collision-coalescence. 
The collision and coalescence among cloud droplets is mainly governed by gravitational 
effects, so large droplets fall faster than small ones. This process produces a decrease in the 
concentration of drops, but form larger particles and evaporate the droplet mass. Each 
collision-coalescence between two original CCN becomes in to one drop, which has a mass 
equal to the sum of the two nuclei. If the original CCN have a different composition, it also 
changes the chemical composition of the resulting drop.  
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d. Mechanical removal 

The removal of particles by precipitation is a cleaning process from the atmosphere. This 
mechanism helps to maintain a balance between sources and sinks of particles. The 
precipitation removes mechanically particles by inertial collection and transportation of 
raindrops, and also removes the nuclei when the drops become rain. However, it depends 
on the size of the interstitial space of the particles, related to the size of the drop. 
Experimental studies of Chate et al, (2003) demonstrated that this mechanism is more 
efficient on particles in the range of coarse mode (> 1 μm). Other studies have also shown 
that removal by inertial collection and transportation only affects to a small percentage of 
particles that are on base of the cloud (Wang and Pruppacher, 1977). 

3.3. Mechanisms of interaction between particles and clouds 

The mechanisms that modify the properties of atmospheric particles are varied and have 
different efficiencies depending on the size of the particles. The size distribution and the 
area plots of particles in the study showed four patterns that may be associated with 
processes of interaction between particles and clouds:  

1. Vertical transport with mixing and dilution with minimum changes in the size  
2. Aqueous phase oxidation of aerosol precursors (≤ 1 micron)  
3. Droplet coalescence (> 1 micron)  
4. Removal by precipitation 

Charts on figure 3 illustrate the general features that are described as follows: 

1. Vertical transport with mixing and dilution 

This cloud processing mechanism, discussed in detail by Flossman (1998), transports 
particles from cloud base to upper regions of the cloud where they eventually are detrained, 
either at cloud top edges or by mixing with ambient aerosols at detrainment level. PSD 
signatures take one of two forms. If RH at the point of measurement is higher than RH at 
cloud base, then PSD exhibits a tail at larger sizes exceeding that of the cloud base PSD (Fig. 
3, pattern A1). Other studies have shown the correlation between RH and changes in 
particle size near cloud boundaries (e.g., Baumgardner and Clarke, 1998). This, or the 
particles have mixed with air close of to the same RH as at the cloud base so that the 
resulting PSD is one that has approximately the same shape as at cloud base, but with lower 
concentrations as a result of the dilution with ambient air (Fig. 3, pattern A2).  

2. Aqueous phase oxidation of aerosol precursors 

In-cloud oxidation of dissolved species is a process that increases the mass of aerosol 
particles and may change their composition (Hegg and Hobbs, 1982; Leaitch, 1996; O’Dowd 
et al., 2000). The likely precursor gas in the EPIC research region is SO2, which evolves from 
dimethyl sulfide produced by phytoplankton or from anthropogenic sources, as discussed 
below. The PSD pattern produced by this process will be indistinguishable from pattern A 
unless additional information is known about the aerosol chemistry. As discussed in section 
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2.4, measurements were not made for particle composition, but the average refractive index 
of particles could be estimated. A comparison of the average refractive index at cloud base 
with the near-cloud and far-cloud values at higher altitudes suggest changes in particle 
composition, as shown in Fig. 3 where the cloud base refractive index is near that of sea salt 
(1.54), while the near-cloud value at 2500 m is closer to that of ammonium sulfate (1.48). The 
observed differences are based on a technique that has a large amount of uncertainty and is 
used qualitatively in the present study as an indicator of composition change. 

3. Droplet coalescence 

Coalescence decreases the number concentration of particles while shifting the mass to large 
sizes. Each coalescence event decreases the number of original CCN by one and the 
resulting mass is the sum of the two nuclei. If nuclei are of different composition, then this 
process also changes the chemistry of the particle contained in the resulting drop. The large 
particle mode, with a peak between 5 – 6 m, seen in Fig. 3 indicates coalescence, since 
neither the cloud base nor far-cloud PSD have particles in this size range.  

4. Removal by precipitation 

Precipitation removes particles mechanically by inertial or nucleation scavenging when 
cloud droplets become raindrops. Mechanical scavenging depends on the size of interstitial 
aerosol in relation to the raindrop size. Experimental results (Wang and Pruppacher, 1977) 
suggest that only a few percent of the interstitial and sub-cloud particles are removed by 
this mechanism and this is not considered as a major factor here. The majority of aerosols 
removed by precipitation will be those that are in cloud droplets growing by condensation 
and coalescence to precipitable sizes. Figure 3 illustrates this process where PSDs at the 
cloud base level are quite different depending upon whether the measurements were made 
at the actual cloud base or in the far-cloud air. The far-cloud PSD has particles of super-
micron sizes, but such particles are noticeably missing at the cloud base. In this particular 
case, the cloud base measurements were made after the cloud had formed and the super-
micron particles had been activated and grew quickly to droplet sizes that could coalesce 
and precipitate. 

4. Analysis and discussion 
Five flights and ten cloud systems were selected for analysis based on a visual evaluation of 
the records made with the forward- and side-looking video cameras on the aircraft. The 
criteria was that no other clouds could be seen within around 10 km on either side of a cloud 
line, such that far-cloud samples represent “ambient” aerosols, i.e., lacking any recently 
processed particles by clouds. 

4.1. Time series to identify clouds 

We studied the data from flights 7, 9, 12, 13 and 17. The flights were conducted in convective 
clouds by passing through the clouds at different levels (1000, 2500, 4200, and 6000 meters). 
Moreover, we passed through the cloud base (300 meters) and at surface level (30 meters). 
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d. Mechanical removal 

The removal of particles by precipitation is a cleaning process from the atmosphere. This 
mechanism helps to maintain a balance between sources and sinks of particles. The 
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raindrops, and also removes the nuclei when the drops become rain. However, it depends 
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Experimental studies of Chate et al, (2003) demonstrated that this mechanism is more 
efficient on particles in the range of coarse mode (> 1 μm). Other studies have also shown 
that removal by inertial collection and transportation only affects to a small percentage of 
particles that are on base of the cloud (Wang and Pruppacher, 1977). 

3.3. Mechanisms of interaction between particles and clouds 

The mechanisms that modify the properties of atmospheric particles are varied and have 
different efficiencies depending on the size of the particles. The size distribution and the 
area plots of particles in the study showed four patterns that may be associated with 
processes of interaction between particles and clouds:  

1. Vertical transport with mixing and dilution with minimum changes in the size  
2. Aqueous phase oxidation of aerosol precursors (≤ 1 micron)  
3. Droplet coalescence (> 1 micron)  
4. Removal by precipitation 

Charts on figure 3 illustrate the general features that are described as follows: 

1. Vertical transport with mixing and dilution 

This cloud processing mechanism, discussed in detail by Flossman (1998), transports 
particles from cloud base to upper regions of the cloud where they eventually are detrained, 
either at cloud top edges or by mixing with ambient aerosols at detrainment level. PSD 
signatures take one of two forms. If RH at the point of measurement is higher than RH at 
cloud base, then PSD exhibits a tail at larger sizes exceeding that of the cloud base PSD (Fig. 
3, pattern A1). Other studies have shown the correlation between RH and changes in 
particle size near cloud boundaries (e.g., Baumgardner and Clarke, 1998). This, or the 
particles have mixed with air close of to the same RH as at the cloud base so that the 
resulting PSD is one that has approximately the same shape as at cloud base, but with lower 
concentrations as a result of the dilution with ambient air (Fig. 3, pattern A2).  

2. Aqueous phase oxidation of aerosol precursors 

In-cloud oxidation of dissolved species is a process that increases the mass of aerosol 
particles and may change their composition (Hegg and Hobbs, 1982; Leaitch, 1996; O’Dowd 
et al., 2000). The likely precursor gas in the EPIC research region is SO2, which evolves from 
dimethyl sulfide produced by phytoplankton or from anthropogenic sources, as discussed 
below. The PSD pattern produced by this process will be indistinguishable from pattern A 
unless additional information is known about the aerosol chemistry. As discussed in section 
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2.4, measurements were not made for particle composition, but the average refractive index 
of particles could be estimated. A comparison of the average refractive index at cloud base 
with the near-cloud and far-cloud values at higher altitudes suggest changes in particle 
composition, as shown in Fig. 3 where the cloud base refractive index is near that of sea salt 
(1.54), while the near-cloud value at 2500 m is closer to that of ammonium sulfate (1.48). The 
observed differences are based on a technique that has a large amount of uncertainty and is 
used qualitatively in the present study as an indicator of composition change. 

3. Droplet coalescence 

Coalescence decreases the number concentration of particles while shifting the mass to large 
sizes. Each coalescence event decreases the number of original CCN by one and the 
resulting mass is the sum of the two nuclei. If nuclei are of different composition, then this 
process also changes the chemistry of the particle contained in the resulting drop. The large 
particle mode, with a peak between 5 – 6 m, seen in Fig. 3 indicates coalescence, since 
neither the cloud base nor far-cloud PSD have particles in this size range.  

4. Removal by precipitation 

Precipitation removes particles mechanically by inertial or nucleation scavenging when 
cloud droplets become raindrops. Mechanical scavenging depends on the size of interstitial 
aerosol in relation to the raindrop size. Experimental results (Wang and Pruppacher, 1977) 
suggest that only a few percent of the interstitial and sub-cloud particles are removed by 
this mechanism and this is not considered as a major factor here. The majority of aerosols 
removed by precipitation will be those that are in cloud droplets growing by condensation 
and coalescence to precipitable sizes. Figure 3 illustrates this process where PSDs at the 
cloud base level are quite different depending upon whether the measurements were made 
at the actual cloud base or in the far-cloud air. The far-cloud PSD has particles of super-
micron sizes, but such particles are noticeably missing at the cloud base. In this particular 
case, the cloud base measurements were made after the cloud had formed and the super-
micron particles had been activated and grew quickly to droplet sizes that could coalesce 
and precipitate. 

4. Analysis and discussion 
Five flights and ten cloud systems were selected for analysis based on a visual evaluation of 
the records made with the forward- and side-looking video cameras on the aircraft. The 
criteria was that no other clouds could be seen within around 10 km on either side of a cloud 
line, such that far-cloud samples represent “ambient” aerosols, i.e., lacking any recently 
processed particles by clouds. 

4.1. Time series to identify clouds 

We studied the data from flights 7, 9, 12, 13 and 17. The flights were conducted in convective 
clouds by passing through the clouds at different levels (1000, 2500, 4200, and 6000 meters). 
Moreover, we passed through the cloud base (300 meters) and at surface level (30 meters). 
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Figure 3. Cloud processing signatures 

Furthermore, during the flights were conducted surveys of the atmosphere’s vertical profile. 
This information is useful because surveys have different locations, but they are associated 
to the clouds recorded data. 

We observed changes in the properties of atmospheric particles and the processes 
responsible. Also we recorded environmental and weather conditions in zones which the 
property changes occur more frequently, comparing both sides of the clouds. 

The droplets concentration in a cloud is function of the particles number in the atmosphere, 
so any variation in the amount of particles will affect the cloud microphysics evolution. In 
marine areas the concentration of particles is about 100 per cm3, if there is a greater amount 
of particles is likely to pollution particles are present. The EPIC 2001 research area is located 
approximately 800 - 1000 km away from Mexico and Central America, allowing the 
transport of pollutants from the continent to the area when the prevailing winds are 
favourable. The opposite situation is also possible in maritime areas away from the coast. 
Wind patterns during flights 12 and 13 shows weather characteristics of maritime areas. 

The cloud boundaries are identified by means of videotapes taken from the plane C-130 and 
the analysis of time series using reference measurements obtained by the FSSP100. The 
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criterion was to consider the instrument's concentration records ≥ 1 cm-3 obtained within the 
cloud. In EPIC 2001, we identified 10 cloud systems that met the minimum information 
necessary for the study. Table 2 shows the location, date and time of each cloud systems. 
The data correspond to the average information of all transects made to the system. 

 
Table 2. Characteristics of cloud system selected for the analysis 

Flights 9, 12, and 13 were made on days with “maritime” (MR) aerosol background and 
when winds came from the southwest. “Higher” (HG) aerosols concentrations correspond 
to flights 7 and 17 with average concentrations significantly higher than the other three 
flights. Table 2 summarizes the time, location and type of cloud systems. 

4.2. Cloud boundaries comparison 

A convective cloud in its formative stage has a rapid vertical development. The ambient 
air surrounding the cloud incorporates into the cloud increasing its volume with the 
vertical expansion. This process is known as entrainment, so its mixing process is more 
efficient outboard in the cloud with sub-saturated air from the environment. The droplets 
evaporate and particles served as CCN are released back into the atmosphere. The mixing 
with ambient air and the evaporation of cloud droplets produces a cooling air parcel 
which generates a negative buoyancy force. This could result in shear zones, as the 
turbulence caused by this effect helps to mix ambient air with the cloud and evaporate 
more drops. To define the distance corresponding to the cloud border, we did a time 
series properties analysis of the particles in the clouds, to evaluate the zone of influence. 
Figure 4 shows the changes in properties of the particles in the vicinity of the cloud. The 
area of influence for the interaction of particles with the cloud covers a distance of 
approximately 500 m from the cloud’s border. The FSSP100 drops concentration 
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Cloud 
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RH 
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CN 
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(cm-3)

PCAS
P

Conc 
(cm-3)

7 sep-16 1 16:46-
17:19

12.3°N, 
93.7°W

HG 910 345 4800 25.60 1.4 79 *** *** *** *** *** ***

7 sep-16 2 18:42-
20:12

11.9°N, 
95.2°W

HG 830 227 25740 25.04 2.5 80 13900 2.44 9.3 91 3370 447

9 sep-20 3 18:16-
20:11

10.5°N, 
95.9°W MR 380 66 18093 24.18 1.3 85 500 3.63 0.3 65 320 32

9 sep-20 4 18:56-
20:24

8.2°N, 
95.8°W MR 200 40 12860 23.63 1.5 83 2640 2.95 3.4 79 810 48

12 sep-28 5 17:03-
18:12

9.3°N, 
93.9°W MR 460 138 13970 25.26 3 83 680 3.7 7.2 62 590 32

12 sep-28 6 19:14-
20:20

11.9°N, 
94.1°W MR 420 143 4550 24.87 1.2 80 7040 3.74 2.7 80 818 14

13 sep-29 7 18:31-
19:03

11.4°N, 
94.6°W MR 360 98 11440 24.06 1.6 84 2970 3.97 1.9 88 15574 50

13 sep-29 8 19:36-
20:22

12.4°N, 
94.9°W MR 390 64 9460 24.15 1.5 84 8690 3.88 2.7 85 1119 98

17 06-oct 9 18:34-
19:49

11.9°N, 
93.9°W HG 1900 696 36200 26.02 2.3 82 5060 3.92 5.8 81 2810 384

17 06-oct 10 20:51-
21:36

11.8°N, 
94.1°W HG 1600 510 10560 26.53 0.9 68 2480 3.2 2.4 72 1080 350

300 m 4200 m
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Figure 3. Cloud processing signatures 

Furthermore, during the flights were conducted surveys of the atmosphere’s vertical profile. 
This information is useful because surveys have different locations, but they are associated 
to the clouds recorded data. 

We observed changes in the properties of atmospheric particles and the processes 
responsible. Also we recorded environmental and weather conditions in zones which the 
property changes occur more frequently, comparing both sides of the clouds. 

The droplets concentration in a cloud is function of the particles number in the atmosphere, 
so any variation in the amount of particles will affect the cloud microphysics evolution. In 
marine areas the concentration of particles is about 100 per cm3, if there is a greater amount 
of particles is likely to pollution particles are present. The EPIC 2001 research area is located 
approximately 800 - 1000 km away from Mexico and Central America, allowing the 
transport of pollutants from the continent to the area when the prevailing winds are 
favourable. The opposite situation is also possible in maritime areas away from the coast. 
Wind patterns during flights 12 and 13 shows weather characteristics of maritime areas. 
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criterion was to consider the instrument's concentration records ≥ 1 cm-3 obtained within the 
cloud. In EPIC 2001, we identified 10 cloud systems that met the minimum information 
necessary for the study. Table 2 shows the location, date and time of each cloud systems. 
The data correspond to the average information of all transects made to the system. 
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when winds came from the southwest. “Higher” (HG) aerosols concentrations correspond 
to flights 7 and 17 with average concentrations significantly higher than the other three 
flights. Table 2 summarizes the time, location and type of cloud systems. 
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air surrounding the cloud incorporates into the cloud increasing its volume with the 
vertical expansion. This process is known as entrainment, so its mixing process is more 
efficient outboard in the cloud with sub-saturated air from the environment. The droplets 
evaporate and particles served as CCN are released back into the atmosphere. The mixing 
with ambient air and the evaporation of cloud droplets produces a cooling air parcel 
which generates a negative buoyancy force. This could result in shear zones, as the 
turbulence caused by this effect helps to mix ambient air with the cloud and evaporate 
more drops. To define the distance corresponding to the cloud border, we did a time 
series properties analysis of the particles in the clouds, to evaluate the zone of influence. 
Figure 4 shows the changes in properties of the particles in the vicinity of the cloud. The 
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measurements correspond to the solid line, which marks the cloud’s boundary. Each tick 
mark represents 110 m at the aircraft’s average velocity of 110 m s-1. The dotted lines 
represent the behavior of the average diameter of particles measured by the FSSP300 
(dash) and FSSP100 (dash and dot). These values denote the limits of the transition region 
between ambient and cloud air. Diameter measurements show a significant increase of 
particles up to ~500 m from the cloud’s boundary. That determines the representative area 
to evaluate the mechanisms that modify the properties of particles due to the interaction 
with the cloud. 

 
Figure 4. Medium volume diameters measured by FSSP300 (dashed line) and FSSP100 (dot-dash line) 
indicating a cloud boundary.  

The particles properties on both sides of the cloud border must be different. The particles 
characteristics in the neighboring area of the cloud have a determining effect on the 
modification of some of their properties. Changes in humidity, altitude and environmental 
conditions, where the samples are collected, affect the particles concentration and size. So, in 
order to compare both sides of the cloud we analyze data from the clouds vicinity (500 m 
from the border of the cloud) to obtain average values. Figure 5 shows the average 
concentrations of vertical profiles measured by the PSCASP (> 0.1 microns) on the cloud 
borders (cases identified by U, D or P). A third profile, corresponding to a far area from the 
cloud (average 500 to 1500 m from the border (dotted line), is used to compare the profiles 
against those close to the cloud. 

In conditions with and without pollution, particle profiles measured in the vertical gradient 
has two patterns. One shows a constant value or a decrease with height. The second shows 
an increase in concentration up to 2500 m and then decreases to lower values than those 
measured at the base. It is possible to observe cases where the particle concentration profiles 
are similar to the concentration profile far away from the cloud. This is due to the presence 
of dilution processes, where particle concentrations in the vicinity of the cloud are lower 
than in remote areas. When the concentration of particles near the cloud is greater than the 
environment it is possible that there is an increase of particle size < 0.1 μm to ranges that is 
not possible to detect. In summary, measures of concentration of particles increased with 
height indicating that the smaller particles (< 0.1 μm) at the base of the cloud grow to 
detectable size ranges for the instrument during transport through the cloud. On the other 
hand, when the concentrations decrease with height means a dilution effect. 
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profiles (short dashed) and near-cloud profiles on each side of the cloud (solid and long dashed lines). 

Figure 6 shows concentrations measured with FSSP100 (> 2 μm) in the vicinity of the cloud 
(solid and dotted lines) and away from the cloud (dotted line). In the region where there are 
drops of cloud measurements, we used them to detect giant particles (> 1 micron) coming 
from the ocean. In most cases, the concentration values for particles greater than 1 micron 
near the cloud have a maximum at 1000 m high. It happens perhaps because smaller size 
particles increased their volume within the cloud. 

Sometimes it is possible to observe when the particle concentrations decrease with height 
that there is an increase in the concentrations of larger diameters. The combination of 
patterns is indicative of changes in particles by mixing and dilution on the total 
concentration dominated by small particles. Also, a simultaneous increase in the 
concentrations of particles suggests that it there is a change in particles size. 
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measurements correspond to the solid line, which marks the cloud’s boundary. Each tick 
mark represents 110 m at the aircraft’s average velocity of 110 m s-1. The dotted lines 
represent the behavior of the average diameter of particles measured by the FSSP300 
(dash) and FSSP100 (dash and dot). These values denote the limits of the transition region 
between ambient and cloud air. Diameter measurements show a significant increase of 
particles up to ~500 m from the cloud’s boundary. That determines the representative area 
to evaluate the mechanisms that modify the properties of particles due to the interaction 
with the cloud. 

 
Figure 4. Medium volume diameters measured by FSSP300 (dashed line) and FSSP100 (dot-dash line) 
indicating a cloud boundary.  

The particles properties on both sides of the cloud border must be different. The particles 
characteristics in the neighboring area of the cloud have a determining effect on the 
modification of some of their properties. Changes in humidity, altitude and environmental 
conditions, where the samples are collected, affect the particles concentration and size. So, in 
order to compare both sides of the cloud we analyze data from the clouds vicinity (500 m 
from the border of the cloud) to obtain average values. Figure 5 shows the average 
concentrations of vertical profiles measured by the PSCASP (> 0.1 microns) on the cloud 
borders (cases identified by U, D or P). A third profile, corresponding to a far area from the 
cloud (average 500 to 1500 m from the border (dotted line), is used to compare the profiles 
against those close to the cloud. 

In conditions with and without pollution, particle profiles measured in the vertical gradient 
has two patterns. One shows a constant value or a decrease with height. The second shows 
an increase in concentration up to 2500 m and then decreases to lower values than those 
measured at the base. It is possible to observe cases where the particle concentration profiles 
are similar to the concentration profile far away from the cloud. This is due to the presence 
of dilution processes, where particle concentrations in the vicinity of the cloud are lower 
than in remote areas. When the concentration of particles near the cloud is greater than the 
environment it is possible that there is an increase of particle size < 0.1 μm to ranges that is 
not possible to detect. In summary, measures of concentration of particles increased with 
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Figure 6. The vertical profiles of concentrations measured with the FSSP-100. 

4.3. Processes classification and evaluation 

There are different processes at each side of the cloud and in each level of each clouds 
system. We used as reference the processes signal description and their property. This 
subjective classification is based on an examination of vertical profiles, shown in Figs. 4, 5, 
and 6 and on the shapes of PSDs associated with the near-cloud region at each level. The 300 
m passes were only evaluated for evidence of removal by precipitation (pattern D). Figure 7 
summarizes the frequency of each category. There were 49 classifications made on MR days 
and 35 during HG days. A classification could not be made in 10% of the MR cases and 5% 
of the HG ones. The largest fraction of the observations was classified as pattern A (40% and 
60% of MR and HG cases, respectively). Pattern C matched only 4% of the MR observations 
and none during HG days. Patterns B and D were equally represented during both MR and 
HG days. 
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Figure 7. Percentages of cloud processing signatures, derived from vertical profiles of particle 
properties and evaluation of particle size distributions, for the MR cases (bottom panel), HG cases 
(middle), and combined cases. 

There were no consistent trends with altitude between MR and HG days. Particles at 1000 m 
and 2500 m altitude were predominantly like pattern A, in both the MR and HG cases. In 
MR cases, there were slightly more type B than type A particles at 4200 m. In HG cases, the 
4200 m particles were evenly distributed between patterns A and D. 

4.4. Particle composition estimation 

The refractive index was used to estimate the particles composition at the ends of the clouds. 
We calculated and average refractive indices at 500 m from the borders of the cloud. Figure 
8 shows the results. The refractive index profile for the area between 1000 and 1500 m away 
from the border of the cloud is also shown. This area is considered free from the influence of 
particle processing by clouds. 

We consider three refractive indexes as benchmarks. The refraction indexes of water (1.33), 
ammonium sulfate (1.48), and sodium chloride (1.54). Another factor we take into account is 
the size distribution and composition of particles as a function of their height in normal 
conditions without the influence of pollution. The type and composition of particles depend 
on local sources. Thus, in sea areas the main sources are the production of salt particles from 
the surface of the oceans that are caused by wind friction and breaking waves. These 
particles are mainly in the lower parts of the troposphere near its source. In the upper 
troposphere, main sources of particle are the conversion of gas to particle and deposition by 
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the size distribution and composition of particles as a function of their height in normal 
conditions without the influence of pollution. The type and composition of particles depend 
on local sources. Thus, in sea areas the main sources are the production of salt particles from 
the surface of the oceans that are caused by wind friction and breaking waves. These 
particles are mainly in the lower parts of the troposphere near its source. In the upper 
troposphere, main sources of particle are the conversion of gas to particle and deposition by 
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clouds (Hobbs, 1993) which produce small particles (< 0.1 μm). In marine areas the particles 
are composed of sulfate, because they are formed by the condensation of SO2. Particles 
ranged between 0.1 to 1 microns are composed of sulfate (Hobbs, 1993). Based on the 
sources we expected to find high ammonium sulfate in the lower troposphere. 

 
Figure 8. Derived refractive indexes for far- and near-cloud vertical profiles for the maritime (MR) day 
cases. 

In estimating the composition of particles from optical counters measurements, the 
environmental conditions can strongly influence the outcome. Figure 9 shows the 
comparison between the dispersion coefficients obtained with a nephelometer and the 
dispersion coefficient calculated from the particles size distribution. Data were collected on 
transects at 2500 m without pollution (Figure 9 right) and with pollution from the continent 
(Figure 9 left). The reference line 1:1 is used to compare dispersion coefficients calculated 
and from nephelometer, assuming three different compositions. 

Figure 9 (left) shows that polluted cases at the same height had calculated coefficients higher 
than those measured with instrumentation. This may be due to anthropogenic particles that 
absorb and scatter light. So, the measured values will be lower than calculated, since it is not 
taken into account the particles absorption. Moreover, no polluted cases have a better 
correlation because marine particles do not absorb light. This feature allows us to use this 
technique to more easily estimate the composition of particles in cases without contamination. 
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Figure 9. Scattering coefficients compared against those measured with the nephelometer for three 
refractive indexes: 1.33, 1.48, and 1.54, for MR days (a) and high aerosol concentrations (HG) days (b). 

5. Effects of atmospheric particles 
Atmospheric particles play an important role in the planet radiative budget. Their effects on 
radiative forcing by absorbing solar radiation backscattered or as facilitating clouds 
formation are important objects of study.  

The uncertainty of particle-radiation interactions is still very large. For example, some 
particles with sulfate or organic carbon cool the atmosphere. On the other hand, black 
carbon particles warm it, because they absorb visible light and convert it into thermal 
energy (IPCC, 2000). This strange balance increases the uncertainty of the magnitude of their 
effects on the atmosphere. 

5.1. Direct effects of particles processed by clouds 

The cloud process and modify particles size and composition. Larger particles scatter more 
sunlight and increase the extinction of light. This impact on the radiative balance can be 
estimated with the optical depth, since the extinction of particles is expressed:  

 ���� � � ����� �����
�   (3) 

Where τ is the optical thickness and σe is the particle’s extinction coefficient. In our case, we 
assume that the particle’s composition is mainly sodium chloride (sea salt) and sulfates. The 
particle does not absorb visible light, so its extinction and dispersion coefficients are equal. 
Thus, the above equation becomes:  

 � � ∑ ���������������  (4) 

To calculate the optical depth, we use the size distribution spectra for the following heights: 
30, 300, 1000, 2500 and 4200 m on both sides of the cloud, as well as the average between 
1000 and 1500 m away from the cloud. 
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1000 and 1500 m away from the cloud. 
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Table 3 shows the optical depth on both sides of the cloud (upwind and downwind) and data 
away from the cloud that are used as reference atmosphere without the influence of processed 
particles. The values are higher near than far away from the cloud. Figure 10 shows the optical 
depth near and far from the cloud. The particle optical depth near the cloud is 10 times higher 
than distant to the cloud. System 7 has a ratio about 1:1 indicating that the physical and optical 
properties of particles near and far from the cloud do not exhibit noticeable differences. The 
data suggest that particles near to the cloud in system 7 have not been yet processed or it could 
be a very young cloud with no mixing with ambient air. 

 
Table 3. Optical depth on both sides of the cloud  

 
Figure 10. Optical depths calculated for particle size distributions at 30, 300, 1000, 2500, and 4200 m, 
near-cloud and far-cloud cases. These optical depths are compared for the ten cases (labeled by their 
number).  

The decrease in the amount of radiation reaching Earth's surface can increase the optical 
depth, suggesting that cloud particles processed promote a local cooling. Indeed, satellite 
images of cloud cannot detect the optical depth because it is very large. 

cloud  (U)  (D)  (far)
1 0.125 0.021 0.027
2 0.158 0.373 0.018
3 0.116 0.124 0.013
4 0.152 0.196 0.017
5 0.192 0.118 0.010
6 0.247 0.316 0.084
7 0.171 0.231 0.211
8 0.272 0.306 0.005
9 0.322 0.355 0.036

10 0.196 0.613 0.041
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5.2. Indirect effects of particles processed by clouds 

Five flights and ten cloud systems were selected for analysis based on a visual evaluation of 
the records made with the forward- and side-looking video cameras on the aircraft. The 
criteria was that no other clouds could be seen in 10 km on either side of a cloud line, such 
that far-cloud samples represent “ambient” aerosols, i.e., lacking any recently processed 
particles by clouds. Flights were also classified by aerosol type. Figure 11 shows frequency 
distributions of CN and PCASP measured concentrations at ≤ 300 m for those five days. 
Flights 9, 12, and 13 were made on days with “maritime” (MR) aerosol background and 
when winds came from the southwest. “Higher” (HG) aerosols concentrations correspond 
to flights 7 and 17 with average concentrations significantly higher than the other three 
flights. Table 2 summarizes the time, location and type of cloud systems. 

 
Figure 11. The frequency of occurrence of 300 m concentrations measured by the PCASP (top panel) 
and CN (bottom) are shown here for the five days used in the case studies. 

The cloud albedo depends on the concentration of droplets (Twomey, 1974). One way to 
estimate, with good approximation, the changes in albedo (A) is using the Meador and 
Weaver (1980) equation: 

 � � 	 ������
��������	 (5) 

Where g is the asymmetry factor, which is the average cosine of scattering angle. For the 
scattering clouds by sunlight g = 0.85 (Hobbs, 1993), we can simplify the equation 5.3 to: 

 � � 	 �
�����  (6) 
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The cloud optical depth (τ) of h that contains a concentration of droplets n (r), with radius r 
is given by:  

 � � ��� Q�r�n�r�dr�
� 	 (7) 

Where Qe is the extinction efficiency factor for the wavelengths of visible radiation (λ = 400 
– 700 nm).  

We calculated the single scattering albedo employing equations 5.4 and 5.5 for each 
concentration of drops at 6000 m, using a layer of cloud thickness h = 100 m, based on the 
distance of a datum to another along the horizontal axis (data per second). The 6000 m level 
is considered the top of the ice-free clouds. Previous figure shows the histograms of the 
single scattering albedo calculated inside the cloud for different environmental conditions. 
The albedo on HG episodes ranged between 0.8 – 0.9, while in MR days ranged between 0.6 
– 0.8. The results agree with those obtained theoretically by Lohmann et al (2000) stating 
that anthropogenic pollution causes a diminution in the effective radius of cloud droplets 
and an increase in the albedo of the cloud. 

There is a relationship between the maximum concentrations registered by both FSSP100 
and PCASP, indicating a higher concentration of cloud droplets in the episodes with 
anthropogenic influence and resulting in a diminution in droplet size, because a bigger 
amount of CCN compete for moisture in the air. Last figure shows the different droplets 
average diameters in pollution-free days (~14 microns) and polluted days (~10 microns). 

Analysis shows the indirect effect of the particles in the formation of convective clouds. 
During episodes of anthropogenic contamination, the concentration of droplets in the cloud 
increases and their size decrease, thus causing low rainfall. These phenomena will increase 
the albedo of the cloud, because it depends on the concentration of drops (Twomy, 1974).  

Table 4 shows the values of optical depth (τ) and albedo (A) of the clouds studied. The 
highest values of albedo were presented in systems 1 and 9, corresponding to days with 
pollution. 

 
Table 4. Optical depth (τ) and albedo (A) of clouds studied 

Cloud τ Albedo
1 66.46 0.63
2 27.35 0.46
3 31.75 0.42
4 29.38 0.52
5 34.04 0.49
6 65.48 0.58
7 37.29 0.53
8 43.28 0.52
9 165.90 0.73
10 40.18 0.54
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6. Conclusions 
The physical and optical properties analysis of atmospheric particles is focused on the 
observation of several processes involved in convective clouds and their environment. We 
have studied cloud systems on Mexico's Pacific ITCZ. The research flights were conducted 
during September and October 2001. The data obtained point to some relevant cases marked 
by the weather and cloud characteristics. The analysis and evaluation of information allows 
us to reach the following conclusions. 

We identify the most important interaction processes between particles and clouds, which 
can cause changes in the size and composition of atmospheric particles: a) diluting the 
concentration of particles with minimal changes in size, b) increasing atmospheric 
concentration of submicron particles (≤ 1 μm), c) increasing the concentration of atmospheric 
supermicron particles (> 1 μm) d) removal of supermicron particles. The analysis of particles 
and clouds interaction shows that the most common contact mechanisms were: a) vertical 
transportation with mixing and dilution, which occurred in 44% of the MR days and 55% on 
HG episodes b) oxidation of aqueous phase particles are present in 20% and 24% days MR 
and HG events, respectively, c) coalescence of droplets occurred in 18% and 15% days MR 
and HG, respectively.  

The particles change their optical properties and the way they interact with solar radiation 
and clouds. Particles that are processed in the vicinity of the cloud increase the optical 
depth. The growth comes in quantities up to 10 times larger than the value recorded in 
distant particles. Therefore, variations in the optical properties of particles affect directly the 
radiative balance and influence in local climate. 

The cloud observations were classified into two categories: typical values of maritime areas 
with prevailing westerly winds and low concentrations of cloud condensation nuclei (conc. 
< 500 particles per cm3) and values influenced by anthropogenic pollution (conc. < 1800 
particles/cm3). 

Increasing the concentration of particles in a place influenced by a pollution source also 
enlarged the number of CCN. Data analysis shows a good correlation between the 
concentration of CCN at cloud base and the concentration of droplets inside the cloud (r2 = 
0.92), which explains the clouds albedo augmentation on days with influenced by 
anthropogenic pollution. 

Future work considers the application of detailed microphysics models to evaluate the 
different processes of interaction of particles and clouds. Thus, also intends to use these 
models to analyze the effect of these particles processed in the dynamics of the cloud as well 
as the influence on processes like rain. 
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The cloud optical depth (τ) of h that contains a concentration of droplets n (r), with radius r 
is given by:  

 � � ��� Q�r�n�r�dr�
� 	 (7) 
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4 29.38 0.52
5 34.04 0.49
6 65.48 0.58
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and HG events, respectively, c) coalescence of droplets occurred in 18% and 15% days MR 
and HG, respectively.  
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depth. The growth comes in quantities up to 10 times larger than the value recorded in 
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radiative balance and influence in local climate. 
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0.92), which explains the clouds albedo augmentation on days with influenced by 
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models to analyze the effect of these particles processed in the dynamics of the cloud as well 
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1. Introduction 
Usually, both for the scientific community and to the general public, there is a tendency to 
associate air pollution with large urban centers (mainly coming from motor vehicles or 
factory chimneys). However, large areas, especially tropical regions, live with another 
source of pollution: the biomass burning. According to the Intergovernmental Panel on 
Climate Change (IPCC) report, biomass burning is the major source of air pollution and is 
considered an important environmental problem with several impacts on local, regional and 
global levels [1]. Biomass burning includes burning of forests, grasslands, and croplands. 
Large quantities of gases and materials, besides trace elements, are emitted into the 
atmosphere by this action. This can affect both the regional and global climate through the 
interaction with solar radiation and the chemical and physical processes in the atmosphere. 
A large amount of these burning points occurred in the southern part of the Amazon basin 
during the dry season and the product of these emissions can be transported to some cities 
in the southeast of the country, a highly polluted region, and with cities with serious air 
pollution problems at the urban environment. Moreover, with the growing demand for 
biofuels in Brazil, the cultivation of sugarcane has been expanding considerably in 
southeastern Brazil, being a strong contribution to poor air quality in the region due to the 
burning of that culture, aiming to facilitate its harvest. 

A very useful tool in studies of the effects of burning in the atmosphere is the Lidar (Light 
Detection and Ranging) technique, which gives vertical profiles of aerosols and allows the 
monitoring of the temporal evolution of the atmospheric structure, as well as to obtain 
values of backscattering coefficient. This technique is characterized by high spatial and 
temporal resolution, allowing the measurement of small concentrations of different gases 
(mainly water vapor), aerosols and local meteorological parameters such as wind direction 

© 2012 Lopes et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 246 

Tang I. N., 1976, Phase tranformation and growth of aerosol particles composed of mixed 
salts, J. Aerosol Sci., Vol 7, 361 – 371. 

Tang I. N., Munkelwitz H. R., 1977, Aerosol growth studies-III; Ammonium Bisulfate 
Aerosols in a moist atmosphere, J. Aerosol Sci., Vol 8, 321 – 330. 

Twomey, S., 1974: Pollution and the planetary albedo, Atmos. Environ, 8, 1251-1256. 
Twomey, S. 1991, Aerosols Clouds and Radiation, Atmos. Environ., 25A, 2435-2442. 
Wallace J. M. and Hobbs P. V., 1977, Atmospheric Science, An introductory survey, 467 pp. 
Wang, P. K. and H. R. Pruppacher, 1977: An experimental determination of the efficiency 

with which aerosol particles are collected by water drops in subsaturated air, J. Atmos. 
Sci., 34, 1664–1669. 

Weller, B., B. Albrecht, S. Esbensen, C. Eriksen, A. Kumar, R. Mechoso, D. Raymond, D. 
Rogers, D. Rudnick, 1999: A science and implementation plan for EPIC: An eastern 
Pacific investigation of climate processes in the coupled ocean-atmosphere system. 
[Available online from http://wwwatmos.washintong.edu/gcg/EPIC/]. 

Chapter 9 

 

 

 
 

© 2012 Lopes et al., licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Impacts of Biomass Burning in the  
Atmosphere of the Southeastern Region  
of Brazil Using Remote Sensing Systems 

F. J. S. Lopes, G. L. Mariano, E. Landulfo and E. V. C. Mariano 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/50406 

1. Introduction 
Usually, both for the scientific community and to the general public, there is a tendency to 
associate air pollution with large urban centers (mainly coming from motor vehicles or 
factory chimneys). However, large areas, especially tropical regions, live with another 
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Climate Change (IPCC) report, biomass burning is the major source of air pollution and is 
considered an important environmental problem with several impacts on local, regional and 
global levels [1]. Biomass burning includes burning of forests, grasslands, and croplands. 
Large quantities of gases and materials, besides trace elements, are emitted into the 
atmosphere by this action. This can affect both the regional and global climate through the 
interaction with solar radiation and the chemical and physical processes in the atmosphere. 
A large amount of these burning points occurred in the southern part of the Amazon basin 
during the dry season and the product of these emissions can be transported to some cities 
in the southeast of the country, a highly polluted region, and with cities with serious air 
pollution problems at the urban environment. Moreover, with the growing demand for 
biofuels in Brazil, the cultivation of sugarcane has been expanding considerably in 
southeastern Brazil, being a strong contribution to poor air quality in the region due to the 
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and temperature, depending, however, on the type of Lidar system and the wavelength 
used. 

A Lidar system operates on the same physical principle of Radar, but using a laser beam as 
emission source; the detection components are composed by a telescope and an optical 
analyzer system. In the case of Lidar, a light pulse is directed into the atmosphere. The light 
beam interacts with the atmospheric compounds and is scattered in all directions by 
particles and molecules. A portion of the light is absorbed and other portion is scattered 
back towards the Lidar system. The backscatter light is collected by a telescope and focused 
upon a photo detector capable to measure the signal intensity as function of the distance 
from the system. 

Lidar systems, both aboard of satellites and ground-based, have been used in synergy with 
sunphotometer systems to detect and track the transport of aerosol from the MidWestern 
portion of the Brazilian territory to the Southeastern region, mainly the São Paulo city, where a 
ground-based elastic backscatter Lidar system is installed [2]. Here, some results obtained 
using a methodology developed to detect biomass burning aerosol loaded in the atmosphere 
at specific locations of the Brazilian territory will be presented, mainly in the Midwestern and 
Northern portion, considered to be one of the biggest producers of biomass burning in South 
America due to the vast quantities of forest, pasture and plantations, and track the transport 
trajectories of the aerosol plumes into the areas located at the Southeastern portion of Brazil, in 
the city of São Paulo, where it is possible to identify such plumes using the AERONET 
sunphotometer and the elastic backscatter Lidar system. Initially, Ångström Exponent (AE) 
and Aerosol Optical Depth (AOD) values retrieved from the AERONET sunphotometer 
network and the MODIS satellite, combined with AOD and Lidar ratio (LR) products from the 
CALIOP measurements are used in order to identify biomass burning aerosols loaded in the 
atmosphere in the MidWestern and Northern portion of the Brazilian territory. Attenuated 
backscatter profile images and aerosol optical properties values from CALIOP are used to 
monitor and track such aerosol plumes to the Southeastern region. If the transportation of 
biomass burning to São Paulo city is confirmed using the HYSPLIT (Hybrid Single Particle 
Lagrangian Integrated Trajectory Model) backtrajectories, the backscatter Lidar and the 
sunphotometer data are used to analyze the presence of those plumes at the São Paulo 
atmosphere. Such results can be a strong indication that the city of São Paulo, one of the most 
polluted cities in the world, is affected not only by the presence of aerosol from local sources 
but also by aerosols produced in remote sources.  

2. Instrumentation 
This study has the aim of analyzing the biomass burning aerosol optical properties using 
data from the CALIOP sensor installed on board the satellite CALIPSO and MODIS sensor 
aboard the TERRA and AQUA satellite. In addition, ground-based data measurements such 
as an elastic backscatter Lidar system and the AERONET sun photometer data will be used. 
In this section some details of each instrument will be presented. 
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2.1. Moderate Resolution Imaging Spectroradiometer (MODIS) Sensor 

Through the EOS (Earth Observing System) program, initiated in 1980 with the main 
objective to allow continuous observations for a period of at least 15 years of global changes, 
various sensors have been launched, and among them the MODIS in 1999 (Moderate 
Resolution Imaging Spectroradiometer) is highlighted. 

The MODIS sensor is on board the polar orbiting satellites TERRA and AQUA launched in 
1999 and 2002, respectively. The sensor was the first designed to obtain global observations 
of aerosols with moderate resolution (between 250m and 1000m depending on the 
wavelength used). 

The AQUA satellite is part of the so-called A-Train constellation [3], which also contains the 
Aura satellite (launched in 2004) to study the atmospheric chemistry and dynamics with 
emphasis on the sensor for ozone monitoring OMI - Ozone Monitoring Instrument, 
PARASOL (2004) to study the water and carbon cycle, CALIPSO (2006) to study the profile 
of aerosol and clouds and CloudSat (2006) to study the clouds. 

MODIS has 36 spectral bands between 0.4 and 14.5 μm, allowing the generation of several 
products related to aerosol, such as aerosol optical depth over the ocean and land with a 
resolution of 10x10 km (at nadir), and the size and type distribution over oceans and type of 
aerosol over the continent. General and operational characteristics of the sensor can be 
found in Barnes et al. (1998) [4].  

The MODIS aerosol data analyzed consist of the aerosol product level 3, MOD08. This level 
of data is generated daily for the entire globe offering several properties related to aerosols 
such as optical depth over ocean/continent and Ångström Exponent over the continent. The 
spatial resolution of the data is 1.0° for level 3. In this chapter, data from the AOD MODIS 
sensor (AQUA satellite) between 2003 and 2010 were used. 

Any given set of data, ordered from the lowest to the highest value, have a central value 
which is called a median. Likewise, it is possible to think of the values dividing the set of 
data in four equal parts, that is, the quartiles, Q1, Q2 and Q3, with Q2 being equal to the 
median. The values dividing the set in 10 equal parts are the deciles, and the values which 
divide the set in 100 equal parts are the percentiles. A percentile is the value of a data set 
below which a certain amount of the observations are. For instance, the 90th percentile 
represents the number below which 90% of the data is found. The 50th percentile is 
equivalent to the median [5]. 

The AOD is a dimensionless coefficient, indicating the amount and efficiency of solar 
radiation extinction by optically active material for a given wavelength. The optical depth 
may be defined as an attenuation coefficient of a beam of light which undergoes scattering 
or absorption during its passage through any given element [6]. 

Higher values of optical depth lead to lower values for the optical transmittance of the air 
column, with the intensity of solar radiation on the surface also being smaller. 
Consequently, the temporal and spatial evolution of this radiation depends on the 
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and temperature, depending, however, on the type of Lidar system and the wavelength 
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ground-based elastic backscatter Lidar system is installed [2]. Here, some results obtained 
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at specific locations of the Brazilian territory will be presented, mainly in the Midwestern and 
Northern portion, considered to be one of the biggest producers of biomass burning in South 
America due to the vast quantities of forest, pasture and plantations, and track the transport 
trajectories of the aerosol plumes into the areas located at the Southeastern portion of Brazil, in 
the city of São Paulo, where it is possible to identify such plumes using the AERONET 
sunphotometer and the elastic backscatter Lidar system. Initially, Ångström Exponent (AE) 
and Aerosol Optical Depth (AOD) values retrieved from the AERONET sunphotometer 
network and the MODIS satellite, combined with AOD and Lidar ratio (LR) products from the 
CALIOP measurements are used in order to identify biomass burning aerosols loaded in the 
atmosphere in the MidWestern and Northern portion of the Brazilian territory. Attenuated 
backscatter profile images and aerosol optical properties values from CALIOP are used to 
monitor and track such aerosol plumes to the Southeastern region. If the transportation of 
biomass burning to São Paulo city is confirmed using the HYSPLIT (Hybrid Single Particle 
Lagrangian Integrated Trajectory Model) backtrajectories, the backscatter Lidar and the 
sunphotometer data are used to analyze the presence of those plumes at the São Paulo 
atmosphere. Such results can be a strong indication that the city of São Paulo, one of the most 
polluted cities in the world, is affected not only by the presence of aerosol from local sources 
but also by aerosols produced in remote sources.  

2. Instrumentation 
This study has the aim of analyzing the biomass burning aerosol optical properties using 
data from the CALIOP sensor installed on board the satellite CALIPSO and MODIS sensor 
aboard the TERRA and AQUA satellite. In addition, ground-based data measurements such 
as an elastic backscatter Lidar system and the AERONET sun photometer data will be used. 
In this section some details of each instrument will be presented. 
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The MODIS sensor is on board the polar orbiting satellites TERRA and AQUA launched in 
1999 and 2002, respectively. The sensor was the first designed to obtain global observations 
of aerosols with moderate resolution (between 250m and 1000m depending on the 
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The AQUA satellite is part of the so-called A-Train constellation [3], which also contains the 
Aura satellite (launched in 2004) to study the atmospheric chemistry and dynamics with 
emphasis on the sensor for ozone monitoring OMI - Ozone Monitoring Instrument, 
PARASOL (2004) to study the water and carbon cycle, CALIPSO (2006) to study the profile 
of aerosol and clouds and CloudSat (2006) to study the clouds. 

MODIS has 36 spectral bands between 0.4 and 14.5 μm, allowing the generation of several 
products related to aerosol, such as aerosol optical depth over the ocean and land with a 
resolution of 10x10 km (at nadir), and the size and type distribution over oceans and type of 
aerosol over the continent. General and operational characteristics of the sensor can be 
found in Barnes et al. (1998) [4].  

The MODIS aerosol data analyzed consist of the aerosol product level 3, MOD08. This level 
of data is generated daily for the entire globe offering several properties related to aerosols 
such as optical depth over ocean/continent and Ångström Exponent over the continent. The 
spatial resolution of the data is 1.0° for level 3. In this chapter, data from the AOD MODIS 
sensor (AQUA satellite) between 2003 and 2010 were used. 

Any given set of data, ordered from the lowest to the highest value, have a central value 
which is called a median. Likewise, it is possible to think of the values dividing the set of 
data in four equal parts, that is, the quartiles, Q1, Q2 and Q3, with Q2 being equal to the 
median. The values dividing the set in 10 equal parts are the deciles, and the values which 
divide the set in 100 equal parts are the percentiles. A percentile is the value of a data set 
below which a certain amount of the observations are. For instance, the 90th percentile 
represents the number below which 90% of the data is found. The 50th percentile is 
equivalent to the median [5]. 

The AOD is a dimensionless coefficient, indicating the amount and efficiency of solar 
radiation extinction by optically active material for a given wavelength. The optical depth 
may be defined as an attenuation coefficient of a beam of light which undergoes scattering 
or absorption during its passage through any given element [6]. 

Higher values of optical depth lead to lower values for the optical transmittance of the air 
column, with the intensity of solar radiation on the surface also being smaller. 
Consequently, the temporal and spatial evolution of this radiation depends on the 
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atmospheric optical depth, which will depend on local factors, since these cause variations 
in how the solar radiation in the electromagnetic spectrum and the direction of propagation 
is distributed. 

The AOD can be divided into some components, due to Rayleigh and Mie scattering, as well 
as the absorption by atmospheric particles. Therefore, the optical depth is a measure of 
transparency, being defined as the fraction of radiation (or light) that is scattered or 
absorbed in a path. An easy example is that of a fog. The fog between an observer and an 
object immediately in front of him has an optical depth tending to zero. If the object is 
moving away from the observer's, the optical depth will increase until it reaches a large 
value where the object is no longer visible. 

The optical depth indicates the amount of absorbing and scattering optically active material 
found in the path of a beam of radiation. It is defined as the integral over the optical path of 
the product of the total quantity of molecules present in the medium and the cross section of 
extinction for each wavelength. The optical depth is expressed by: 

  �� � ��������� (1) 

Where ��	is the extinction cross section, dx the path of integration and N(x) the volume 
number density of optically active atoms or molecules [particles cm-2] [6]. It expresses the 
amount of light removed from a beam by scattering or absorption during its path in any 
means. Being I0 the intensity of the radiation source and I the intensity observed after a 
certain path, the optical depth may be defined by the following equation: 

 �
�� � ��� (2) 

In the atmospheric sciences, the atmospheric optical depth is commonly referred as the 
vertical path from the surface of the earth or the altitude of the observer into space. Since it 
regards the vertical path, the optical depth of a sloping path is �� � ��, which is called the air 
mass factor, which to that atmosphere is usually defined as � � � ���Θ⁄  where Θ is a zenith 
angle corresponding to a certain path. Thus: 

  ��� � ����  (3) 

2.2. CALIPSO satellite 

Ground-based systems are very useful for monitoring local and regional aerosol properties 
in the atmosphere, playing an important role in the estimation of the aerosol influence on 
the radiation budget. However, in order to cover the cloud and aerosol vertical distribution 
in a global range, NASA and CNES agencies has launched a satellite with a Lidar system as 
a main operational instrument on board [7]. The CALIPSO satellite was launched in April 
2006, and since then is part of the NASA’s A-Train satellite constellation as mentioned 
before. CALIPSO is flying in a 705 km sun-synchronous polar orbit with an equator-crossing 
time of about 13:30 in local time, covering the whole globe in a repeat cycle of 16 days [8]. 
The CALIPSO payload consists of three co-aligned nadir-pointing instruments designed to 
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operate autonomously and continuously. Two of them are passive sensors and can provide 
a view of the atmosphere surrounding the Lidar curtain, namely, a wide field camera with a 
spatial resolution of 125 m for pixels and a three-channel infrared imaging radiometer 
instrument at each of the two wavelengths [9]. The lasers are Q-Switched to provide a pulse 
length of about 20 ns. The receiver subsystems measure the attenuated backscattering signal 
intensity at 1064 nm and the two orthogonal polarization components at 532 nm. From the 
backscattering signal measured by the receiver system, the CALIOP data products are 
assembled and separated in two categories: Level 1 and 2 products. Level 1 products are 
composed of calibrated and geolocated profiles of the attenuated backscatter returned 
signal, and are separated in three types, the total attenuated backscatter profile at 1064 nm, 
total attenuated backscatter profile (the sum of parallel and perpendicular signals) and the 
perpendicular backscatter signal, both at 532 nm [8, 10]. The level 2 products are derived 
from level 1 products and are classified in three types: layer products, profile products and 
vertical feature mask (VFM). Layer products provide the optical properties of aerosol and 
clouds integrated or averaged in the layers detected in the atmosphere. The profile products 
provide retrieved backscatter and extinction profiles within the detected layers. The VFM 
provide information of the cloud and aerosol location, and also their types. The level 2 data 
of aerosol layers provide information about values of the AOD, LR, and information from 
the heights of top and bottom of the layers detected by the CALIOP sensor. 

2.3. AERONET sunphotometer 

AERONET is a global network of optical monitoring of atmospheric aerosols, maintained by 
NASA and expanded throughout various research institutions around the world. This 
network has more than 200 measuring points, 22 in South America. The sunphotometer 
system from the AERONET network is a remote sensing instrument very useful not only to 
work in synergy with Lidar but also to retrieve several optical properties from aerosol 
loaded in the atmosphere.  

The CIMEL 318A spectral radiometer is a solar-powered weather-hardy robotically pointed 
Sun and sky instrument. This instrument is installed on the roof of the Physics Department 
at the University of São Paulo (USP). The CIMEL photometer performs measurements of the 
AOD at several wavelengths in the visible and the near-infrared spectral region to enable 
the assessment also of the Ångström Exponent [11]. The principle of operation of this system 
is to acquire aureole and sky radiances observations using a great number of scattering 
angles from the Sun, through a constant aerosol profile to retrieve the aerosol size 
distribution, the phase function and the AOD. For this study, the channels used are centered 
at 340, 440, 500, 670, 870, 940 and 1020 nm, with a 1.2 m full FOV (field of view) angle. The 
measurements are taken pointed directly to the Sun (four sequences) or to the sky (five 
sequences) in nine different pre-programmed sequences [11]. The inversion of the solar 
radiances measured by the CIMEL sunphotometer to retrieve the aerosol optical depth 
values is based on the Beer-Bouguer-Lambert equation, assuming that the contribution of 
multiple scattering within the small FOV of the sunphotometer is negligible. The aerosol 
optical depth at 532 nm was determined by the relation: 
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atmospheric optical depth, which will depend on local factors, since these cause variations 
in how the solar radiation in the electromagnetic spectrum and the direction of propagation 
is distributed. 

The AOD can be divided into some components, due to Rayleigh and Mie scattering, as well 
as the absorption by atmospheric particles. Therefore, the optical depth is a measure of 
transparency, being defined as the fraction of radiation (or light) that is scattered or 
absorbed in a path. An easy example is that of a fog. The fog between an observer and an 
object immediately in front of him has an optical depth tending to zero. If the object is 
moving away from the observer's, the optical depth will increase until it reaches a large 
value where the object is no longer visible. 

The optical depth indicates the amount of absorbing and scattering optically active material 
found in the path of a beam of radiation. It is defined as the integral over the optical path of 
the product of the total quantity of molecules present in the medium and the cross section of 
extinction for each wavelength. The optical depth is expressed by: 
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Where ��	is the extinction cross section, dx the path of integration and N(x) the volume 
number density of optically active atoms or molecules [particles cm-2] [6]. It expresses the 
amount of light removed from a beam by scattering or absorption during its path in any 
means. Being I0 the intensity of the radiation source and I the intensity observed after a 
certain path, the optical depth may be defined by the following equation: 
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In the atmospheric sciences, the atmospheric optical depth is commonly referred as the 
vertical path from the surface of the earth or the altitude of the observer into space. Since it 
regards the vertical path, the optical depth of a sloping path is �� � ��, which is called the air 
mass factor, which to that atmosphere is usually defined as � � � ���Θ⁄  where Θ is a zenith 
angle corresponding to a certain path. Thus: 
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2.2. CALIPSO satellite 

Ground-based systems are very useful for monitoring local and regional aerosol properties 
in the atmosphere, playing an important role in the estimation of the aerosol influence on 
the radiation budget. However, in order to cover the cloud and aerosol vertical distribution 
in a global range, NASA and CNES agencies has launched a satellite with a Lidar system as 
a main operational instrument on board [7]. The CALIPSO satellite was launched in April 
2006, and since then is part of the NASA’s A-Train satellite constellation as mentioned 
before. CALIPSO is flying in a 705 km sun-synchronous polar orbit with an equator-crossing 
time of about 13:30 in local time, covering the whole globe in a repeat cycle of 16 days [8]. 
The CALIPSO payload consists of three co-aligned nadir-pointing instruments designed to 

Impacts of Biomass Burning in the Atmosphere  
of the Southeastern Region of Brazil Using Remote Sensing Systems 251 

operate autonomously and continuously. Two of them are passive sensors and can provide 
a view of the atmosphere surrounding the Lidar curtain, namely, a wide field camera with a 
spatial resolution of 125 m for pixels and a three-channel infrared imaging radiometer 
instrument at each of the two wavelengths [9]. The lasers are Q-Switched to provide a pulse 
length of about 20 ns. The receiver subsystems measure the attenuated backscattering signal 
intensity at 1064 nm and the two orthogonal polarization components at 532 nm. From the 
backscattering signal measured by the receiver system, the CALIOP data products are 
assembled and separated in two categories: Level 1 and 2 products. Level 1 products are 
composed of calibrated and geolocated profiles of the attenuated backscatter returned 
signal, and are separated in three types, the total attenuated backscatter profile at 1064 nm, 
total attenuated backscatter profile (the sum of parallel and perpendicular signals) and the 
perpendicular backscatter signal, both at 532 nm [8, 10]. The level 2 products are derived 
from level 1 products and are classified in three types: layer products, profile products and 
vertical feature mask (VFM). Layer products provide the optical properties of aerosol and 
clouds integrated or averaged in the layers detected in the atmosphere. The profile products 
provide retrieved backscatter and extinction profiles within the detected layers. The VFM 
provide information of the cloud and aerosol location, and also their types. The level 2 data 
of aerosol layers provide information about values of the AOD, LR, and information from 
the heights of top and bottom of the layers detected by the CALIOP sensor. 

2.3. AERONET sunphotometer 

AERONET is a global network of optical monitoring of atmospheric aerosols, maintained by 
NASA and expanded throughout various research institutions around the world. This 
network has more than 200 measuring points, 22 in South America. The sunphotometer 
system from the AERONET network is a remote sensing instrument very useful not only to 
work in synergy with Lidar but also to retrieve several optical properties from aerosol 
loaded in the atmosphere.  

The CIMEL 318A spectral radiometer is a solar-powered weather-hardy robotically pointed 
Sun and sky instrument. This instrument is installed on the roof of the Physics Department 
at the University of São Paulo (USP). The CIMEL photometer performs measurements of the 
AOD at several wavelengths in the visible and the near-infrared spectral region to enable 
the assessment also of the Ångström Exponent [11]. The principle of operation of this system 
is to acquire aureole and sky radiances observations using a great number of scattering 
angles from the Sun, through a constant aerosol profile to retrieve the aerosol size 
distribution, the phase function and the AOD. For this study, the channels used are centered 
at 340, 440, 500, 670, 870, 940 and 1020 nm, with a 1.2 m full FOV (field of view) angle. The 
measurements are taken pointed directly to the Sun (four sequences) or to the sky (five 
sequences) in nine different pre-programmed sequences [11]. The inversion of the solar 
radiances measured by the CIMEL sunphotometer to retrieve the aerosol optical depth 
values is based on the Beer-Bouguer-Lambert equation, assuming that the contribution of 
multiple scattering within the small FOV of the sunphotometer is negligible. The aerosol 
optical depth at 532 nm was determined by the relation: 
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   (4) 

Where the Ångström Exponent [12] was derived from the measured optical depth in the 
blue and red channels (440nm and 670 nm):  

      (5) 

The AE is also an indirect mean to retrieve the particle size distribution [13] and its possible 
composition [14, 15]. Concerning the uncertainty, the major source of error would be in the 
calibration procedure, which is proportional to the associated uncertainty of the AOD at a 
given wavelength [16].  

2.4. Elastic backscatter Lidar system (MSP-Lidar) 

A ground-based elastic backscatter Lidar system is in operation since 2001 in the 
Environmental Laser Applications Laboratory at the Centre for Laser and Applications 
(CLA) at the Nuclear Energy Research Institute (IPEN). The MASP and instrument locations 
in this area are depicted in Figure 1 (point L).  

The Lidar technique is based on the emission of a collimated laser beam through the 
atmosphere and on the detection of the backscattered laser light by the suspended 
atmospheric aerosols and molecules. A backscattering Lidar can thus provide information 
on the Planetary Boundary Layer (PBL) mixed depth, entrainment zones and convective cell 
structure, aerosol distribution, clear air layering, cloud-top altitudes, cloud statistics, 
atmospheric transport processes and other inferences of air motion [17-20]. The Lidar 
system is a single-wavelength backscatter system pointing vertically to the zenith and 
operating in the coaxial mode. The light source is based on a commercial Nd:YAG laser 
(Brilliant by Quantel SA) operating at the second harmonic frequency (SHF), namely at 532 
nm, with a fixed repetition rate of 20 Hz. The average emitted power can be selected up to 
values as high as 3.3 W. The emitted laser pulses have a divergence of less than 0.5 mrad. A 
30 cm diameter telescope (focal length f=1.5 m) is used to collect the backscattered laser 
light. The telescope's FOV is variable (1–2 mrad) by using a small diaphragm. Lidar is 
currently used with a fixed FOV of the order of 1 mrad, which according to geometrical 
calculations [21] permits a full overlap between the telescope FOV and the laser beam at 
heights around 300 m above the Lidar system. This FOV value, in accordance with the 
detection electronics, permits the probing of the atmosphere up to the free troposphere (12-
15 km asl). The backscattered laser radiation is then sent to a photomultiplier tube (PMT) 
coupled to a narrowband (1 nm full width at half maximum - FWHM) interference filter to 
assure the reduction of the solar background during daytime operation and to improve the 
signal-to-noise ratio (SNR) at altitudes greater than 3 km. The PMT output signal is recorded 
by a Transient Recorder in both analog and photon counting modes. Data are averaged 
between 2 and 5 min and then summed up over a period of about 1 h, with a typical spatial 
resolution of 15 m, which corresponds to a 100 ns temporal resolution. 
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Figure 1. Metropolitan Area of São Paulo (MASP) map with the sampling locations indicated: (1) São 
Paulo University Campus (USP), site of the Lidar and AERONET sunphotometer, in the point L.  

In the present stage, the inversion of the Lidar profile is based on the solution of the basic 
Lidar equation taking into account the atmospheric solar background radiation correction 
[22]. The Lidar equation is presented according to equation (6), where P(, z) is the Lidar 
signal received from a distance z at the wavelength , P0 is the emitted laser power,  is all 
Lidar system parameters, m(, z) and aer(, z) are the atmospheric volume backscatter 
coefficients for the molecular and aerosol contribution, respectively; and aer(, z) is the 
volume extinction coefficient at range z. 

  (6) 

The retrieval of the aerosol optical properties is based on the measurements of the aerosol 
backscatter coefficient aer at 532 nm, up to an altitude of 5 to 8 km. The determination of the 
vertical profile of the aerosol backscatter and extinction coefficients relies on the Lidar 
inversion technique following a modified Klett’s algorithm [23, 24] under the assumption of 
the single scattering approximation. One has, however, to bear in mind that this inversion 
technique is an ill-posed problem in the mathematical sense, leading to errors as large as 
30% when applied [22]. To make the Lidar equation solvable it is necessary to establish a 
relation between (, z) and (, z). This is achieved assuming the backscatter-to-extinction 
ratio (LR) as: 

    (7) 
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Figure 1. Metropolitan Area of São Paulo (MASP) map with the sampling locations indicated: (1) São 
Paulo University Campus (USP), site of the Lidar and AERONET sunphotometer, in the point L.  
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[22]. The Lidar equation is presented according to equation (6), where P(, z) is the Lidar 
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The retrieval of the aerosol optical properties is based on the measurements of the aerosol 
backscatter coefficient aer at 532 nm, up to an altitude of 5 to 8 km. The determination of the 
vertical profile of the aerosol backscatter and extinction coefficients relies on the Lidar 
inversion technique following a modified Klett’s algorithm [23, 24] under the assumption of 
the single scattering approximation. One has, however, to bear in mind that this inversion 
technique is an ill-posed problem in the mathematical sense, leading to errors as large as 
30% when applied [22]. To make the Lidar equation solvable it is necessary to establish a 
relation between (, z) and (, z). This is achieved assuming the backscatter-to-extinction 
ratio (LR) as: 

    (7) 
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However, it is known that the LR depends on several physical-chemical parameters inherent 
to the aerosols being inspected, such as the aerosol refractive index, size and shape 
distribution of the aerosol particles [25]. To derive the appropriate “correct” values of the 
vertical profile of aerosol backscatter coefficient in the lower troposphere an iterative 
inversion approach was used (by “tuning” the LR values), based on the intercomparison of 
the AOD values derived by the Lidar and a collocated AERONET sunphotometer [26], 
assuming the absence of stratospheric aerosols and that the PBL is homogeneously mixed 
between ground and the altitude of 300 m, where the Lidar overlap factor is close to 1. Once 
the correct values of the vertical profile of the aerosol backscatter coefficient were derived 
(when the difference between the AODs derived by sunphotometer and Lidar was less than 
10%), the Klett’s inversion technique was reapplied, using the appropriate LR values, to 
retrieve the final values of the vertical profiles of the backscatter and extinction coefficient at 
532 nm. The vertical profiles of pressure and temperature measured by radiosoundings 
launched twice a day, at 12 UTC and 00 UTC in a distance about 10 km from the place 
where the MSP-Lidar system is located, are used in order to obtain the molecular 
contribution based in the Bucholtz’s approach [27]. 

3. Analysis of the active fires in the state of São Paulo 
The fire detection method employed by INPE (National Institute for Space Research) is a 
digital non supervised clustering algorithm which selects pixels as burning if the AVHRR 
radiometric temperature exceeds 46°C [28], using the images of several satellites, which 
operate in the band between 3.7 and 4.1 μm, selecting the pixels (resolution elements) with 
higher temperature. Data from the morning overpass are used to identify fire pixels. Fire 
counts identified by INPE are provided in a weekly base in grid format. They consist of a 7-
day sum at 0.5-degree increments from 17°N to 40°S and 85°W to 34.5°W [29]. Data of active 
fires obtained through the NOAA-12 satellite were used, for the period between January, 
1999 and July, 2007 at the studied region (pixels located over the state of São Paulo).  

Through the spatial distribution of fires (Figure 2) obtained by the NOAA-12 satellite, it is 
possible to notice that the regions with the highest number of outbreaks of fires during the 
selected period coincides with sugarcane crops, especially during the winter and spring, 
periods with the largest number of outbreaks. The central-northern, central, central-eastern 
and central-western regions of the São Paulo State are highlighted as the areas where there 
is a high rate of outbreaks due to the presence of the sugarcane culture. 

The results of Figure 2 and Table 1 indicate that the winter was the season with the 
highest number of fire outbreaks during the period, when approximately 15,000 outbreaks 
were recorded, followed closely by spring with approximately 12,000 outbreaks, while in 
summer only 2000 spots were registered. During the harvest period, which occurs from 
May to November, the plantation areas are burnt a few hours before the manual cutting, 
and this period coincides with the dry season in Southeastern Brazil. From December to 
April the wet pattern prevails and there are only few activities for burning around the 
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state of São Paulo. The number of fire outbreaks tends to increase from the month of 
March, achieving its maximum in the trimester July-August-September. The peak of the 
burning season (August) coincides with the least amount of precipitation in the region, 
while the reverse is also found, burning minimum in the months with maximum 
precipitation (December and January). 

 
Figure 2. Outbreaks of fire during the period from January, 1999 to July, 2007: (a) summer; (b) autumn; 
(c) winter and (d) spring. 

The great quantity of active fires during the dry season, combined with low humidity in the 
region, can cause several health problems in the people living near the plantations and 
burnings of sugarcane. The association between internal and external exposure to the 
biomass smoke and its effects on health has been reported in some areas of Asia and India 
[30, 31]. Carbon deposition in the lungs occurred consistently in patients exposed to biomass 
burning [32]. Unlike most regions where external biomass burning is sporadic, the biomass 
burning in the region of São Paulo is a common and scheduled activity, due to the areas 
with sugarcane crops.  

The seasonal and interannual variation of the active fires in the State of São Paulo can be 
analyzed in Table 1. Through this table it can be noticed that the highest value of active fires 
occurred in 1999 followed by a decrease until 2001. From this year on, a slightly constant 
tendency of decrease in numbers of forest fires was noticed, except for the two last 
measured years (2005 and 2006). It is important to highlight that the measurements and 
monitoring in 2007 only goes until July, before the burning maximum period – August, 
September and October (as seen on Figure 2), probably due to technical problems with the 
satellite acquisitions. Besides the annual active total fires, the seasonal variation of the 
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number of fires for each year can also be observed in the Table 1, where it can be clearly seen 
that the maximum active fires seasons are winter and spring, followed by autumn and 
summer in almost every analyzed year, except for the years of 2000 and 2004, where the 
total active fires detected were greater in spring and summer than in winter and autumn, 
respectively. For the year of 2004, it was observed that the rain rates for these two periods 
were normal according to the climatology, without an obvious reason for that variation. It 
can also be seen the difference between the number of fires during the maximum fires 
season (winter) and the minimum (summer), reaching a value 3 times higher at some 
periods.  
 

Year/ Season Summer Autumn Winter Spring Total 
1999 57 924 2633 2401 6090 
2000 598 451 2202 1288 4489 
2001 78 277 1658 1026 3091 
2002 120 670 1657 1416 3829 
2003 97 519 1759 1065 3420 
2004 74 387 1118 1484 3171 
2005 215 680 1912 1498 4174 
2006 53 933 1889 1490 4398 
2007 108 602 306 - 983 
Total 993 5443 15134 11668 33645 

Table 1. Active fires measured by the NOAA-12 satellite for the State of São Paulo – Brazil 

4. MODIS aerosol optical depth  
Figure 3 shows the maximum values of AOD for the southeastern region of Brazil from 
2003-2010 (latitude between 14°S and 25°S and longitude between 54.1°W and 38.1°W). This 
region is known for having main urban centers, especially the metropolitan area of São 
Paulo and Rio de Janeiro, with large amounts of industries. In addition, the city of Cubatão 
is located at this region (50 km from MASP), in the state of São Paulo, known in the 1980s 
and 1990s as one of the most polluted cities in the world [33]. 

Despite the known major sources of pollution in the southeastern region of Brazil, it is 
possible to notice high maximum AOD values only during spring and winter. Except for 
these periods, and for one day in 2003 and other in 2010, both at summer, the maximum 
AOD over the Southeastern region was always below 1.0. The average of the maximum 
AOD between 2003 and 2010 was 0.492±0.505, indicating the high variability of the 
maximum AOD over the region. 

The 95th percentile calculated using data on maximum daily AOD for the southeastern 
region of Brazil was 1.143. This means that 95% of the daily data (MOD08) from the 
MODIS sensor (from a total of 2921 measurements spanning from 2003 to 2010) have 
lower values than 1.143. At first, this value can be considered low, but aspects of the 
sensor used must be taken into account, such as a spatial resolution of 1 km and that the 
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maximum concentration of aerosols tends to be found near the surface, hindering the use 
of remote sensing for this task. 

 
Figure 3. MODIS Maximum Aerosol Optical Depth over southeast of Brazil (a) 2003-2006 and (b) 2007-
2010. Years: (a) 2003 (orange); 2004 (blue); 2005 (green); 2006 (red) and (b) 2007 (orange); 2008 (blue); 
2009 (green); 2010 (red) 

Both the Amazon and Midwestern Brazil are great sources of aerosols into the atmosphere, 
and the maximum daily value of AOD found on the Southeastern region can be compared 
to these areas. In all of these regions the largest occurrences of elevated AOD are during the 
winter and spring in the Southern Hemisphere. The occurrence of higher AOD levels during 
this period for the Northern and Central region is basically due to the highest amount of 
biomass burning in the region (dry season). In Brazil, biomass burning in the Amazon 
region occurs with greater intensity during the dry season (July - October) and primarily 
affects the ecosystems of forest, pasture and Cerrado [34]. The small amount of precipitation 
and the increased atmospheric stability at this period contributes to the persistence of 
aerosols in the atmosphere, as well as a higher transport of biomass burning aerosols from 
the Amazon region (Section 6).  

Analyzing the 146 days with maximum AOD higher than the 95th percentile (1.143) found 
between 2003-2010 it is observed that approximately 82% of the cases occurred during the 
spring in the Southeastern hemisphere (Figure 4). When considering the period 
corresponding for spring and winter, the same has 144 days with values above the 95th 
percentile (99% approximately). The emissions from these fires have significant impacts on 
the concentration of gases and aerosols. The results presented here emphasize the 
importance of monitoring the aerosols for the period between June and October. The values 
recorded during summer and fall may be related, among other reasons, with burning events 
in the Southeastern region and transport of biomass burning aerosols from distant regions, 
such as the Amazon and MidWestern region of Brazil regions, Bolivia, the Northern portion 
of Argentina and the North region of South America. Another possible explanation for the 
values found are the urban aerosols emitted into the studied area. 
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Figure 4. Days above the AOD 95th Percentile (maximum AOD by MODIS > 1.143) over southeast of 
Brazil 

5. Aerosol detection in the burning region 
As mentioned before, some regions in the Brazilian territory suffers from intense 
anthropogenic biomass burning activities, such as forest and sugarcane plantation fires, 
during the so-called dry season. High concentrations of biomass burning aerosol particles, 
produced mainly in the Amazon basin and the Brazilian Mid-Western region, can be 
detected due to these fire activities in the tropical forest, savanna and pasture [35]. In this 
context, data from AERONET sunphotometer, MODIS sensor and CALIPSO satellite were 
employed in order to detect possible sources of biomass burning aerosols and map its 
transportation from Mid-Western to the Southeastern region in Brazil. 

Initially the image data measured by the MODIS sensor aboard the Terra satellite were 
used to identify possible signs of smoke from biomass burning. In the image retrieved on 
21 August 2007, presented in Figure 5, it can be clearly seen the presence of a dense smoke 
layer in the region South and Southeast of Campo Grande (CG - Lat: 20°26'16'' Long: 
54°32'16''). The trajectories generated using the HYSPLIT model indicate the transport of 
air masses from the Midwestern region of Brazil to the Southeast, where the MSP-Lidar 
system and the AERONET sunphotometer are installed. Figure 5 also shows that the 
CALIOP sensor aboard the CALIPSO satellite overpass the region near of Campo Grande 
during the nighttime of 21 August 2007, as can be seen by the descending trajectory (in 
the left of Figure 5). Furthermore, the sensor made measurements during daytime on the 
same day, however, in a region between the cities of Campo Grande and São Paulo, which 
will be helpful in the monitoring processes of the aerosol transport from the region of CG 
to MASP. 
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Figure 5. Image of the MODIS sensor aboard the Terra satellite showing a dense smoke layer in the 
South and Southwest region of Mato Grosso State (Campo Grande) on 21 August 2007. The green 
arrows show the nighttime (descending) and daytime (ascending) trajectories of the CALIPSO satellite 
for the same day. The trajectories generated by the HYSPLIT model show that aerosol masses were 
transported from the Midwestern region of Brazilian territory to the Southeastern region where the 
MSP-Lidar system and AERONET sunphotometer are installed. 

After identifying the presence of a dense smoke layer through the MODIS image, some 
optical properties of the atmospheric aerosol retrieved by the AERONET sunphotometer 
installed in CG site were analyzed. The AOD and AE products can provide information 
about the absorption and extinction characteristics and the size distribution of the aerosol in 
the atmosphere. In general, high values of AOD are associated to high extinction 
(absorption) of radiation, and in the same reasoning, high values of AE are associated to the 
fine mode size distribution of aerosols. These two characteristics are considered a signature 
of biomass burning aerosol. Figure 6 shows the scatter plot of Ångström Exponent as a 
function of the Aerosol Optical Depth for the month of August 2007 and case previously 
selected at Campo Grande (points in red), the grey filled lines are the AOD and AE median 
values for all data and the dashed lines are the respective median standard deviation. The 
AE values below the horizontal line corresponding to the median, AE=1.46±0.09, are an 
indication that most of the aerosol load is in the coarse mode size distribution. Those values 
above the median line belong to the fine mode size type of aerosols. The AE indicates a 
small sized particle distribution similar to those found in the presence of biomass burning 
aerosols as shown by [36]. Making the same interpretation to the AOD median vertical line, 
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AOD = 0.198±0.078, the values in the left side of the AOD median corresponding to low 
extinction and absorption of radiation aerosol types, and the right side is related to the high 
extinction and absorption radiation types. The median values were assumed as a better 
statistical evaluator since it was found using a skewness test that the AOD vs. AE 
distribution is rather asymmetrical, and instead of the standard deviation it has been used 
the median standard deviation as the measure of the variability or dispersion of the data set, 
according to [02]. The scatterplot in Figure 6 was divided into four distinctive sectors, I, II, 
III and IV. Each of them represents different types and sizes of aerosol according to the AOD 
and AE values. This study should be focusing mainly on regions II and IV, which 
correspond to fine mode size distribution and high absorption and extinction aerosol types, 
and coarse mode and high absorption and extinction aerosol types, respectively. In sector II 
there is a strong indication of the predominance of biomass burning aerosols in the 
atmosphere as the large AE corresponds to small sized particles and the large AOD for a 
strong absorbing type of aerosols. The same reasoning can be applied to sector IV, although 
the values below the AE median values can be associated to particle growth during the 
long-range transport [37]. As can be seen in Figure 6, the most AOD and AE values of 
aerosol measured during 21 August 2007 (red points) are inside the region II, representing 
biomass burning aerosol types. 

 
Figure 6. Scatterplot of the Ångström Exponent versus Aerosol Optical Depth at 532 nm for the case 
study selected (21 August 2007) and for the complete period of the August 2007. The four distinctive 
sectors represent different types and sizes of aerosol according to the AOD and AE values. The region II 
represents aerosols with biomass burning products characteristics, with high values of AOD and AE. 
The calculated median and median standard deviation values are AOD = 0.1980.078 and AE = 
1.460.09, respectively. 

On 21 August 2007, the CALIPSO satellite overpasses the region near the AERONET site 
in CG during the nighttime (descending trajectory), with the closest approach to the 
AERONET site of 126 km (horizontal distance) at 05:00 UTC approximately. During the 
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daytime on the same day the satellite made measurements in an area between Campo 
Grande and São Paulo, as can be seen in Figure 5. The AOD and LR retrieved by the 
CALIOP sensor were obtained using the Level 2 Aerosol Layer products Version 3.0 for 
both trajectories during 21 August 2007. Figure 7 shows the AOD (left panel) and LR 
values (right panel) according to the latitude for the nighttime trajectory (21 Aug 2007 – 
NT in figure 5). 

In the left panel of figure 7 it can be observed the values of AOD retrieved by CALIOP 
sensor spanning from 0.65 to 0.30. Such values are higher compared with those measured by 
the AERONET sunphotometer installed at CG site, represented by the red points in Figure 6. 
The high values of AOD measured by CALIOP sensor are a strong indication that highly 
absorbent aerosols are present in the atmosphere; in addition, it is a strong indication that 
these particles are from biomass burning aerosols [38]. Such evidence is confirmed 
analyzing the Lidar Ratio values, which can indicate the most likely type of aerosol detected, 
as shown at the right panel of Figure 7. The CALIOP sensor signed LR values of 70 sr. 
According to [39, 40], the LR value of 70 sr corresponds to the aerosol type from biomass 
burning or continental polluted air. However, biomass burning aerosol types differ 
according to their detection altitude. Generally, such layers are detected above the PBL, 
localized approximately between 3 to 5 km and more [41,42]. In the case of the CALIOP 
nighttime measures on 21 August 2007 in the region of the CG’s AERONET site, the 
detected layers correspondent to the AOD and LR values presented in Figure 7 were 
localized between 2.5 and 4 km, which is Above the PBL, demonstrating that the detected 
layers are mostly loaded by biomass burning aerosols. The 532 nm Total Attenuated 
Backscatter profile presented in Figure 8 shows an intense backscatter signal from an aerosol 
layer at high altitude, localized above the PBL approximately between 2.5 and 4 km, which 
is the biomass burning layer detected near the AERONET sunphotometer site at CG pointed 
by the dashed line in red. Such aerosol type is confirmed by the Vertical Feature Mask 
(VFM) product presented in Figure 9, which identifies the subtype of each aerosol in the 
atmosphere [43]. 

 
Figure 7. AOD and LR distribution as function of latitude (21 Aug 2007 – NT trajectory in figure 5) 
measured by the CALIOP sensor on 21 August 2007 during the nighttime. The star marks the point of 
the satellite closest approach to the AERONET site installed at CG. The red triangle represents the value 
of AOD measured by the AERONET sunphotometer during the closest approximation time. 
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AOD = 0.198±0.078, the values in the left side of the AOD median corresponding to low 
extinction and absorption of radiation aerosol types, and the right side is related to the high 
extinction and absorption radiation types. The median values were assumed as a better 
statistical evaluator since it was found using a skewness test that the AOD vs. AE 
distribution is rather asymmetrical, and instead of the standard deviation it has been used 
the median standard deviation as the measure of the variability or dispersion of the data set, 
according to [02]. The scatterplot in Figure 6 was divided into four distinctive sectors, I, II, 
III and IV. Each of them represents different types and sizes of aerosol according to the AOD 
and AE values. This study should be focusing mainly on regions II and IV, which 
correspond to fine mode size distribution and high absorption and extinction aerosol types, 
and coarse mode and high absorption and extinction aerosol types, respectively. In sector II 
there is a strong indication of the predominance of biomass burning aerosols in the 
atmosphere as the large AE corresponds to small sized particles and the large AOD for a 
strong absorbing type of aerosols. The same reasoning can be applied to sector IV, although 
the values below the AE median values can be associated to particle growth during the 
long-range transport [37]. As can be seen in Figure 6, the most AOD and AE values of 
aerosol measured during 21 August 2007 (red points) are inside the region II, representing 
biomass burning aerosol types. 

 
Figure 6. Scatterplot of the Ångström Exponent versus Aerosol Optical Depth at 532 nm for the case 
study selected (21 August 2007) and for the complete period of the August 2007. The four distinctive 
sectors represent different types and sizes of aerosol according to the AOD and AE values. The region II 
represents aerosols with biomass burning products characteristics, with high values of AOD and AE. 
The calculated median and median standard deviation values are AOD = 0.1980.078 and AE = 
1.460.09, respectively. 

On 21 August 2007, the CALIPSO satellite overpasses the region near the AERONET site 
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daytime on the same day the satellite made measurements in an area between Campo 
Grande and São Paulo, as can be seen in Figure 5. The AOD and LR retrieved by the 
CALIOP sensor were obtained using the Level 2 Aerosol Layer products Version 3.0 for 
both trajectories during 21 August 2007. Figure 7 shows the AOD (left panel) and LR 
values (right panel) according to the latitude for the nighttime trajectory (21 Aug 2007 – 
NT in figure 5). 

In the left panel of figure 7 it can be observed the values of AOD retrieved by CALIOP 
sensor spanning from 0.65 to 0.30. Such values are higher compared with those measured by 
the AERONET sunphotometer installed at CG site, represented by the red points in Figure 6. 
The high values of AOD measured by CALIOP sensor are a strong indication that highly 
absorbent aerosols are present in the atmosphere; in addition, it is a strong indication that 
these particles are from biomass burning aerosols [38]. Such evidence is confirmed 
analyzing the Lidar Ratio values, which can indicate the most likely type of aerosol detected, 
as shown at the right panel of Figure 7. The CALIOP sensor signed LR values of 70 sr. 
According to [39, 40], the LR value of 70 sr corresponds to the aerosol type from biomass 
burning or continental polluted air. However, biomass burning aerosol types differ 
according to their detection altitude. Generally, such layers are detected above the PBL, 
localized approximately between 3 to 5 km and more [41,42]. In the case of the CALIOP 
nighttime measures on 21 August 2007 in the region of the CG’s AERONET site, the 
detected layers correspondent to the AOD and LR values presented in Figure 7 were 
localized between 2.5 and 4 km, which is Above the PBL, demonstrating that the detected 
layers are mostly loaded by biomass burning aerosols. The 532 nm Total Attenuated 
Backscatter profile presented in Figure 8 shows an intense backscatter signal from an aerosol 
layer at high altitude, localized above the PBL approximately between 2.5 and 4 km, which 
is the biomass burning layer detected near the AERONET sunphotometer site at CG pointed 
by the dashed line in red. Such aerosol type is confirmed by the Vertical Feature Mask 
(VFM) product presented in Figure 9, which identifies the subtype of each aerosol in the 
atmosphere [43]. 

 
Figure 7. AOD and LR distribution as function of latitude (21 Aug 2007 – NT trajectory in figure 5) 
measured by the CALIOP sensor on 21 August 2007 during the nighttime. The star marks the point of 
the satellite closest approach to the AERONET site installed at CG. The red triangle represents the value 
of AOD measured by the AERONET sunphotometer during the closest approximation time. 
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Figure 8. CALIOP 532 nm Total Attenuated Backscatter profile along with the orbit track in the graphic 
embedded in the upper left. The dashed line in red represents the closest approach to the region of 
Campo Grande on 21 August 2007 around 05:00 (UTC). It can be noticed an intense aerosol layer 
detached above the PBL, localized approximately between 2.5 and 4.0 km of altitude. 

 
Figure 9. CALIOP Vertical Feature Mask of aerosol layers measured in the region of the CG’s 
AERONET sunphotometer on 21 August 2007 around 05:00 (UTC). It can be seen an aerosol layer above 
the PBL localized approximately between 2.5 and 4.0 km altitude and classified as biomass burning 
aerosol type (6 = smoke). The layer immediately below, within the PBL, is classified as a mixture of dust 
and pollution (5 = polluted dust aerosol type). 
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6. Transport and detection of biomass burning aerosols 
For the days when the presence of aerosols from biomass burning were detected by the 
sensors onboard CALIPSO and TERRA satellites, and also by the sunphotometer on CG 
site, air mass trajectories were generated using the HYSPLIT model, that is a complete 
system for computing simple trajectories to complex dispersion and deposition 
simulations using either puff or particle approaches [44]. The HYSPLIT trajectories are 
computed based on the Global Data Assimilation System (GDAS), an operational system 
from the National Weather Service of the National Centers for Environmental Prediction 
(NCEP) and it was used to investigate if the air mass parcels in the Midwestern have been 
dislocated towards the Southeastern region where the MSP-Lidar system is installed. The 
purpose to use this trajectory model is to constrain the direction of the air masses to 
improve the correlation between the optical properties (i.e., AOD and Lidar ratio) 
measured by two different instruments spatially separated, i.e., CALIOP sensor and 
ground-based AERONET sunphotometer and MSP-Lidar system. According to Figure 5, 
the HYSPLIT trajectories show that there were transportation of biomass burning aerosols 
generated in the Midwestern region of Brazil, i.e. Campo Grande region, to the 
Southeastern, where the MSP-Lidar system is installed, as well as an AERONET 
sunphotometer system. The same analysis presented in the previous section was 
performed to the daytime measurement made by the CALIOP sensor in its trajectory in 
the region between the cities of CG and SP (Figure 5), using the AOD and LR retrieved 
using the Level 2 Aerosol Layer products Version 3.0. Figure 10 shows the AOD (left 
panel) and LR values (right panel) as function of the latitude for the daytime trajectory (21 
Aug 2007 – DT in Figure 5). It can be seen that in this region the CALIOP sensor obtained 
not so high AOD values, being around 0.10. The LR values varied around 40‐55 sr, 
representing the dust aerosol type or a mixture of dust and pollution (polluted dust) 
[39,40]. In the left panel of Figure 10 low values of AOD can be observed, around 0.10. 
Such values are lower compared to those measured by the AERONET sunphotometer 
installed at CG site, represented by the red points. 

 
Figure 10. AOD and LR distribution as function of latitude (21 Aug 2007 – DT trajectory in figure 5) 
measured by the CALIOP sensor on 21 August 2007 during the daytime. The star marks the point of the 
satellite closest approach to the AERONET site installed at CG. The red triangle represents the value of 
AOD measured by the AERONET sunphotometer during the closest approach time. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 262 

 
Figure 8. CALIOP 532 nm Total Attenuated Backscatter profile along with the orbit track in the graphic 
embedded in the upper left. The dashed line in red represents the closest approach to the region of 
Campo Grande on 21 August 2007 around 05:00 (UTC). It can be noticed an intense aerosol layer 
detached above the PBL, localized approximately between 2.5 and 4.0 km of altitude. 

 
Figure 9. CALIOP Vertical Feature Mask of aerosol layers measured in the region of the CG’s 
AERONET sunphotometer on 21 August 2007 around 05:00 (UTC). It can be seen an aerosol layer above 
the PBL localized approximately between 2.5 and 4.0 km altitude and classified as biomass burning 
aerosol type (6 = smoke). The layer immediately below, within the PBL, is classified as a mixture of dust 
and pollution (5 = polluted dust aerosol type). 

Impacts of Biomass Burning in the Atmosphere  
of the Southeastern Region of Brazil Using Remote Sensing Systems 263 

6. Transport and detection of biomass burning aerosols 
For the days when the presence of aerosols from biomass burning were detected by the 
sensors onboard CALIPSO and TERRA satellites, and also by the sunphotometer on CG 
site, air mass trajectories were generated using the HYSPLIT model, that is a complete 
system for computing simple trajectories to complex dispersion and deposition 
simulations using either puff or particle approaches [44]. The HYSPLIT trajectories are 
computed based on the Global Data Assimilation System (GDAS), an operational system 
from the National Weather Service of the National Centers for Environmental Prediction 
(NCEP) and it was used to investigate if the air mass parcels in the Midwestern have been 
dislocated towards the Southeastern region where the MSP-Lidar system is installed. The 
purpose to use this trajectory model is to constrain the direction of the air masses to 
improve the correlation between the optical properties (i.e., AOD and Lidar ratio) 
measured by two different instruments spatially separated, i.e., CALIOP sensor and 
ground-based AERONET sunphotometer and MSP-Lidar system. According to Figure 5, 
the HYSPLIT trajectories show that there were transportation of biomass burning aerosols 
generated in the Midwestern region of Brazil, i.e. Campo Grande region, to the 
Southeastern, where the MSP-Lidar system is installed, as well as an AERONET 
sunphotometer system. The same analysis presented in the previous section was 
performed to the daytime measurement made by the CALIOP sensor in its trajectory in 
the region between the cities of CG and SP (Figure 5), using the AOD and LR retrieved 
using the Level 2 Aerosol Layer products Version 3.0. Figure 10 shows the AOD (left 
panel) and LR values (right panel) as function of the latitude for the daytime trajectory (21 
Aug 2007 – DT in Figure 5). It can be seen that in this region the CALIOP sensor obtained 
not so high AOD values, being around 0.10. The LR values varied around 40‐55 sr, 
representing the dust aerosol type or a mixture of dust and pollution (polluted dust) 
[39,40]. In the left panel of Figure 10 low values of AOD can be observed, around 0.10. 
Such values are lower compared to those measured by the AERONET sunphotometer 
installed at CG site, represented by the red points. 
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AOD measured by the AERONET sunphotometer during the closest approach time. 
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Two possible reasons can explain the detection of different values of AOD and LR from 
those values retrieved on the nighttime measurements (Figure 7). The first one is that the 
detected aerosols have their optical properties changed due to long-range transport, 
mixing with other aerosol types or absorbing moisture from the atmosphere, undergoing 
aging processes. The low value of the Lidar ratio (40 to 55 sr) also indicates the aging 
processes of the aerosols; such lower values may be linked to an increase of particle size 
by moisture absorption and/or a reduction of the light absorption capability of the 
particles [37]. However, the second reason can be the fact of the transported aerosol 
masses only reaches the region measured by the CALIOP sensor on 22 August 2007, a day 
after the CALIPSO satellite overpasses. 

7. Aerosol detection over the metropolitan region of São Paulo 
In order to track the biomass burning plume detected near the AERONET 
sunphotometer site in Campo Grande, backtrajectories were generated using the 
HYSPLIT model. Those backtrajectories show that the aerosol plumes were transported 
from the Midwestern region, near Campo Grande, to the Southeastern of the Brazilian 
territory, more precisely to the city of São Paulo, where there are two remote sensing 
equipments installed, the AERONET sunphotometer and an elastic backscatter 532 nm 
Lidar system these backtrajectories, presented in Figure 5 and Figure 11, it is possible to 
observe that aerosol air masses trajectories start at different altitude levels (3.5, 4.0 and 
4.5 km AGL) on 21 August 2007 and move towards the Southeastern part of Brazil, 
reaching the MASP on 23 August 2007 at an altitude also around 3.5 and 4.5 km. The 
altitudes of the starting trajectories in CG region are at the same range altitude of the 
aerosol layers detected by the CALIOP sensor signed as biomass burning according to 
Figure 8.  

On 23 August 2007, measurements carried out with the MSP-Lidar system, between 12:40 
and 22:12 UTC, show the MASP atmosphere heavily loaded by aerosols, in addition, in 
Figure 12 the presence of a thin aerosol layer above the PBL can be seen from 3.5 to almost 5 
km of altitude. Such vertical profile measured using MSP-Lidar system together with the 
backtrajectories from HYSPLIT model give a strong indication that this thin layer detached 
from the PBL is composed by biomass burning aerosols from the Midwestern region of 
Brazil. 

Backscatter profile analyses were performed applying the Klett inversion method together 
with the AOD values retrieved by the AERONET sunphotometer. The 532 nm backscatter 
profile, presented in Figure 13, was calculated for the period between 17:00 to 18:00 
(UTC), which corresponds to the CALIPSO closest approach to the MASP. The backscatter 
maximum for this measurement period was observed between 0.5 and around 2.0 km 
altitude range. This aerosol layer showed a quite stable maximum of 0.0033 km-1sr-1 
during the period of measurements and represents the aerosol trapped in the PBL layer. 
The Lidar ratio in this period presents a constant value of 41 sr, calculated between 0.5 
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and 5.0 km range altitude, which represent the dust aerosol type [45]. Such values of LR 
are not consistent with those values for biomass burning; however, it should be kept in 
mind that the Klett’s inversion method only provide a constant LR value for the whole 
atmosphere column; in addition, the MASP is considered one of the most polluted cities in 
the world, having several different aerosol types loaded in its atmosphere, which can turn 
the retrieval of the LR value and the confidence of the aerosol type classification very 
difficult tasks. Furthermore, the HYSPLIT backtrajectories leads to a strong indication that 
the detached layer between 3.5 and 5 km is the biomass burning aerosol transported from 
the Midwestern region of Brazil. Backscatter profile analyses performed in posterior time 
period (around 20:00 UTC) presents LR values of 60 sr, consistent to the biomass burning 
aerosol type according to [45]. 
 

 
Figure 11. Air mass trajectories generated by the HYSPLIT model. Such trajectories identify the 
transport of aerosols from the Midwestern region of Brazilian territory on 21 August 2007 for the 
Southeast region of Brazil, reaching the MASP on 23 August 2007. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 264 
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and 22:12 UTC, show the MASP atmosphere heavily loaded by aerosols, in addition, in 
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backtrajectories from HYSPLIT model give a strong indication that this thin layer detached 
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and 5.0 km range altitude, which represent the dust aerosol type [45]. Such values of LR 
are not consistent with those values for biomass burning; however, it should be kept in 
mind that the Klett’s inversion method only provide a constant LR value for the whole 
atmosphere column; in addition, the MASP is considered one of the most polluted cities in 
the world, having several different aerosol types loaded in its atmosphere, which can turn 
the retrieval of the LR value and the confidence of the aerosol type classification very 
difficult tasks. Furthermore, the HYSPLIT backtrajectories leads to a strong indication that 
the detached layer between 3.5 and 5 km is the biomass burning aerosol transported from 
the Midwestern region of Brazil. Backscatter profile analyses performed in posterior time 
period (around 20:00 UTC) presents LR values of 60 sr, consistent to the biomass burning 
aerosol type according to [45]. 
 

 
Figure 11. Air mass trajectories generated by the HYSPLIT model. Such trajectories identify the 
transport of aerosols from the Midwestern region of Brazilian territory on 21 August 2007 for the 
Southeast region of Brazil, reaching the MASP on 23 August 2007. 
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Figure 12. Range corrected backscatter profile at 532 nm for measurements carried out on 23 August 
2007 by the MSP-Lidar system between 12:48 to 22:12 (UTC). It can be seen a thin layer of aerosol 
between 3.5 and 5 km transported from the Midwestern region of the Brazilian territory. 

 
Figure 13. Backscatter coefficient profile at 532 nm measured on 23 August 2007 by the MSP-Lidar 
system between 17:00 to 18:00 (UTC).  

On the same day the AERONET sunphotometer installed at MASP obtained AOD values 
spanning from 0.20 to 0.38, indicating the detection of a high amount of absorbent aerosols 
loaded in the atmosphere of the MASP. Figure 14 shows the AOD and LR values obtained 
by the CALIOP sensor aboard the CALIPSO satellite on 23 August 2007, which overpasses 
the region close to MASP with closest approach of about 80 km. The CALIOP AOD values 
for this case are spanning from 0.08 to 0.14, which is quite low to the values retrieved by 
AERONET. Such difference between AOD retrieved by both instruments might have 
occurred due to the fact that the sunphotometer is installed within the MASP, which is 
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considered one of the most polluted megacities of the world, with high quantity and variety 
of aerosols in its atmosphere. On the other hand, the trajectory of the CALIPSO satellite took 
place at about 80 km of horizontal distance to the east direction of the MASP, as can be 
checked in Figure 5. In this case, the CALIPSO satellite must have measured different 
aerosol layers with different optical properties from those measured by the AERONET 
sunphotometer. Furthermore, the values of LR are practically constant with values of 55 sr, 
representing aerosols of dust or polluted dust types. Taking into account the closest distance 
between CALIPSO trajectory and the MSP-Lidar system site, these CALIOP LR values can 
be considered in agreement with that retrieved by the MSP-Lidar system, which obtained 
values spanning from 33 to 66 sr in the whole time period (Figure 12). 

 
Figure 14. AOD and LR distribution as function of latitude (DT trajectory in Figure 5) measured by the 
CALIOP sensor on 23 August 2007 during the daytime. The star marks the point of the satellite closest 
approach to the AERONET site installed at MASP. The red triangle in the left panel represents the value 
of AOD measured by the AERONET sunphotometer during the closest approach time. 

8. Conclusions 
In this study, an extensive biomass burning event observed at two different sites in Brazilian 
territory and track the aerosol transportation from Midwestern to Southeastern region of 
Brazil have been described. The synergy of MODIS and CALIOP sensor, both aboard of 
satellites, the AERONET sunphotometer and the elastic backscatter Lidar system 
measurements allowed to estimate key optical characteristics of the aerosols observed 
during this event. These results are important for the radiative forcing study in the Brazilian 
territory and for the study of the effects of certain types of aerosol in the air quality of the 
megacities such as São Paulo, due to aerosols produced in the MASP as well as those 
transported from distant regions.  

Spatial distribution of fires in the São Paulo State obtained by the NOAA-12 satellite 
indicates that the winter is the season with the highest number of fire outbreaks. In addition, 
during the harvest period, which occurs from May to November, the plantation areas are 
burnt a few hours before the manual cutting, resulting in large quantities of aerosols being 
emitted into the atmosphere. AOD measurements from MODIS sensor indicate high 
maximum values during spring and winter (Southeastern dry season). Average of the 
maximum AOD between 2003 and 2010 was 0.492±0.505, indicating the high variability of 
the maximum AOD over this region. As in the Brazilian Southeastern region, the large 
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the maximum AOD over this region. As in the Brazilian Southeastern region, the large 
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occurrence of higher AOD levels during the dry season for the Midwestern region is 
basically due to the highest amount of biomass burning loaded in the atmosphere. 

One day backtrajectories calculated for 21 August 2007 using the HYSPLIT model indicated 
that at 3.5, 4.0 and 4.5 km altitude air masses were advected from regions with intensive 
biomass burning activities in the Midwestern portion of the Brazilian territory. For the 
biomass burning episode under investigation in the Midwestern region on 21 August 2007, 
the AOD and LR at 532 nm was calculated using measurements from the CALIOP sensor 
and the AERONET sunphotometer installed at Campo Grande. The AOD retrieved by 
CALIOP sensor spanning from 0.30 to 0.65 and the LR was almost constant at 70 sr. The 
AERONET provides on the same day mean values of AOD and AE of 0.2 and 1.67, 
respectively, both values higher than the median in the August period (AOD = 0.1980.078 
and AE = 1.460.09). Such values correspond to fine mode size distribution and high 
absorption and extinction aerosol types, which is a strong indication of the predominance of 
biomass burning aerosols in the atmosphere. MODIS data image also provide a strong 
indication of biomass burning loaded in the atmosphere in the Midwestern region.  

Daytime CALIPSO trajectory on 21 August 2007 together with the HYSPLIT backtrajectories 
provide evidences that air masses of biomass burning aerosol were transported towards the 
Southeastern region of Brazilian territory. However, AOD value of 0.10 and LR value of  
40-55 sr indicate that those biomass burning aerosol layers have been undergoing an  
aging process, absorbing moisture from the atmosphere or even mixing with other aerosol 
types. 

Air mass trajectories generated by the HYSPLIT model showed that these biomass burning 
aerosols were transported from the CG region towards the Metropolitan Area of São Paulo, 
reaching MASP on 23 August 2007 at an altitude range of 3.5 to 4.5 km. The backscatter 
coefficient profile retrieved by the MSP-Lidar system showed an atmosphere heavily loaded 
of aerosol trapped within the PBL and also a distinguishable aerosol layer between 3.5 and 5 
km of altitude. LR values retrieved by the MSP-Lidar, reaching maximum values of 66 sr, 
are in agreement with LR values of 55 sr signed by the CALIOP sensor. This LR value of 55 
sr indicates the presence of polluted dust aerosol type instead of biomass burning type, 
though. However, it needs to be taken into account that the closest approach of the 
CALIPSO satellite was 80 km eastern of the MSP-Lidar site, which can lead to the fact that 
both instruments were not probing the same air mass parcels. Furthermore, the LR values 
retrieved from MSP-Lidar system in the whole period of time indicate the presence of 
several amount of aerosols present in the atmosphere of São Paulo, which can disguise the 
individual effect of the optical properties from biomass burning aerosols, which may have 
had their optical properties altered due to transport and aging processes [37].  

This case study shows that the synergy and combination of analysis using several remote 
sensing instruments, whether passive or active, results in a better understanding of the 
aerosol optical properties in the atmosphere. Furthermore, these results show that aerosols 
produced in different regions can be transported by long-range distances. In this sense, 
megacities such as the Metropolitan Area of São Paulo, which have a large number of local 
aerosol sources is subject to the influence of aerosol pollution produced by remote sources. 
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One day backtrajectories calculated for 21 August 2007 using the HYSPLIT model indicated 
that at 3.5, 4.0 and 4.5 km altitude air masses were advected from regions with intensive 
biomass burning activities in the Midwestern portion of the Brazilian territory. For the 
biomass burning episode under investigation in the Midwestern region on 21 August 2007, 
the AOD and LR at 532 nm was calculated using measurements from the CALIOP sensor 
and the AERONET sunphotometer installed at Campo Grande. The AOD retrieved by 
CALIOP sensor spanning from 0.30 to 0.65 and the LR was almost constant at 70 sr. The 
AERONET provides on the same day mean values of AOD and AE of 0.2 and 1.67, 
respectively, both values higher than the median in the August period (AOD = 0.1980.078 
and AE = 1.460.09). Such values correspond to fine mode size distribution and high 
absorption and extinction aerosol types, which is a strong indication of the predominance of 
biomass burning aerosols in the atmosphere. MODIS data image also provide a strong 
indication of biomass burning loaded in the atmosphere in the Midwestern region.  
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provide evidences that air masses of biomass burning aerosol were transported towards the 
Southeastern region of Brazilian territory. However, AOD value of 0.10 and LR value of  
40-55 sr indicate that those biomass burning aerosol layers have been undergoing an  
aging process, absorbing moisture from the atmosphere or even mixing with other aerosol 
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aerosols were transported from the CG region towards the Metropolitan Area of São Paulo, 
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of aerosol trapped within the PBL and also a distinguishable aerosol layer between 3.5 and 5 
km of altitude. LR values retrieved by the MSP-Lidar, reaching maximum values of 66 sr, 
are in agreement with LR values of 55 sr signed by the CALIOP sensor. This LR value of 55 
sr indicates the presence of polluted dust aerosol type instead of biomass burning type, 
though. However, it needs to be taken into account that the closest approach of the 
CALIPSO satellite was 80 km eastern of the MSP-Lidar site, which can lead to the fact that 
both instruments were not probing the same air mass parcels. Furthermore, the LR values 
retrieved from MSP-Lidar system in the whole period of time indicate the presence of 
several amount of aerosols present in the atmosphere of São Paulo, which can disguise the 
individual effect of the optical properties from biomass burning aerosols, which may have 
had their optical properties altered due to transport and aging processes [37].  
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aerosol optical properties in the atmosphere. Furthermore, these results show that aerosols 
produced in different regions can be transported by long-range distances. In this sense, 
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1. Introduction 
Large-scale forest fires in the tropics, emitting vast amounts of aerosols and trace gases, 
drew the attention of scientists around the world in the late 80s and early 90s. A number of 
international collaborative research projects, such as TRACE-A (Transport and Atmospheric 
Chemistry near the Equator-Atlantic, [1]) and SAFARI-92 (South African Fire-Atmosphere 
Research Initiative, [2]), were initiated under the auspices of the International 
Geosphere-Biosphere Programme to investigate biomass burning emissions and their long-
range transport. One of the areas of great interest was the Amazon region (Figure 1), which 
later led to the creation of the international Large Scale Biosphere-Atmosphere Experiment 
in Amazonia (LBA, [3]) in Brazil in 1998. Several intense observation campaigns were 
dedicated, not only to rainfall measurements by radar and storm structure, but also to 
biomass burning, monitoring of emissions and transport of aerosols and their impact on the 
vegetation and population of the region. However, monitoring of background 
concentrations of aerosols, deploying stacked filter units, had already been initiated in 1990 
at the “Sierra do Navio” site (Amapá, about 190 km north of the equator) and in Cuiabá 
(Mato Grosso), a town located in the Brazilian savannah [4]. The location of both sites is 
shown in Figure 1. 

São Paulo is Brazil´s most populous State, with approximately 42 million inhabitants (21,5% 
of Brazil’s total population) in an area of 249 000 km². The region is diverse in terms of its 
geography, natural environment and economy, and can be broadly classified into three 
main zones. In the southeast, the Atlantic coastal strip is separated from the remainder of 
the State by the scarp of the Serra do Mar, containing Brazil´s largest remaining areas of 
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Atlantic rainforest, a threatened ecosystem that has been largely eliminated in most of the 
Brazilian States bordering the Atlantic ocean. Located on a plateau above the scarp are the 
densely populated and heavily industrialized regions of metropolitan São Paulo (RMSP) 
and its satellite cities. Continuing inland, the largest fraction of the area of the State has an 
economy mostly based on agro industry. Here has been widespread conversion of natural 
ecosystems to agriculture. The most important single agricultural activity is sugar cane 
production, although there are also substantial cattle ranching, citrus cultivation and agro 
forestry for pulping and construction. In all regions, it is largely local emission sources that 
determine the chemical composition of the atmospheric aerosol, with a smaller influence of 
long-range transport of polluted air masses from elsewhere in Brazil. 

 
Figure 1. Brazil, showing the location of São Paulo State in relation to the Amazon region, as well as the 
background monitoring stations in Sierra do Navio (Amapá)  and Cuiabá (Mato Grosso). 

In terms of atmospheric quality, suspended aerosol particles are (together with ozone) 
probably the most important atmospheric pollutant in both São Paulo city and the largely 
agricultural hinterland of the State. Ozone is generated during reactions involving the 
nitrogen oxides (NOx) and volatile organic compounds (VOCs) emitted from vehicles, 
biomass burning and biogenic sources. The particulates are either emitted directly (in the 
form of primary aerosols), or are produced during reactions involving gaseous precursors 
(SO2, NOx and hydrocarbons). In large urban areas, such as the Metropolitan Region of São 
Paulo (RMSP), anthropogenic emissions from vehicles and industrial processes are the 
dominant contributors to elevated aerosol levels, while biomass burning [5-7] and dust 
lifted from barren fields (Figure 2) during the dry winter season constitute the principal 
sources of aerosols in the central and western sectors of the state. The State of São Paulo is 
the largest producer of sugar cane in Brazil, accounting for about 60% of Brazil’s harvest [8], 
with more than 4,7 million hectares planted in 2010, of which 44%  are burnt before 
harvesting [9]. The sugar cane is mostly harvested from April to November. Although 
progress is being made in mechanization, large areas are still harvested manually, which 
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requires burning of the crop in sectors of the plantations during the night prior to manual 
cutting to remove excess foliage. This practice results in large quantities of aerosols and 
trace gases being emitted into the atmosphere (Figure 2a), not only negatively affecting local 
towns, but also regions much further downwind [10-12], demonstrating the importance of 
monitoring aerosols throughout the State.  

 
Figure 2.  (a) Typical sugar cane fire in central São Paulo State.  (b) Dust lifted from freshly cut sugar 
cane fields by the downdraft of an approaching storm.  

Along the São Paulo coast, marine aerosols are modified by the inclusion of pollutants 
emitted from transport, urban, and industrial sources. There are some areas where levels of 
anthropogenic pollution are low, and where the aerosol composition can be mainly 
attributed to natural origins. However, compared to metropolitan São Paulo and the interior 
of the State, the coastal zone has been much less well studied, with the exception of 
Cubatão, a heavily industrialized town near the coast close to Santos. 

(a) 

(b)
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In the State of São Paulo, the first aerosol measurements began in Cubatão [13], and within 
the metropolitan area of São Paulo, notorious for its traffic emissions [14]. In terms of 
morphology, São Paulo is among the world’s five largest cities, and is sixth largest in terms 
of population [15], with about 11,3 million inhabitants. The population of the Metropolitan 
Region of São Paulo (RMSP), which includes peripheral urban areas, reached an estimated 
19,9 million persons in 2009 [16]. Human activities including road transport and industry 
now exert an enormous impact on air quality in the region, and therefore on the health of 
the population [17]. The total fleet of vehicles (cars, buses, trucks and motorcycles, powered 
by gasoline, ethanol and diesel) in the State of São Paulo exceeded 12,8 million in 2011, of 
which about 50% operate within the RMSP [9]. 

Observations from the Brazilian Lightning Detection Networks (RINDAT [18] and 
BrasilDAT at ELAT/INPE [19]) have shown a significantly higher lightning frequency over 
the RMSP and other large urban complexes within the State since the inception of the 
RINDAT Lightning Network in 1999 [20, 21]. This prompted a study of the impact of 
anthropogenic emissions on the frequency of lightning [22], showing a distinct increase of 
cloud-to-ground flashes, not only over the RMSP, but also over other large cities and 
densely populated or industrialized regions in the State, correlated to the occurrence of heat 
islands and increased concentrations of PM10. 

2. Meteorology and climatology of the State of São Paulo 
Since the meteorology of a region has a major impact on the dispersion or accumulation 
of pollutants, a brief characterization of the climate is appropriate. The State of São Paulo 
is located between the latitudes of about 20 and 25 South (Figure 1), thus falling into 
the transition zone from a tropical to a subtropical climate, with an annual rainfall total 
ranging between 1250 and 1650 mm in the interior, increasing to 1850 mm over the 
narrow coastal strip [23]. The year can be roughly divided into two periods, viz., the 
rainy season from October to March, when most of the rain is produced by convective 
storms, and the dry winter months from April to September. During the rainy season, 
conditions are more representative of the tropical climate, with the occasional occurrence 
of a South Atlantic Convergence Zone (SACZ), which can be identified from satellite 
images as a cloud band with orientation northwest to southeast, extending from the 
southern region of Amazônia into the central region of the South Atlantic Ocean [24]. 
The SACZ situations can last more or less continuously from 4 days to more than one 
month and are extremely efficient producers of rain in the form of tropical 
thunderstorms, with accompanying high humidity. During the relatively dry winter 
months, the climatic conditions are more typical of the subtropics, with only occasional 
heavy rainfalls being caused by the passage of baroclinic systems (mostly cold fronts), 
moving from southwest to northeast across the State, but for the remaining time, the 
weather is dominated by a high pressure system, resulting in elevated temperatures, 
with low humidity and high stability in the Planetary Boundary Layer, favoring the 
accumulation of pollutants in the atmosphere of the region [25]. 

 
Review of Aerosol Observations by Lidar and Chemical Analysis in the State of São Paulo, Brazil 

 

277 

Sodar observations made during the period of June 2009 to December 2011 showed that strong 
nocturnal Low-Level-Jets (LLJs) develop on top of the surface radiation inversion, mostly 
during the relatively dry austral winter months (May – October), when stable conditions 
prevail [26, 27]. These LLJs generally form during the late evening at altitudes ranging from 
250–500 m AGL, with maximum speeds of 12–20 m.s-1. They usually last until 08:00–09:00 
Local Time (LT), when the inversion has been eroded by the solar radiation. The frequency of 
LLJs varied from 3 - 22 days per month, with higher frequencies and greater intensity 
generally during the winter months. Observations with a sodar were made at three different 
locations in the central region of the State, viz. in Bauru, Rio Claro and Ourinhos. Earlier 
measurements, deploying tethered balloons and radiosondes in the eastern region of the State, 
yielded similar results in terms of structure, dynamics, seasonality and development 
characteristics [28]. LLJs have been observed in many parts of the world and were found to 
have regional extent. The practical importance of the LLJ lies in the rapid transport of moisture 
and pollutants in a narrow vertical band above the radiation inversion [29]. 

3. Ground-level monitoring of particulates 
Regular monitoring of air pollutants under the auspices of the Companhia de Tecnologia de 
Saneamento Ambiental (CETESB), the air quality “watchdog” in the State of São Paulo, 
started in the 70s, but a fully automatic monitoring network was only installed in 2000. Since 
then, observations are available in real time [30]. In 2001, 29 automatic stations, the majority 
in the RMSP, were already in operation [31]. From 2008 onwards, the automatic monitoring 
network was significantly expanded. In 2011, 42 monitoring stations in 28 towns were in 
operation, 19 in the RMSP and 23 in the remaining parts of the State [9]. The majority of the 
stations monitor particulate matter (PM10), NO, NO2, NOx and O3, as well as meteorological 
parameters, while a few also measure PM2.5, SO2 and CO. The automatic air quality 
monitoring network is shown in Figure 3. Additionally, CETESB also maintained a network 
of 41 manual monitoring stations during 2011, where measurements are made of PM2.5, 
PM10, TSP (Total Suspended Particulates), black smoke and SO2, in various combinations [9]. 
Aerosol mass concentrations are determined using either β-attenuation instruments 
(automatic stations) or gravimetric and reflectometric techniques (manual stations). 

In accordance with recommendations of the World Health Organization [32], CETESB 
defines 5 levels of air quality: “Boa” (good), “Regular” (regular), “Inadequada” 
(insufficient), “Má” (bad) and “Péssimo” (extremely bad), the highest being invoked if one 
of the monitored pollutants exceeds the pre-defined threshold. The national air quality 
standards are defined in CONAMA Resolution No. 03/90 (Table 2 in [9]).    

PM10 and TSP measurements are available since 1984 and 1985, respectively [31], although 
initially only from very few stations in the interior of the State, but gradually increasing to 
41 and 11, respectively, in 2011 [9]. Figure 4 shows the year-to-year variation of annual mean 
PM10 concentrations against the National Air Quality Standard (PQAr) for the RMSP and 
two sites in Cubatão (Figure 3, Nos. 24 and 25), which is one of the major industrial hubs in 
Brazil, where one site is located within the industrial suburb (No. 25) and the other in the 
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town centre (No. 24). A significant reduction of mean annual PM10 concentrations can be 
noticed from 1998 onwards, confirming the success of implementation of stringent air 
quality control measures, administered by CETESB. However, within the industrial suburb, 
confined in a valley, concentrations are still about twice the PQAr. A detailed description of 
Cubatão, its industrial activities and their location are found in [33]. More details on current 
PM10 and TSP concentrations are provided in Section 4.3. 

 
Figure 3. CETESB network of automatic monitoring stations in 2011. The shading indicates the 
principal land use in four schematic regions of the State, directly related to the type of emissions. 
Adapted from [9]. 

 
Figure 4. Year to year variation of PM10 from 1984 – 2011 for the RMSP and Cubatão. The data were 
extracted from [9, 31]. PQAr = 50 μg.m-3 represents the Annual Standard. 
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Figure 5 demonstrates that the air quality in the interior of the State from 2002 to 2011, when 
a reasonable number of monitoring sites were already in operation [9], was generally well 
below the annual standard of 50 μg.m-3 for PM10, with the exception of Santa Gertrudes, just 
south of Rio Claro (Figure 6), where several large ceramic industries are located, notorious 
for emitting large quantities of aerosols. At two other monitoring sites, annual means were 
close to the Annual Standard. At Limeira mixed industrial activities range from 
metallurgical, through cellulose to ceramics, besides sugar cane and orange production and 
processing plants. Limeira and Santa Gertrudes are medium-sized industrial towns, about 
20 and 40 km northwest of Americana (Figure 3, No. 52). The other site is in Piracicaba 
(Figure 3, No. 77), which also hosts mixed industrial activities, including a significant 
petrochemical plant. However, the exceedance in 2011 was most likely caused by major road 
construction works in the immediate vicinity of the monitoring site [9]. 

Although annual mean concentrations of PM in the State of São Paulo seem to be quite 
acceptable, it is obvious that violations of the daily Air Quality Standard do occur 
occasionally in several towns of the interior and within the RMSP. Comprehensive annual 
and specialized technical reports and publications on the air quality in the State of São 
Paulo, including detailed monitoring results, are available online [9]. 

 
 
 
 
 

 
 
 
 
 
Figure 5. Year to year variation of PM10 from 2002 -2011 for monitoring sites in the interior of the State 
of São Paulo (after [9]). PQAr = 50 μg.m-3 represents the Annual Standard. 
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Figure 5 demonstrates that the air quality in the interior of the State from 2002 to 2011, when 
a reasonable number of monitoring sites were already in operation [9], was generally well 
below the annual standard of 50 μg.m-3 for PM10, with the exception of Santa Gertrudes, just 
south of Rio Claro (Figure 6), where several large ceramic industries are located, notorious 
for emitting large quantities of aerosols. At two other monitoring sites, annual means were 
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processing plants. Limeira and Santa Gertrudes are medium-sized industrial towns, about 
20 and 40 km northwest of Americana (Figure 3, No. 52). The other site is in Piracicaba 
(Figure 3, No. 77), which also hosts mixed industrial activities, including a significant 
petrochemical plant. However, the exceedance in 2011 was most likely caused by major road 
construction works in the immediate vicinity of the monitoring site [9]. 

Although annual mean concentrations of PM in the State of São Paulo seem to be quite 
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Figure 6. Aerosol monitoring sites in the State of São Paulo (except CETESB network) and 240 km 
ranges of IPMet’s radars in Presidente Prudente (PPR) and Bauru (BRU). Sites from where lidar 
measurements are available are marked with x. 

4. Chemical composition of aerosols    

4.1. Agro-industrial rural regions 

Seasonal variability in the major soluble ion composition of atmospheric particulate matter 
in the principal sugar cane growing region of central São Paulo State indicates that pre-
harvest burning of sugar cane plants is an important influence on the regional-scale aerosol 
chemistry [34]. The size-distributed composition of ambient aerosols is used to explore 
seasonal differences in particle chemistry, and to show that dry deposition fluxes of soluble 
species, including important plant nutrients, increase during periods of biomass (sugar cane 
trash) burning [6, 10]. 

Concentrations of trace gases and aerosols were determined at six measurement sites of a 
regional network in São Paulo State (blue circles in Figure 6), installed in rural areas 
including the State´s central agricultural zone and the eastern coast [11] as part of an 
experimental research project to determine the anthropogenic component of nutrient 
deposition. The measurements were made over 12 months during 2008/2009 (one week of 
continuous sampling per month). Aerosols were collected onto 47 mm diameter Teflon 
filters using active samplers, and trace gases (NO2, NH3, HNO3 and SO2) were sampled 
using diffusion-based devices. The soluble ions NO3-, NH4+, PO43-, SO42-, Cl-, K+, Na+, Mg2+ 
and Ca2+ were analyzed in aqueous extracts of the aerosol filters, using ion chromatography. 
NO2, HNO3 and SO2 were similarly determined as NO2-, NO3- and SO42-, following aqueous 
extraction of the collection media. NH3 was determined using a colorimetric technique. 
Identification and quantification of nutrient sources was achieved using principal 
component analysis (PCA) followed by multiple linear regression analysis (MLRA) applied 
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to the chemical data. Dry deposition fluxes were estimated using the measured atmospheric 
concentrations together with dry deposition velocities of gases and aerosols to different 
surface types, including tropical forest, savannah, sugar cane, pine, eucalyptus, orange, 
coffee, pasture and water. The annual cycle in deposition, to a sugar cane surface, of reactive 
nitrogen and sulphur in the gaseous, aerosol and dissolved phases is illustrated in Figure 7.  

 
Figure 7. Annual cycle in deposition fluxes to a sugar cane surface of: (a) sulphur in gaseous (S(g)), 
aerosol (S(a)) and rainwater (S(p)) phases; (b) nitrogen in gaseous (N(g)), aerosol (N(a)) and rainwater (N(p)) 
phases. Primary y-axes: gas and rainwater; secondary y-axes: aerosol. Data for Araraquara. 

The sugar cane industry has a major impact on air quality and the characteristics of the 
atmospheric aerosol. During the dry season (May to October), the burning of the cane, a 
prerequisite of manual harvesting, has for many years resulted in very large emissions of 
pollutants, including high carbon content aerosols. These particles contain water-soluble 
organic carbon (WSOC), anions (sulphates, nitrates and chlorides), cations (potassium, 
ammonium, calcium, magnesium, sodium), black carbon (BC), insoluble organic carbon and 
trace metals. Carbonaceous material comprises the bulk of the aerosol mass, especially in 
fine particles [5-7, 35-39]. In 2004, the annual emission of nitrogen oxides (NOx) from sugar 
cane burning in Sao Paulo State was in excess of 45 Gg.N [40]. This is not only indicative of 
the scale of the emissions, but also of their potential for formation of secondary aerosols 
(containing nitrates, amongst other components). 

In 2011, annual mean PM10 concentrations measured at automatic monitoring stations in the 
agro-industrial interior of São Paulo State were in the range 23-91 g.m-3, with the highest 
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The sugar cane industry has a major impact on air quality and the characteristics of the 
atmospheric aerosol. During the dry season (May to October), the burning of the cane, a 
prerequisite of manual harvesting, has for many years resulted in very large emissions of 
pollutants, including high carbon content aerosols. These particles contain water-soluble 
organic carbon (WSOC), anions (sulphates, nitrates and chlorides), cations (potassium, 
ammonium, calcium, magnesium, sodium), black carbon (BC), insoluble organic carbon and 
trace metals. Carbonaceous material comprises the bulk of the aerosol mass, especially in 
fine particles [5-7, 35-39]. In 2004, the annual emission of nitrogen oxides (NOx) from sugar 
cane burning in Sao Paulo State was in excess of 45 Gg.N [40]. This is not only indicative of 
the scale of the emissions, but also of their potential for formation of secondary aerosols 
(containing nitrates, amongst other components). 

In 2011, annual mean PM10 concentrations measured at automatic monitoring stations in the 
agro-industrial interior of São Paulo State were in the range 23-91 g.m-3, with the highest 
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values at locations affected by primary emissions from ceramics industries (Figure 5). At 
sites in the sugar cane production areas, annual mean PM10 concentrations were in the range 
of 32-41 g.m-3 [9]. The data revealed no obvious trends in PM10 concentrations during the 
period 2002-2011 (Figure 5). 

A proportion of the primary material emitted during sugar cane fires is in the form of the 
large ash fragments notorious for causing domestic soiling problems in the region. During 
1995-1996, CETESB investigated deposition rates, and measured the concentrations of 
PAHs, PCBs, dioxins and furans. The sedimented material was collected during the harvest 
period using plastic funnels lined with polyurethane foam, positioned near to plantations 
and in the urban area of the city of Araraquara. Samples were also collected in parallel using 
a high volume filter-based sampler. Levels of PCBs were in the range 4-12 ng.m-3, and 
showed no association with levels of carbonaceous material derived from the fires. 
Deposition fluxes of the dioxins and furans were in the range 1-17 pg.m-2.day-1, and were 
higher in greater proximity to plantations, indicating that sugar cane burning was a source 
of these compounds. The PAHs were found in two distinct groups. Naphthalene, fluorene, 
phenanthrene, anthracene, fluoranthene, and pyrene were present at concentrations 
exceeding 30 ng.m-3, while acenaphthene, chrysene, benzo(a)fluoranthene, 
benzo(k)fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene and 
indeno(1,2,3,c,d)pyrene were found at up to 21 ng.m-3. Concentrations were always higher 
during the harvest period [41]. 

The presence of PAHs in ash from sugar cane fires was also reported by Zamperlini et al. 
[42, 43]. In the PM10 fraction, it was found that the most abundant polycyclic aromatic 
hydrocarbons were phenanthrene and fluoranthrene, and the least abundant was 
anthracene [44]. Cluster analysis of the total PAH concentrations for each day of sampling, 
and the corresponding meteorological data, suggested that concentrations of PAHs were 
independent of climatological conditions or season of the year. Vehicular sources were 
identified during both dry and wet seasons, although sugar cane burning emissions were 
the dominant source during the dry season. 

Sugar cane burning is a major source of acidic gases that contribute to the formation of 
secondary aerosols. In Araraquara, Da Rocha et al. [36] reported concentrations of 9,0 ppb 
(HCOOH), 1,3 ppb (CH3COOH), 4,9 ppb (SO2), 0,3 ppb (HCl) and 0,5 ppb (HNO3). 
Extremely high concentrations of these gases were measured in the plumes downwind of 
sugar cane fires: 1160-4230 ppb (HCOOH); 360-1750 ppb (CH3COOH); 10-630 ppb (SO2); 4-
210 ppb (HCl); and 14-90 ppb (HNO3). Highest levels of SO2, HCl and HNO3 in Araraquara 
were measured during the harvest period, with peak concentrations in the evening (the time 
of the fires).   

The distribution of soluble ionic material between fine (<3,5 μm) and coarse (>3,5 μm) 
aerosol fractions was determined by Allen et al. [5], who measured the ions HCOO-, 
CH3COO-, C2O42-, SO42-, NO3-, Cl-, Na+, K+, NH4+, Mg2+ and Ca2+. The fine and coarse particles 
showed acidic and basic properties, respectively, and concentrations of all major ions 
increased significantly during the dry season (Figure 8). Da Rocha et al. [6] collected aerosols 
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in twelve size fractions, and used calculation of ion equivalent balances to show that during 
burning periods, the smaller particles (Aitken and accumulation modes) were more acidic, 
containing higher concentrations of SO42-, C2O42-, NO3-, HCOO-, CH3COO- and Cl-, but 
insufficient NH4+ and K+ to achieve neutrality. Larger particles showed an anion deficit due 
to the presence of unmeasured ions, and comprised re-suspended dusts modified by 
accumulation of nitrate, chloride and organic anions. Increases of re-suspended particles 
during the burning season were attributed to release of earlier deposits from the surfaces of 
burning vegetation, as well as increased vehicle movement on unsealed roads. During the 
winter months, the relative contribution of combined emissions from road transport and 
industry diminished due to increased emissions from biomass combustion and other 
activities specifically associated with the harvest period. 

 
Figure 8. Comparison of aerosol composition in the Araraquara region during winter (biomass 
burning) and summer (non-burning) periods: (a) Coarse particles; (b) fine particles.  

In separate work, biomass-burning aerosols were found to contribute around 60 and 25% of 
the mass of fine and coarse aerosols, respectively, in the Piracicaba sugar cane growing 
region [7]. A high proportion of the elements K, S, Cl, Br, Fe and Si in aerosols has been 
linked to biomass burning [45], indicative of both a combustion component (emissions of K, 
S, Cl and Br) and a suspended soil dust component (emissions of Fe and Si).  
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In a study reported in [38], elemental analysis of individual and bulk aerosols collected in 
rural areas was followed by evaluation of the data using statistical hierarchical clustering, 
which revealed the contributions of two different types of carbonaceous material (biogenic 
and carbon-rich) and two aluminosilicate fractions (pure or mixed with carbon). These 
findings contrasted with the findings of similar work in the atmosphere of São Paulo city, 
where hierarchical clustering analysis revealed the presence of metal compounds, silicon-
rich particles, sulphates, carbonates, chlorides, organics and biogenic particles [46]. This 
reflects the very different characteristics of the aerosols found in the two regions. 

Da Rocha et al. [6] showed that dry deposition fluxes of important plant nutrients increased 
during the sugar cane burning season. During this period, the fine fraction aerosol was more 
acidic and contained elevated concentrations of SO42-, C2O42-, NO3-, HCOO-, CH3COO- and Cl-, 
but insufficient NH4+ and K+ to achieve neutrality. Larger particles consisted of re-suspended 
dust, modified by inclusion of nitrate, chloride and organic anions. The increases in annual 
particulate dry deposition fluxes due to higher fluxes during the sugar cane harvest were 
44,3% (NH4+), 42,1% (K+), 31,8% (Mg2+), 30,4% (HCOO-), 12,8% (Cl-), 6,6% (CH3COO-), 5,2% 
(Ca2+), 3,8% (SO42-) and 2,3% (NO3-). The contributions of dry deposition to total deposition 
(including precipitation scavenging, excluding gaseous dry deposition) were 31% (Na+), 8% 
(NH4+), 26% (K+), 63% (Mg2+), 66% (Ca2+), 32% (Cl-), 33% (NO3-) and 36% (SO42-). 

Deposition rates of aerosol nutrient species to a range of natural and agricultural surfaces 
were reported in [10], using a size-segregated particle dry deposition model. Fluxes greatly 
exceeded those expected under pristine conditions, with deposition to tropical forest found 
to have increased by factors of 12,2 (NO3-), 6,2 (PO43-) and 2,6 (K+) (Figure 9). Source 
apportionment using principal component analysis (PCA) and multiple linear regression 
analysis (MLRA) revealed that in central São Paulo State, biomass burning, products of 
secondary reactions and soil dust re-suspension contributed 43%, 31% and 21% of PM2.5 
mass, respectively. Re-suspension and biomass burning contributed 22% and 19%, 
respectively, to PM10 mass, and re-suspension accounted for approximately half the mass of 
coarse particles. At least 40% of NO3--N, 20% of phosphorus and 55% of potassium 
deposited originated from agriculture-related emissions.  

 
Figure 9. Graph showing the present-day increase in aerosol dry deposition rates to a tropical forest 
surface, compared to deposition rates estimated for pristine conditions. 
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Emissions of reactive nitrogen compounds are of concern due to their influence on both 
atmospheric acidity (production of HNO3 from reactions involving NO2) and the 
formation of photochemical oxidants such as ozone and peroxyacetyl nitrate (PAN). 
Reactions of acidic species with ammonia generate ammonium sulphates and nitrates, 
mainly in the long-lived accumulation mode size fraction. Deposition of reactive nitrogen 
can cause eutrophication of water bodies, as well as the release of trace metals in soils. 
Machado et al. [47] found that emissions of reactive nitrogen during sugar cane burning, 
in the forms of NH3, NOx and particulate nitrate and ammonium, were equivalent to 35% 
of the annual fertilizer-N application. The concentrations of nitrogen oxides showed a 
positive association with the number of fires, reflecting the importance of biomass 
burning as a major emission source, and mean concentrations of NOx in the dry season 
were twice those in the wet season. During the dry season, biomass burning was the main 
source of NH3, with other sources (wastes, soil, biogenic) predominant during the wet 
season. The estimated emission fluxes of NO2-N, NH3-N, NO3--N and NH4+-N from sugar 
cane burning in a planted area of about 2,2×106 ha were 11,0, 1,1, 0,2 and 1,2 Gg.N.yr-1, 
respectively. 

The sources, atmospheric transport and reactions of the main inorganic reactive nitrogen 
(Nr) species (NO2, NH3, HNO3 and aerosol nitrate and ammonium) were investigated in a 
study conducted over a period of one year at six sites distributed across an area of about 
130,000 km2 in São Paulo State [11]. Oxidized forms of nitrogen were estimated to account 
for about 90% of dry deposited Nr, due to the emissions of nitrogen oxides from biomass 
burning and road transport. NO2-N was important closer to urban areas; however, HNO3-N 
was the largest individual component of dry deposited Nr. A simple mathematical model 
was developed to enable determination of total Nr dry deposition from knowledge of NO2 
concentrations. The model, whose error ranged from <1% to 29%, provided a new tool for 
the mapping of reactive nitrogen deposition. 

The sugar cane burning emissions radically alter the chemistry of precipitation water. 
Coelho et al. [122] found that concentrations of soluble ions (K+, Na+, NH4+, Ca2+, Mg2+, Cl-, 
NO3-, SO42-, F-, PO43-, CH3COO-, HCOO-, C2O42- and HCO3-) increased by between two and 
six-fold during the harvest period. Principal component analysis revealed three main 
sources of the material in rainwater: biomass burning and soil dust re-suspension (52% of 
the total variance), secondary aerosols (26%) and vehicular emissions (10%). The biomass 
burning component diminished in the summer (non-burning period), when there was a 
relative increase in the importance of road transport/industrial emissions. The volume-
weighted mean concentrations of ammonium (23,4 mol.L-1) and nitrate (17,5 mol.L-1) in 
rainwater samples collected during the harvest period were similar to those found in 
rainwater from São Paulo city, which emphasized the importance of including rural agro-
industrial emissions in regional-scale atmospheric chemistry and transport models. There 
was evidence of a biomass-burning source throughout the year, which suggests that 
vegetation fires may continue to emit aerosols and their precursor gases, even after sugar 
cane burning is phased out. 
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In a study reported in [38], elemental analysis of individual and bulk aerosols collected in 
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Figure 9. Graph showing the present-day increase in aerosol dry deposition rates to a tropical forest 
surface, compared to deposition rates estimated for pristine conditions. 
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Emissions of reactive nitrogen compounds are of concern due to their influence on both 
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for about 90% of dry deposited Nr, due to the emissions of nitrogen oxides from biomass 
burning and road transport. NO2-N was important closer to urban areas; however, HNO3-N 
was the largest individual component of dry deposited Nr. A simple mathematical model 
was developed to enable determination of total Nr dry deposition from knowledge of NO2 
concentrations. The model, whose error ranged from <1% to 29%, provided a new tool for 
the mapping of reactive nitrogen deposition. 
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six-fold during the harvest period. Principal component analysis revealed three main 
sources of the material in rainwater: biomass burning and soil dust re-suspension (52% of 
the total variance), secondary aerosols (26%) and vehicular emissions (10%). The biomass 
burning component diminished in the summer (non-burning period), when there was a 
relative increase in the importance of road transport/industrial emissions. The volume-
weighted mean concentrations of ammonium (23,4 mol.L-1) and nitrate (17,5 mol.L-1) in 
rainwater samples collected during the harvest period were similar to those found in 
rainwater from São Paulo city, which emphasized the importance of including rural agro-
industrial emissions in regional-scale atmospheric chemistry and transport models. There 
was evidence of a biomass-burning source throughout the year, which suggests that 
vegetation fires may continue to emit aerosols and their precursor gases, even after sugar 
cane burning is phased out. 
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4.2. Metropolitan São Paulo (RMSP) 

In terms of trace species, the composition of the lower troposphere in the conurbation of the 
RMSP differs considerably from that of the interior of the State and the coastal zone. The 
critical air quality issue here is the scale of the emissions from road vehicles. In 2001, the 
vehicle fleet consisted of 17,2% hydrated ethanol-fuelled, 76,3% gasohol-fuelled and 6,5% 
diesel-fuelled vehicles, with ethanol contributing 34% of the total fuel consumption [31]. The 
figures for 2011 were 46,7% gasohol (cars and light commercial), 3,9% hydrated ethanol, 
31,9% flex-fuel, 5,4% diesel and 12% motorcycles [9]. 

It is important to consider the relative amounts of the different fuels used, since emissions 
vary according to fuel, which has consequences for aerosol composition. For example, there 
is a larger fraction of oxygenated compounds in the secondary aerosols produced from 
reactions involving the aldehydes and alcohols emitted during ethanol combustion, which 
can affect the hygroscopicity of the particles, as well as their toxicological properties [48, 49].  

The proportions of gasohol (gasoline with 22% anhydrous ethanol) and hydrated ethanol 
used have varied considerably in recent decades. Ethanol was first adopted as a road vehicle 
fuel in Brazil in 1979, due to the Brazilian National Alcohol Program (PROALCOOL), which 
was introduced as a response to the 1970s oil crisis. This not only reduced Brazil’s 
dependency on oil imports, but also helped to eliminate the use of lead-containing anti-
knock additives [49]. Sales of hydrated ethanol-fuelled vehicles peaked in the 1980s [50]. 
More recently, since around 2005, the new car market has been dominated by flex-fuel 
vehicles equipped with engine systems able to adjust to the gasoline/ethanol mixture 
present in the fuel tank [9].  

In 2011, the sources of PM10 in metropolitan São Paulo were: heavy goods vehicles (38,6%), 
re-suspended dusts (25%), secondary aerosols (25%), industrial processes (10%) and light 
duty vehicles (1,4%). Annual mean concentrations of PM10 measured at the 18 automatic 
monitoring stations in São Paulo ranged between 31 and 50 g.m-3 [9]. A detailed analysis of 
these measurements, as well as of PM2.5, TSP and black smoke measurements made at a 
smaller number of locations, are provided in the CETESB report [9] and in earlier annual 
reports published by CETESB. 

The pollutant source profile remains fairly constant throughout the year. Use of absolute 
principal factor analysis showed that the contributions of different sources to PM2.5 mass 
during winter and summer were: vehicle emissions (28 and 24% for the two seasons, 
respectively), re-suspended soil dusts (25 and 39%), oil combustion (18 and 21%), sulphates 
(23 and 17%) and industrial emissions (5 and 6%). Soil dusts accounted for 75-78% of the 
mass of coarse particles [51]. Andrade et al. [14] reported the results of elemental analyses, 
using particle-induced X-ray emission (PIXE) analysis of fine and coarse aerosols collected 
in 1989. Principal component analysis revealed the following sources of fine particles: oil 
and diesel combustion (explaining 41% of the mass), re-suspended soil dusts (18%), 
industrial emissions (13%), and a source associated with emissions of Cu and Mg (18%). 
Sources of coarse particles were: re-suspended soil dusts (59%), industrial emissions (19%), 
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oil burning (8%) and marine aerosols (14%). Alonso et al. [52] used chemical mass balance 
(CMB) receptor modeling to show that the composition of fine particles was consistent with 
the presence of primary material from vehicles and secondary organic carbon and sulphate. 
Road dust re-suspension and vehicle emissions were the main sources of coarse particles 
and TSP. The same trends in source profiles were observed at geographically distinct 
locations in São Paulo. Sanchez-Ccoyllo and Andrade [53] used receptor modeling to 
identify five main sources of aerosols: vehicles, waste incineration, vegetation, suspended 
soil dust and fuel oil burning. 

Organic and elemental carbon, emitted mainly from diesel vehicles, together with 
ammonium sulphate, make up most of the mass of fine particles [54, 55]. In [56] it is 
reported that 80% of the mass of fine (PM2.5) particles consisted of organic material, with 
SO42-, NO3- and NH4+ present in the fine fraction, and NO3-, SO42-, Ca2+, and Cl- 
predominant in coarse particles (PM2.5-10). Albuquerque et al. [57] found that fine particles 
were rich in BC, S and Pb, while elements associated with crustal aerosols and/or 
industrial emissions (Al, Si, Ca, Ti, and Fe), together with ammonium sulphate and BC, 
composed the coarse mode particles. Other species, including K, Al, Fe and soil minerals, 
are included as a smaller component of fine particle mass [46]. Both vehicular and 
industrial emissions are sources of trace metals (Zn, Pb, Cr, Mn, Cd, etc.) [58, 59], and 
there appear to be continuing emissions of Pb from the road vehicle fleet, despite 
apparently low levels of Pb in fuels [60].  

Aerosol composition similar to that of São Paulo is found in other major conurbations. In 
Campinas, the second largest city in the State, 100 km inland from São Paulo, fine particles 
were found to consist of 48% elemental carbon and 22% organic carbon, together with 
soluble ions and trace elements [61]. 

The PM concentrations are influenced not only by the magnitudes of emission sources, but 
also by ventilation and relative humidity. Miranda and Andrade [54] reported that higher 
PM10 concentrations (105 g.m-3) measured during the winter of 1999, compared to winter 
2000 (60 g.m-3), were due to both better ventilation of the city during the latter period, as 
well as an increase in particle sizes at higher humidity. Similar findings were reported in 
[53], with lower pollutant levels associated with increased ventilation, precipitation, and 
relative humidity.  

Primary emissions from vehicles result in large diurnal cycles in the concentrations of PM10, 
BC, CO, NOx and SO2 [51], however the diurnal trends in particle mass concentrations differ 
between highly polluted and less polluted periods, with concentrations higher during the 
daytime for the former, and during the nighttime for the latter [57]. A possible influence of 
humidity on both the mass and size distribution of the Sao Paulo aerosol was suggested by 
the observation that while the size distribution of ammonium sulphate was unimodal 
during the daytime (with a maximum at 0,38 m), at night, when humidity is higher, the 
size distribution was bimodal (with maxima at 0,38 and 0,59 m) [55]. Furthermore, particle 
growth, observed using a Scanning Mobility Particle Sizer (SMPS), has been found to 
increase under polluted conditions [57].  
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oil burning (8%) and marine aerosols (14%). Alonso et al. [52] used chemical mass balance 
(CMB) receptor modeling to show that the composition of fine particles was consistent with 
the presence of primary material from vehicles and secondary organic carbon and sulphate. 
Road dust re-suspension and vehicle emissions were the main sources of coarse particles 
and TSP. The same trends in source profiles were observed at geographically distinct 
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were rich in BC, S and Pb, while elements associated with crustal aerosols and/or 
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Although local sources are by far the most important contributors to particulate air 
pollution in São Paulo city, back-trajectory analysis has shown that the atmosphere of the 
city can also be affected by the advection of air masses from distant regions where 
agricultural biomass burning is practiced, especially northeast Brazil [62]. This could explain 
the finding that the relative contribution of ammonium sulphate is higher under less 
polluted conditions [57]. 

An important consequence of the prevalence of fine mode particles in the atmosphere of the 
city is that the indoor environment provides little or no protection against exposure to these 
pollutants, since they easily infiltrate buildings. This was observed [63] using simultaneous 
indoor and outdoor measurements of a range of ionic species associated with both primary 
emissions (potassium, magnesium, sodium and calcium) and secondary aerosol formation 
(chloride, acetate, nitrate, formate, pyruvate, nitrite, sulphate, oxalate and ammonium). The 
measurements were made in offices, restaurants and a hotel. In the fine mode, only oxalate 
and ammonium showed significantly lower concentrations indoors. In the coarse mode, 
lower concentrations were normally found indoors (with the exception of acetate, chloride 
and potassium), reflecting the less efficient infiltration of larger aerosols.  

Polycyclic aromatic hydrocarbons are an important component of the urban aerosols. Chrysene, 
benzo(e)pyrene and benzo(b)fluoranthene were found to be the predominant PAHs in PM10, 
originating from industry, vehicles and long-range transport [64]. Levels of PM10 similar to 
those in São Paulo were measured in a city (Araraquara) situated in the rural biomass burning 
zone, although here PAH concentrations were lower. In both cases, dry deposition appeared to 
be the main mechanism of removal of PAH-containing aerosols from the atmosphere [65].  

Bourotte et al. [66] measured the concentrations of 13 PAHs in fine (PM2.5) and coarse (PM2.5-10) 
aerosols. In both fractions, the predominant compounds were indeno(1,2,3-cd)pyrene, 
benzo(ghi)perylene and benzo(b)fluoranthene and PAH ratios suggested that automobile 
exhaust was the main source of the compounds. Factor analysis revealed four source 
components for the PM2.5 fraction: diesel emissions, stationary combustion, vehicle emissions, 
and combustion of natural gas and biomass. For the coarse fraction, two components were 
identified, corresponding to vehicles and a mixture of gas, oil, and waste combustion.  

4.3. Coastal regions 

Although measurements of atmospheric aerosol are scarce in most of the coastal regions, an 
exception is the industrialized town of Cubatão, located near sea level at the base of the 
Serra do Mar scarp, where there is a large industrial complex comprising over 20 heavy 
industries (petrochemical, chemical, iron and steel, fertilizer, cement, coking and others). 
The monitoring stations in this area register regular episodes of particulate pollution, with 
the emissions from the industrial installations being entrained into a sea breeze circulation, 
when PM10 concentrations can increase by as much as an order of magnitude [67]. Pollutants 
absorbed into cloud water and precipitation are subsequently deposited to the vegetation of 
the Serra do Mar Atlantic rainforest, causing extensive ecological damage [68].  
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Due to extreme levels of pollution, air quality in the Cubatão region has been monitored by 
CETESB since the 1980s, and there are currently three sites where PM10 is continuously 
measured (Figure 5), and one where TSP is measured [9]. The case of Cubatão is unique, 
since in contrast to the RMSP, by far the largest source of particulates is industrial emissions, 
rather than road transport. Guideline levels of TSP and PM10 have been frequently exceeded 
in the industrial zone (Vila Parisi) of Cubatão, and there has been no improvement in PM10 
levels in recent years. During 2011, the annual mean PM10 concentrations in the three zones 
of Cubatão were 99 g.m-3 (Vila Parisi), 61 g.m-3 (Vila Mogi) and 38 g.m-3 (Centro) [9]. At 
the industrial Vila Parisi site, the annual geometric mean TSP concentration was 236 g.m-3, 
greatly exceeding the primary and secondary air quality standards for this pollutant species 
(80 and 60 g.m-3, respectively). 

Although industrial emissions are responsible for the largest proportion of the aerosol 
loading of the atmosphere near the Cubatão industrial complex, the organic fraction has an 
important road transport-related component, because concentrations of polycyclic aromatic 
hydrocarbons (PAHs) are governed by emissions from heavy duty diesel vehicles [69]. In 
the same work, it was reported that a shift to greater use of biodiesel might decrease 
emissions of the PAHs. 

In regions distant from the industrial installations, the aerosol composition reflects mainly 
natural sources (biogenic, terrigenous and marine). Bourotte et al. [70] found that aerosol 
(PM10) composition in a State Park in the Cunha region was characterized by an abundance 
of K+, Ca2+, Na+, Cl- and Pb, while Vasconcellos et al. [71] reported the presence of aliphatic 
hydrocarbons emitted from biogenic sources in the coastal region. 

5. Lidar observations 

5.1. MSP-Lidar 

In 2001, an elastic backscattering lidar system (MSP-Lidar) was installed in a suburban area 
of São Paulo city, on the Campus of the University of São Paulo (23°33’ S, 46°44’ W; Figure 
6) and is being operated by the Centro de Lasers e Aplicações (CLA) of the Instituto de Pesquisas 
Energéticas e Nucleares (IPEN). The lidar is collocated with an AERONET sunphotometer, 
which provides the vertical profile of the aerosol backscatter coefficient at 532 nm up to an 
altitude of 4–6 km above sea level [72]. The MSP-Lidar comprises a Nd:YAG laser with a 
wavelength of 532 nm, and is operated with a repetition rate (PRF) of 20 Hz and an energy 
pulse of up to 120 mJ. The backscattering signal is captured by a Newtonian telescope with 
1,5 m focal length. Attached to the telescope is a photomultiplier optimized for the visible 
spectrum with a 1 nm FWHM interference filter. Observations are being made whenever 
atmospheric conditions (absence of low or middle clouds; no rain) permit the operation of 
the lidar, resulting in a vast amount of data having been accumulated, which have so far 
been exploited in 5 MSc and 4 PhD theses, the most relevant being [73-76]. 

In January 2004, the IPEN MSP-Lidar system was installed for 6 weeks at IPMet in Bauru 
(Figure 6), located in the central part of São Paulo State, to provide the first measurements of 
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when PM10 concentrations can increase by as much as an order of magnitude [67]. Pollutants 
absorbed into cloud water and precipitation are subsequently deposited to the vegetation of 
the Serra do Mar Atlantic rainforest, causing extensive ecological damage [68].  
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Due to extreme levels of pollution, air quality in the Cubatão region has been monitored by 
CETESB since the 1980s, and there are currently three sites where PM10 is continuously 
measured (Figure 5), and one where TSP is measured [9]. The case of Cubatão is unique, 
since in contrast to the RMSP, by far the largest source of particulates is industrial emissions, 
rather than road transport. Guideline levels of TSP and PM10 have been frequently exceeded 
in the industrial zone (Vila Parisi) of Cubatão, and there has been no improvement in PM10 
levels in recent years. During 2011, the annual mean PM10 concentrations in the three zones 
of Cubatão were 99 g.m-3 (Vila Parisi), 61 g.m-3 (Vila Mogi) and 38 g.m-3 (Centro) [9]. At 
the industrial Vila Parisi site, the annual geometric mean TSP concentration was 236 g.m-3, 
greatly exceeding the primary and secondary air quality standards for this pollutant species 
(80 and 60 g.m-3, respectively). 

Although industrial emissions are responsible for the largest proportion of the aerosol 
loading of the atmosphere near the Cubatão industrial complex, the organic fraction has an 
important road transport-related component, because concentrations of polycyclic aromatic 
hydrocarbons (PAHs) are governed by emissions from heavy duty diesel vehicles [69]. In 
the same work, it was reported that a shift to greater use of biodiesel might decrease 
emissions of the PAHs. 

In regions distant from the industrial installations, the aerosol composition reflects mainly 
natural sources (biogenic, terrigenous and marine). Bourotte et al. [70] found that aerosol 
(PM10) composition in a State Park in the Cunha region was characterized by an abundance 
of K+, Ca2+, Na+, Cl- and Pb, while Vasconcellos et al. [71] reported the presence of aliphatic 
hydrocarbons emitted from biogenic sources in the coastal region. 

5. Lidar observations 

5.1. MSP-Lidar 

In 2001, an elastic backscattering lidar system (MSP-Lidar) was installed in a suburban area 
of São Paulo city, on the Campus of the University of São Paulo (23°33’ S, 46°44’ W; Figure 
6) and is being operated by the Centro de Lasers e Aplicações (CLA) of the Instituto de Pesquisas 
Energéticas e Nucleares (IPEN). The lidar is collocated with an AERONET sunphotometer, 
which provides the vertical profile of the aerosol backscatter coefficient at 532 nm up to an 
altitude of 4–6 km above sea level [72]. The MSP-Lidar comprises a Nd:YAG laser with a 
wavelength of 532 nm, and is operated with a repetition rate (PRF) of 20 Hz and an energy 
pulse of up to 120 mJ. The backscattering signal is captured by a Newtonian telescope with 
1,5 m focal length. Attached to the telescope is a photomultiplier optimized for the visible 
spectrum with a 1 nm FWHM interference filter. Observations are being made whenever 
atmospheric conditions (absence of low or middle clouds; no rain) permit the operation of 
the lidar, resulting in a vast amount of data having been accumulated, which have so far 
been exploited in 5 MSc and 4 PhD theses, the most relevant being [73-76]. 

In January 2004, the IPEN MSP-Lidar system was installed for 6 weeks at IPMet in Bauru 
(Figure 6), located in the central part of São Paulo State, to provide the first measurements of 
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aerosol layers in the interior of the State [77]. At the beginning of the campaign, the lidar 
was operated in its original configuration and the data were digitized using a digital 
oscilloscope with 1 GHz bandwidth and 11-bit resolution; at the end of January 2004, this 
device was replaced by a transient recorder, capable of simultaneous analog and photon 
counting measurements at higher resolution (12-bit). The system was operated on 31 
different days, during periods of about 4 hours in the morning, 4 hours in the afternoon and 
6-8 hours during the night, depending on the occurrence of cloud and/or precipitation. The 
daytime measurements had a 15-30 m spatial resolution and maximum altitude of 10 km, 
yielding information on the diurnal variation of the Planetary Boundary Layer (PBL), while 
the measurements at night had a 30-60 m resolution, reaching up to 30-35 km maximum 
altitude. The diurnal variation of the PBL during the austral summer could be documented, 
as well as some background concentrations of aerosols, because very little biomass burning 
takes place during the rainy period. 

Figure 10 shows a typical example of the diurnal variation of the height of the PBL on a 
cloudless day in Bauru. It should be noted that, due to the latitude of -22,3, the lidar cannot 
be operated during the midday period in summer, but as a result of turbulent mixing, the 
PBL could easily reach a maximum height of ≥3,5 km above ground level (AGL) during the 
early afternoon. The top of the PBL starts decreasing well before sunset, until it stabilizes at 
around 1,5 km AGL during the night. Times are indicated in Local Time (LT = UT-3h). 

 
Figure 10. Height of the PBL over Bauru on 01/02 March 2004 for four different periods (10:19-11:08; 
18:05-18:55; 19:13-19:54; 00:27-02:02 LT), with a vertical resolution of 30 m (after [78]). 

The increased vertical range of the lidar during nocturnal operation permitted the detection 
of thin clouds and layers of aerosols, as shown in Figure 11. A cloud layer is clearly visible at 
around 4,5 km, while aerosols were detected at 3 and 5 km AGL, respectively. The top of the 
PBL is at about 1850 m AGL, with the faint layering being indicated in shades of green and 
light-blue colours. 
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Figure 11. Nocturnal lidar observation above Bauru on 04 March 2004. Vertical range from 855 m to 
21,5 km AGL, with a resolution of 30 m (after [78]). 

In early 2008, the MSP-Lidar system was upgraded to a Raman lidar, and in its present        
3-channel configuration it can measure elastic backscatter at 355 nm, together with nitrogen 
and water vapour Raman backscatters at 387 nm and 408 nm, respectively. Therefore, the 
PBL data now available include aerosol backscattering and extinction coefficients, as well as 
the Lidar Ratio (LR) and water vapour mixing ratio. Figures 12 and 13 present typical results 
of Raman lidar measurements recorded during night-time of 09/10 January 2008, during the 
austral summer season. This period of the year is characterized by a very well defined 
boundary layer throughout the day and relatively high humidity. The major part of aerosols 
and water vapour is contained within the boundary layer, while the scattering above the 
PBL is mainly due to molecules. Figure 12 shows the aerosol extinction and backscattering 
coefficient profiles at 355 nm, where one can see a residual aerosol layer between 900 m and 
2000 m AGL, indicating a very pronounced presence of aerosols, overlaid by another 
discrete layer above it between 2500 m and 3500 m AGL.  The height profile of the Lidar 
Ratio is shown in Figure 13a. The Lidar Ratio is about 80 sr and stable throughout the PBL 
up to about 3000 m AGL. The vertical profile of the lidar-derived water vapour mixing ratio 
can be seen in Figure 13b. The calibration of the lidar was performed using radiosonde data 
from the nearby São Paulo Campo de Marte airport. Although the sonde had a relatively 
low height resolution, integrating the water vapour content with height made such 
calibration possible.  
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21,5 km AGL, with a resolution of 30 m (after [78]). 

In early 2008, the MSP-Lidar system was upgraded to a Raman lidar, and in its present        
3-channel configuration it can measure elastic backscatter at 355 nm, together with nitrogen 
and water vapour Raman backscatters at 387 nm and 408 nm, respectively. Therefore, the 
PBL data now available include aerosol backscattering and extinction coefficients, as well as 
the Lidar Ratio (LR) and water vapour mixing ratio. Figures 12 and 13 present typical results 
of Raman lidar measurements recorded during night-time of 09/10 January 2008, during the 
austral summer season. This period of the year is characterized by a very well defined 
boundary layer throughout the day and relatively high humidity. The major part of aerosols 
and water vapour is contained within the boundary layer, while the scattering above the 
PBL is mainly due to molecules. Figure 12 shows the aerosol extinction and backscattering 
coefficient profiles at 355 nm, where one can see a residual aerosol layer between 900 m and 
2000 m AGL, indicating a very pronounced presence of aerosols, overlaid by another 
discrete layer above it between 2500 m and 3500 m AGL.  The height profile of the Lidar 
Ratio is shown in Figure 13a. The Lidar Ratio is about 80 sr and stable throughout the PBL 
up to about 3000 m AGL. The vertical profile of the lidar-derived water vapour mixing ratio 
can be seen in Figure 13b. The calibration of the lidar was performed using radiosonde data 
from the nearby São Paulo Campo de Marte airport. Although the sonde had a relatively 
low height resolution, integrating the water vapour content with height made such 
calibration possible.  
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Figure 12.  Aerosol backscatter and extinction profiles at 355 nm observed on 10 January 2008 at 00:25 
UT (21:25 LT). The PBL top height is considered to be at 2000 m. 

The MSP-Lidar system has contributed to several studies concerning the properties of 
aerosols and their influence on the air quality index of the city of São Paulo. Lidar 
measurements conducted daily provided observations of the PBL variation, which could be 
compared to corresponding air quality index values from local air quality monitoring and 
management agencies, as well as identifying potential air dispersion conditions [79]. It has 
also been deployed to monitor the long-range transport of aerosol plumes from different 
regions of Brazil to the RMSP and to evaluate the contribution of aerosol pollutants from 
remote sources. Landulfo and Lopes [80] have analyzed an event during the period 02 - 09 
August 2007 when the AOD (Aerosol Optical Depth) and AE (Ångström Exponent) values 
retrieved from the AERONET sunphotometer indicated that high aerosol loads at five 
different locations in the Brazilian territory corresponded to biomass-burning particles. This 
was validated by the mean values of the Total Attenuated Backscatter Coefficient at 532 nm, 
the mean depolarization ratio and also the Lidar Ratio (about 70 sr) for all sites over-flown 
by the CALIOP sensor onboard the CALIPSO satellite. 

In another case study during the dry winter season of 2008, fire plumes attributed to sugar 
cane fires were frequently observed by IPMet’s radars in the absence of rain echoes and 
documented in terms of radar reflectivity, time and location [12]. On several occasions,  
IPEN’s  Elastic  Backscatter  Lidar  in  São Paulo  observed layers of aerosols of varying 
strength and  heights above the city.  The most  significant  days  were  selected for calculating  
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Figure 13. (a) shows the 355 nm Lidar Ratio profile on 10 January 2008 at 00:25 UT (21:25 LT).       (b) 
shows the water vapour mixing ratio extracted on the same day from the 408 nm channel (00:25 UT) 
and from a radiosonde ascent (00:00 UT). 

(a)

(b)
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Figure 13. (a) shows the 355 nm Lidar Ratio profile on 10 January 2008 at 00:25 UT (21:25 LT).       (b) 
shows the water vapour mixing ratio extracted on the same day from the 408 nm channel (00:25 UT) 
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Figure 14. Forward trajectories initiated at different heights where a large fire was observed by IPMet’s 
radars on 11 July 2008, 22:00 UT (19:00 LT).  (a) The + indicates the position of the PPR and BRU radars; 
o indicates the position of the lidar in São Paulo (IPEN).   (b) Forward trajectories plotted against height 
and time. The + indicates the position of IPEN, marking height and time of arrival matching exactly 
with the lidar observation (Figure 15). 

(a) 

(b)
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backward, as well as forward trajectories, deploying the Flextra 3.3 Trajectory Model [81], 
which was initiated with ECMWF historical data with a 0,25 x 0,25 grid spacing [12]. The 
results showed an excellent match between the radar-detected sources of the plumes and lidar 
observations in São Paulo. Figure 14 presents a typical case study, when emissions from 
biomass fires were identified by the radars on 11 July 2008 in the central parts of the State, and 
were subsequently monitored by IPEN’s lidar over Metropolitan São Paulo on 14 July 2008, 
deploying forward and backward trajectories. The forward trajectories, initiated at different 
heights ranging from 930 hPa (close to ground level) up to 450 hPa (ca 6,7 km amsl) at 30 hPa 
intervals (only the most significant 10 heights are shown in Figure 14), indicated a transport 
duration of approximately 70 hours under the prevailing meteorological conditions (Figure 
14b). The arrival of the plume over the RMSP on 14 July 2008, as observed by the lidar at IPEN, 
is shown in Figure 15. 

 
Figure 15. Lidar observations at IPEN in São Paulo, showing the range-corrected signal in arbitrary 
units, on 14  July 2008 between 11:00 and 18:13 LT. The plume identified in Figure 14 can be seen 
between 4-5 km AGL. 

The MSP-Lidar system in São Paulo has also been contributing to CALIPSO satellite 
validation procedures [75, 82]. During 2007, correlative measurements were carried out with 
special attention to the dry season (May-October), when most of the days have poor 
dispersion conditions and long distance transport is more frequent. From a total of 28 days 
of measurements, on only 10 days were no clouds present below 4 km. Figure 16a presents a 
typical example, showing the range-corrected signal retrieved by the lidar system at São 
Paulo on 10 October 2007 between 03:34 and 05:35 UT, which contains the CALIPSO 
overpass window, beginning at 04:30 UT (Figure 16b). On this day, the closest distance of 
the satellite ground-track from the lidar site was about 48 km. The presence of aerosol layers 
above the PBL at 4-5 km, 6 km and 9 km is noticeable. The same features are also observed 
in the CALIOP 532 nm Total Attenuated Backscattering plot, as shown in Figure 16b. Both 
systems detected a cirrus structure between 12 and 13 km AGL, but the strong cirrus cloud 
signal observed in the CALIOP “plot-curtain” is much weaker in the lidar image. The red 
box in Figure 16b represents the CALIPSO ground-track region over Metropolitan São Paulo 
with coordinates of  -22,5625 latitude and -46,0247 longitude at about 04:35 UT.  
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Figure 16.  (a) Range-corrected lidar signal (plot-curtain) measured by the MSP-Lidar on 10 October 
2007, 03:34 - 05:35 UT.  (b) Total Attenuated Backscattering signal measured by the CALIOP at 532 nm 
during the period 04:30 - 04:41 UT on the same day, when it was closest to the MSP-Lidar site (red box). 

Figure 17 compares the attenuated backscatter coefficient profile retrieved by CALIOP on board 
the CALIPSO satellite and the corrected one obtained from the ground-based MSP-Lidar 
system in São Paulo. The satellite profile has a 5 km horizontal resolution. The attenuated 
backscatter profile from the MSP-Lidar site was derived under cloud-free conditions from the 
range-corrected and background noise-subtracted lidar return signal. Both profiles are in good 
agreement, presenting similar layer patterns in the profiles observed at 5-6 km and about 7 km 
AGL. Since it can be assumed with reasonable confidence that, at higher altitudes, the 
horizontal atmospheric structure is more homogeneous, the good agreement between the two 
systems demonstrates the possibility that they were probing the same air masses for this specific 
measurement. At lower altitudes, observation of some differences between the two profiles is 
more likely due to local effects. In this case, the localized effects are more pronounced, and the 
fact that the systems are not covering the exact same region becomes evident. 

(a)

(b)
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Figure 17. Total Attenuated Backscatter Coefficient profiles at 532 nm for the horizontal coverage of 
CALIPSO level 1 data compared to the Attenuated Backscatter Coefficient retrieved by the ground-
based MSP-Lidar system in Metropolitan São Paulo on 10 October 2007. 

5.2. Mobile Raman lidar 

The mobile bi-axial Raman lidar system uses a commercial pulsed Nd:YAG laser, operating 
at a wavelength of 532 nm in the elastic channel and 607 nm in the Nitrogen Raman channel, 
with a pulse energy of 130 mJ at 20 Hz PRF. The pulse width is 25 ns, yielding a spatial 
resolution of 7,5 m. A detailed description of the system is found in [83]. The system allows 
the determination of the optical properties of the atmosphere, including aerosol backscatter 
and extinction coefficients, as well as an indication of the type of aerosol present, based on 
the Lidar Ratio. This lidar has so far been deployed during specific campaigns at three 
different sites within the central region of São Paulo State, viz., Rio Claro [84], Bauru and 
Ourinhos [85-87], as well as in Cubatão, an industrial hub at the coast, near Santos [88], as 
shown in Figure 6. 

A one-month pilot study was undertaken during August 2010 in Ourinhos (Figure 6), which is 
situated in one of the State’s major sugar cane producing regions, where biomass burning is a 
regular occurrence. The objective was to characterize the effects of these emissions on the 
atmosphere, considering the local circulation and the consequences for the region [85]. In the 
absence of rain, the plumes were tracked by IPMet´s two S-band Doppler radars within their 
quantitative ranges of 240 km (BRU = Bauru, PPR = Presidente Prudente; Figure 6), using the 
TITAN (Thunderstorm Identification, Tracking, Analysis, and Nowcasting) Radar Software [89]. A 
large range of meteorological, physical and chemical instrumentation, including the mobile 
Raman lidar, was used to observe elevated layers and the type of aerosols. A medium-sized 
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and extinction coefficients, as well as an indication of the type of aerosol present, based on 
the Lidar Ratio. This lidar has so far been deployed during specific campaigns at three 
different sites within the central region of São Paulo State, viz., Rio Claro [84], Bauru and 
Ourinhos [85-87], as well as in Cubatão, an industrial hub at the coast, near Santos [88], as 
shown in Figure 6. 

A one-month pilot study was undertaken during August 2010 in Ourinhos (Figure 6), which is 
situated in one of the State’s major sugar cane producing regions, where biomass burning is a 
regular occurrence. The objective was to characterize the effects of these emissions on the 
atmosphere, considering the local circulation and the consequences for the region [85]. In the 
absence of rain, the plumes were tracked by IPMet´s two S-band Doppler radars within their 
quantitative ranges of 240 km (BRU = Bauru, PPR = Presidente Prudente; Figure 6), using the 
TITAN (Thunderstorm Identification, Tracking, Analysis, and Nowcasting) Radar Software [89]. A 
large range of meteorological, physical and chemical instrumentation, including the mobile 
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sodar, as well as 6 automatic weather stations, were also deployed in the region. Various gases 
and aerosol size fractions were sampled, providing an atmospheric chemistry database and 
thus documenting the impact of the harvesting practice on the region. The aerosol load of the 
atmosphere was quantified by hourly mean AOD values and hourly mean backscatter profiles. 
Several case studies have already been analyzed, but the one of 25-26 August 2010 will be 
shown in this Chapter to illustrate how the various remote sensing instruments are being 
deployed to generate a complete picture of events. 

During the second half of August 2010, the weather was dominated by a high pressure 
system, resulting in a rise in temperatures, with low humidity favoring the accumulation of 
pollutants in the atmosphere of the region [25]. IPMet’s radars have a 2° beam width and a 
quantitative range of 240 km, generating a volume-scan every 7,5 minutes, with a resolution 
of 250 m radially and 1° in azimuth. Reflectivities and radial velocities are recorded at 16 
elevations. However, in order to detect and track the biomass burning plumes, a special 
scanning cycle was configured to provide a better vertical resolution up to the anticipated 
detectable top of the plumes: 10,0, 8,0, 6,5, 5,0, 4,0, 3,2, 2,4, 1,6, 0,8 and 0,3, with 
each “sweep” (Plan Position Indicator - PPI) having 360 rays with 957 range bins each. Two 
different software systems were deployed, viz., IRIS (Interactive Radar Information System) 
Analysis was used first to generate CAPPIs (Constant Altitude PPIs) at 1,5 and 2,0 km amsl, 
in order to identify all smoke plumes within the 240 km range of the radars. Once a plume 
was identified as likely to pass over the monitoring site, it was tracked using TITAN 
Software to determine its intensity (based on radar reflectivity in dBZ), horizontal and 
vertical dimensions, and the velocity of approach. The thresholds used for tracking were 
10 dBZ with a minimum volume of 2 km3. It should be noted that TITAN uses Universal 
Time (Local Time LT = UT-3h). 

A typical case study of a sugar cane fire in the Ourinhos region is now presented, 
demonstrating the integration of all types of data into one coherent event. The first echo of a 
smoke plume was detected by the Bauru radar on 26 August 2010 at 00:08 LT, about 35 km 
north-northeast of Ourinhos and about 85 km southwest of the radar (Figure 18), rapidly 
gaining in area and intensity  (≤40 dBZ near its origin). By 00:22 LT, the TITAN Software 
could already identify its centroid of 10 dBZ reflectivity and tracked it until 02:45 LT, when 
the plume had already spread over Ourinhos, where the Raman lidar and sodar were 
located. As the plume moved southwards with the northerly winds, the aerosols spread out 
(dispersed) and the reflectivity dropped gradually, but it could still be detected by the radar 
until 03:46 LT, >20 km south of Ourinhos, using a reflectivity threshold of  –6 dBZ [85].  

Furthermore, it can be deduced from Figure 18a that while the plume was at a low height 
during the initial phase of transport, it moved very slowly (3-4 km.h-1), since the wind speed 
in the first few hundred meters was very low (5 m.s-1), as observed by the sodar. There was 
also a shift of the wind direction from easterly to northerly winds above 300 m AGL. These 
northerly winds were above the nighttime surface inversion, confirmed by the “Skew T x 
Log P” profiles of the Meso-Eta model in the 900-800 hPa layer (650–1650 m AGL) as shown 
in [85]. The vertical velocity (w), measured by the sodar, indicated that downward mixing of 
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the pollutants (aerosols), trapped above the inversion, only commenced at around 09:00-
09:30 LT, since from 00:00-09:00 LT the atmosphere was extremely stable below 300 m AGL 
(w = 0 m.s-1). 

 

 

(a) First TITAN centroid of the queimada (actual fire, blue) at 03:22 UT (00:22 LT; annotation: 
propagation velocity in km.h-1);   
(b) The queimada reached the Ourinhos region at 05:45 UT (02:45 LT, blue; annotation: maximum 
reflectivity in dBZ). 
(c) Vertical cross-sections at 03:45 UT (00:45 LT), showing the horizontal and vertical extent along the 
base lines A-B and C-D. 
Figure 18. Examples of the tracks generated by TITAN on 26 August 2010. The envelopes (10 dBZ 
reflectivity) show the position of the queimada (smoke plume) in intervals of 7,5 min (blue = actual time; 
green = future; yellow = past).  

The lidar observed the arrival of the plume at 02:40 LT between 350 and 600 m AGL (Figure 
19a). The top of the PBL extended to about 2,6 km AGL, above which a very dry and 
relatively warm and clean air mass was advected from the west, creating an elevated 
inversion which blocked further upward mixing. The lowest layer ≤250 m AGL appeared 
clean, being trapped within the surface inversion, inhibiting downward mixing, also 
confirmed by the sodar measurements, indicating a very stable layer. Lidar data from the 
Raman Channel (non-elastic signal at 607 nm) were integrated into hourly means until 
09:00 LT to obtain the AOD. The results confirmed a high aerosol load of the atmosphere, 
with hourly mean values of AOD varying between 0,265 and 0,288 until 07:00 LT, after 
which they increased to 0,433 by 09:00 LT. Hourly means of the Lidar Ratio confirmed the 
arrival of the plume between 02:00 and 03:00 LT (example shown in Figure 19b), while an 
almost 20% increase of LR to 72 sr after 07:00 LT was probably due to downward mixing of 
the aerosols accumulated above the inversion, also confirmed by an increase of AOD values 
from the Raman signal [85]. LR values of around 70 sr suggest aerosols originating from 
biomass burning [90, 91]. 
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09:00 LT to obtain the AOD. The results confirmed a high aerosol load of the atmosphere, 
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which they increased to 0,433 by 09:00 LT. Hourly means of the Lidar Ratio confirmed the 
arrival of the plume between 02:00 and 03:00 LT (example shown in Figure 19b), while an 
almost 20% increase of LR to 72 sr after 07:00 LT was probably due to downward mixing of 
the aerosols accumulated above the inversion, also confirmed by an increase of AOD values 
from the Raman signal [85]. LR values of around 70 sr suggest aerosols originating from 
biomass burning [90, 91]. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 

 

300 

Visual images from overpasses of the MODIS-AQUA satellite on 25 and 26 August 2010 
(at 17:35 and 16:40 UT, respectively; 14:35 and 13:40 LT) showed intense smoke plumes to 
the west and south of the Ourinhos region, with AOD values of up to about 1,0. In the 
Ourinhos region, the AOD increased during the period 25-26 August, from about 0,2 to 
about 0,6 (Figure 20a), which is in agreement with the early afternoon lidar measurements 
(Figure 20b), which provided an AOD value of 0,380 during the period from 13:00 to 
14:00 LT.  

 

 
Figure 19.  (a) Lidar signal (arbitrary units) visualized for 00:00-06:00 LT, up to 3 km AGL. 
(b) Backscatter Profile at 532 nm for the hourly mean period 03:00-03:59 LT on 26 August 2010.  
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Figure 20. (a) AOD image from MODIS-AQUA on 26 August 2010, 16:40-16:45 UT (13:40-13:45 LT). The 
inset shows a simultaneous visual image of the Ourinhos region.  
(b) Lidar measurements on 26 August 2010, 12:01-15:01 LT. The time of the MODIS-AQUA overpass is 
indicated by the dashed white line.  

(a)

(b)
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Aerosols collected during daytime and nighttime periods at the lidar site [85-87, 92], using 
low-volume filter samplers, were chemically characterized by means of ion 
chromatography. A higher concentration of K+ during the period from 22:00 on 25 August to 
16:00 on 26 August 2010 indicated the presence of biomass-burning material (Figure 21), 
since K+ is a plant macronutrient released during the combustion process. Levoglucosan, a 
very specific chemical marker of biomass combustion, was well above average concentration 
during day sampling on 26 August and even higher during the following night, indicating a 
strong presence of biomass smoke on both days.   

In the study region, ions such as magnesium (Mg2+) and calcium (Ca2+) are associated with 
the re-suspension of soil dust, which often accompanies biomass fires due to the intense 
updrafts created. On 26 August, concentrations of these species were higher during the 
daytime, due to the increased emissions from barren fields and unsealed roads associated 
with higher wind speeds (Figure 21). 

 
 
 
 
 

 
 
 
 
 
 
Figure 21. Soluble major cation concentrations for the period 25-27 August 2010 (sampling periods are 
indicated in local time; after [85]). 
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Further evidence of the impact on the Ourinhos region of emissions from sugar cane fires 
was obtained by comparing the concentrations of organic compounds in aerosol particles 
collected on 26 August with those collected one day earlier. Ambient levels of polycyclic 
aromatic hydrocarbons (PAH), as well as PAH derivatives, such as oxy-PAH, were 
significantly higher on 26 August 2010 than on the previous day, confirming that emissions 
from sugar cane fires affected the urban atmosphere of Ourinhos. 

5.3. Scanning lidar in Cubatão 

An elastic backscatter lidar system, with similar characteristics to the mobile lidar, was installed 
in 2011 at CEPEMA-USP (Centro de Pesquisas em Meio Ambiente, a Center for Environmental 
Research and Training, under the responsibility of the Universidade de São Paulo) in the 
Cubatão industrial area, with the ultimate goal of remotely monitoring industrial emissions. It 
also uses a commercial pulsed Nd:YAG laser, operating at three wavelengths (355, 532 and 1064 
nm) with pulse energies of 100, 200 and 400 mJ, respectively, at 20 Hz PRF. A detailed 
description of the system and its location is found in [33]. The system allows the determination 
of the optical properties of the atmosphere, including aerosol backscatter and extinction 
coefficients, as well as an indication of the type of aerosol present, based on the Lidar Ratio. The 
lidar is co-located with a sodar / RASS system and an air quality monitoring station. 

During May 2011, the system was deployed in a vertical pointing mode during an intensive 
field campaign. A 24-hour period was selected that demonstrated the complexity of the local 
situation, which is dominated by topographical effects and prevailing meteorological 
conditions [33]. Vertical profiles of the Backscatter Coefficient (BSC) and the Colour Ratio 
were calculated for 30-minute periods from 17:30 – 19:59 and 21:42 – 23:36 LT. The BSC was 
highest for all frequencies between 19:30 and 19:59 LT (Figure 22a), indicating a strong 
inflow of aerosols, while after 21:42 LT the BSC showed much lower values (Figure 22b), 
representing a relatively clean air mass. At the same time, the Colour Ratio between all 
frequencies increased significantly, indicating the presence of small particles, especially 
between 0,8 and 1,3 km AGL [33]. Ground-level observations of PM10 and PM2.5 for the      
24-hour period indicate that PM10 concentrations were almost twice as high as those of PM2.5 

until about 18:00 LT (Figure 23). During the same period, the sodar observed extremely low 
wind speeds from varying directions. However, this resulted in very stable PBL conditions, 
and a temperature inversion began to develop from 18:30 onwards, reaching its greatest 
depth and intensity at 21:30. Thereafter, it gradually dropped in height and began to erode, 
as the air flow from the interior intensified, until it totally dissipated by 01:00 LT [33], due to 
the katabatic warming of the descending northerly airflow, which then also reduced the 
aerosol concentrations at ground level (Figure 23). Figure 24a shows the development of the 
surface inversion at 20:00 LT, overlaid by warm air flowing from the interior, with 
simultaneous downward motion below 240 m AGL (Figure 24b), highlighting the complex 
interaction of meteorology and topography in this region. This situation clearly 
demonstrates the need for solid environmental impact studies before locating industrial 
developments, in order to avoid any negative health impacts in the local population due to 
the accumulation of pollutants. 
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Figure 22. (a) Vertical profile of Backscatter Coefficient (BSC) at 355 nm; (b) Colour Ratio 532/355 nm. 
(After [33]).     

 
Figure 23. Concentrations of PM10 and PM2.5 from 10:00 LT on 25 May to 10:00 LT on 26 May 2011. 
(After [33]).  
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Figure 24. Sodar/RASS measurements on 25 May 2011, mean profiles for 19:30-20:00 LT. (a) Vertical 
profile of temperature;  (b) Vertical profile of vertical wind velocity. 

(a) 
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6. Impacts of aerosols 

6.1. Impact of aerosols on human health 

The impact of anthropogenic aerosols on human health has been acknowledged in both 
metropolitan and rural regions [93, and references therein]. In general terms, as pointed out 
in [93], in recent years the population of São Paulo State has suffered from either acute 
(short-term, high concentration) or chronic (long-term, lower concentration) exposure to 
particulate air pollutants, depending on location. In rural regions, there is acute exposure to 
high concentrations of biomass burning particulates present in plumes, as well as chronic 
exposure to these aerosols on a regional basis throughout the dry season. In metropolitan 
São Paulo, there is chronic exposure to particulates derived from road transport and 
industrial emissions, together with periodic acute exposure to extremely high levels of 
pollutants under conditions of thermal inversions and stationary air masses [94-96].   

There have been many studies of the correlation between aerosol concentrations and human 
health impacts in the metropolitan regions, especially in São Paulo city [97-102]. Typical 
effects include asthma and pneumonia, as well as other cardiovascular and respiratory 
symptoms. Increased levels of PM10 were associated with increases of 6,7% and 2,2% in 
hospital admissions of children due to respiratory illness [96, 103]. Increments of 10 g.m-3 
in PM10 concentrations resulted in increases in hospital admissions of between 0,9% and 
6,7% in Sao Paulo [97, 103-105]. In the elderly, a 5,4% increase in the number of deaths was 
linked to a 10 g.m-3 increase in PM10 [105]. Industrial emissions in Cubatão have been 
found to seriously affect the lung function of children, with respiratory airflow rates 
correlated with PM10 concentrations obtained for the preceding month [106]. 

Bourotte et al. [56] investigated the relationships between peak expiratory flow (PEF) 
measurements and soluble ions in fine and coarse aerosols, and found a negative correlation 
between PEF and the coarse fraction ions Cl-, Na+, Mg2+ and NH4+, as well as between PEF 
and fine fraction Mg2+. The findings suggested that increased levels of coarse particles could 
be of especial concern for asthmatic individuals.   

In these heavily polluted regions, atmospheric particles contain components known to be 
carcinogenic and mutagenic, including ketones, aldehydes, quinolines, carboxylic acids, 
polycyclic aromatic compounds (PAHs), and nitro-PAHs. These substances have been 
associated with exhaust emissions from road vehicles in southeast Brazil [69, 107-109]. 
Benzo[a]pyrene equivalent values suggest that the cancer risk is greater for the São Paulo 
city aerosol than elsewhere in the State, although concentrations may not exceed World 
Health Organization guidelines [65].  

Biomass burning emissions in rural regions also have a recognized influence on human 
health, as well as environmental impacts including modification of nutrient cycling [10, 11, 
47], and effects on climate including alterations of the radiative properties of the lower 
atmosphere, cloud formation and precipitation [110, 111]. For these reasons, as well as due 
to the need to meet certification requirements of importing countries, there has been 
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increased pressure for mechanization of harvesting, since the mechanized process does not 
necessarily require prior burning of the crop. Nonetheless, until recently burning has 
continued to be employed in mechanized areas (using simpler machinery) because it can 
improve economic efficiency by around 30-40% [50, 112]. 

A clear relationship between particulate air pollution and the occurrence of respiratory 
illness in sugar cane burning regions of the State has been reported [45, 113-116]. Particulate 
material from sugar cane burning was demonstrated to have the greatest detrimental effect 
on the respiratory systems of the most sensitive population groups. Cançado et al. [45] 
measured black carbon and trace elements in fine and coarse aerosol fractions, and related 
the concentrations to daily records of hospital admissions for respiratory illness of children 
(<13 years old) and the elderly (>64 years), in the town of Piracicaba. Increases of 10,2 g.m-3 
(PM2.5) and 42,9 g.m-3 (PM10) were associated with increases in hospital admissions of 21,4% 
(children) and 31,03% (elderly people).  

Carcinogenic and mutagenic compounds are emitted during biomass burning [109]. 
Concentrations of PAHs in a rural sugar cane burning region during the harvest period 
were in the range 0,5-8,6 ng.m-3 [38]. The mutagenic activity of PM10 was much higher 
during the harvest season, when the PM10 concentration was 67 g.m-3, and the 
mutagenic potency was  13,45 revertants m-3. During the summer (non-burning period), 
the PM10 concentration was 20,9 g.m-3, and the mutagenic potency was 1,30 revertants 
m-3 [117].  

6.2. Impact of aerosols on rainfall 

Aerosols derived from all of the sources described above are able to alter the radiative 
properties of the troposphere, and can modify the processes that lead to the development 
of cloud condensation nuclei, cloud droplets, and ultimately precipitation [118-120]. The 
magnitudes of these effects depend on the size distribution, number concentration and 
chemical composition of the particles, and can therefore vary widely within the same 
region. 

Dufek and Ambrizzi [121] used daily precipitation data collected at 59 locations in São Paulo 
State to investigate rainfall trends for the period 1950-1999. Although some of the findings 
were contradictory, an overall trend towards a wetter climate was identified, with rainfall 
concentrated into a smaller number of more intense events. It was suggested that these 
changes could be related to the presence of biomass burning aerosols, as well as changes in 
land use. Evidence that the aerosols probably act as cloud condensation nuclei was provided 
in [122], where a relationship was identified between water-soluble organic carbon (WSOC) 
in the particles and dissolved organic carbon (DOC) in rainwater. 

An important point is that sugar cane production in São Paulo State has increased over this 
period. Between the 1990/91 and 2000/01 seasons, the harvest increased from 132 Mt to     
194 Mt [123]. It can therefore be supposed that there was also a large increase in emissions of 
aerosols from the burning of the crop, since manual harvesting of the cane (which requires 
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6. Impacts of aerosols 
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Benzo[a]pyrene equivalent values suggest that the cancer risk is greater for the São Paulo 
city aerosol than elsewhere in the State, although concentrations may not exceed World 
Health Organization guidelines [65].  

Biomass burning emissions in rural regions also have a recognized influence on human 
health, as well as environmental impacts including modification of nutrient cycling [10, 11, 
47], and effects on climate including alterations of the radiative properties of the lower 
atmosphere, cloud formation and precipitation [110, 111]. For these reasons, as well as due 
to the need to meet certification requirements of importing countries, there has been 
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increased pressure for mechanization of harvesting, since the mechanized process does not 
necessarily require prior burning of the crop. Nonetheless, until recently burning has 
continued to be employed in mechanized areas (using simpler machinery) because it can 
improve economic efficiency by around 30-40% [50, 112]. 

A clear relationship between particulate air pollution and the occurrence of respiratory 
illness in sugar cane burning regions of the State has been reported [45, 113-116]. Particulate 
material from sugar cane burning was demonstrated to have the greatest detrimental effect 
on the respiratory systems of the most sensitive population groups. Cançado et al. [45] 
measured black carbon and trace elements in fine and coarse aerosol fractions, and related 
the concentrations to daily records of hospital admissions for respiratory illness of children 
(<13 years old) and the elderly (>64 years), in the town of Piracicaba. Increases of 10,2 g.m-3 
(PM2.5) and 42,9 g.m-3 (PM10) were associated with increases in hospital admissions of 21,4% 
(children) and 31,03% (elderly people).  

Carcinogenic and mutagenic compounds are emitted during biomass burning [109]. 
Concentrations of PAHs in a rural sugar cane burning region during the harvest period 
were in the range 0,5-8,6 ng.m-3 [38]. The mutagenic activity of PM10 was much higher 
during the harvest season, when the PM10 concentration was 67 g.m-3, and the 
mutagenic potency was  13,45 revertants m-3. During the summer (non-burning period), 
the PM10 concentration was 20,9 g.m-3, and the mutagenic potency was 1,30 revertants 
m-3 [117].  

6.2. Impact of aerosols on rainfall 

Aerosols derived from all of the sources described above are able to alter the radiative 
properties of the troposphere, and can modify the processes that lead to the development 
of cloud condensation nuclei, cloud droplets, and ultimately precipitation [118-120]. The 
magnitudes of these effects depend on the size distribution, number concentration and 
chemical composition of the particles, and can therefore vary widely within the same 
region. 

Dufek and Ambrizzi [121] used daily precipitation data collected at 59 locations in São Paulo 
State to investigate rainfall trends for the period 1950-1999. Although some of the findings 
were contradictory, an overall trend towards a wetter climate was identified, with rainfall 
concentrated into a smaller number of more intense events. It was suggested that these 
changes could be related to the presence of biomass burning aerosols, as well as changes in 
land use. Evidence that the aerosols probably act as cloud condensation nuclei was provided 
in [122], where a relationship was identified between water-soluble organic carbon (WSOC) 
in the particles and dissolved organic carbon (DOC) in rainwater. 

An important point is that sugar cane production in São Paulo State has increased over this 
period. Between the 1990/91 and 2000/01 seasons, the harvest increased from 132 Mt to     
194 Mt [123]. It can therefore be supposed that there was also a large increase in emissions of 
aerosols from the burning of the crop, since manual harvesting of the cane (which requires 
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prior burning) was the norm over the period. Mechanization of the crop (which does not 
involve burning) has only been introduced recently (from around 2005). The main 
conclusion to be drawn from this is that the trend towards a smaller number of more intense 
precipitation events, as reported in [121], could now be reversed in the interior of São Paulo 
State, as sugar cane burning is progressively phased out. 

The climatological characterization of storm properties, such as area, volume, maximum 
echo top and reflectivity during two summer seasons, viz., 1998-1999 and 1999-2000, based 
on observations from the Bauru S-band Doppler radar, has for the first time shown the 
spatial distribution of these parameters in central São Paulo State. Gomes and Escobedo 
[124] showed that some preferential areas of precipitation, taking into account a 
precipitation envelope area defined by the 25 dBZ threshold, were located along the Tietê 
River valley. The mean maximum reflectivity field (>40 dBZ), representing the cores of 
convective precipitation systems, has highlighted some preferential regions for convection 
to develop over urban and industrialized areas, such as metropolitan Campinas (Figure 
25a). A climatology of flash density (Figure 25b; [21]) also identified Campinas as one of 
three regions with a higher concentration of lightning discharges, attributed to the 
occurrence of heat islands due to anthropogenic activities. Thus, the spatial distribution of 
the reflectivity field exceeding 40 dBZ in the Campinas region reinforces results showing a 
strong correlation between the frequency of cloud-to-ground lightning strokes and 
precipitation intensity.  

The influence of anthropogenic aerosols on precipitation patterns in the region is the subject 
of research currently in progress as part of a thematic climate change research programme 
sponsored by FAPESP (the São Paulo State Research Foundation). The quantitative 
evaluation of changes in the rainfall pattern, such as increases or decreases of area rainfall 
totals, number and volume of convective cells, duration of rain events, distribution of echo 
top heights, etc., is in progress for a 10-year period of integrated radar observations (Bauru 
and Presidente Prudente radars), using the TITAN Software. 

6.3.  Impact of aerosols on the frequency of lightning 

Westcott [125] documented for the first time an impact of large cities on the cloud-to-ground 
(CG) lightning frequency in the Midwest of the United States. This was followed up by 
various researchers around the world, including in Brazil [20] and ultimately summarized in 
[22], using 10 years of observations from the Brazilian Lightning Detection Networks (1999-
2008). This research confirmed the impact of anthropogenic activities on lightning, but it 
also highlighted the complexity of the correlation between urban heat islands, 
concentrations of PM10 and SO2 in terms of weekly cycles and meteorological conditions, 
such as CAPE (Convective Available Potential Energy) and other microphysical parameters. 
One of the most important findings was that the CG frequency increases with increasing 
concentrations of PM10 up to a certain threshold of PM10 concentration (saturation), after 
which it decreases with further increases of PM10 concentrations. As the CG frequency 
increases due to urban impacts, the percentage of positive strokes is reduced. 

 
Review of Aerosol Observations by Lidar and Chemical Analysis in the State of São Paulo, Brazil 

 

309 

 
Figure 25. (a) Spatial distribution of the average maximum reflectivity (dBZ), during the period 
October 1998 to March 1999. TITAN storm threshold was defined as reflectivity >40 dBZ within the 240 
km range of the Bauru Doppler radar (after [124]). (b) Flash density within the 450 km range of the 
Bauru radar (after [21]). The circle indicates the 240 km quantitative range as in the TITAN image 
above.  

(a) 

(b) 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 

 

308 
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(CG) lightning frequency in the Midwest of the United States. This was followed up by 
various researchers around the world, including in Brazil [20] and ultimately summarized in 
[22], using 10 years of observations from the Brazilian Lightning Detection Networks (1999-
2008). This research confirmed the impact of anthropogenic activities on lightning, but it 
also highlighted the complexity of the correlation between urban heat islands, 
concentrations of PM10 and SO2 in terms of weekly cycles and meteorological conditions, 
such as CAPE (Convective Available Potential Energy) and other microphysical parameters. 
One of the most important findings was that the CG frequency increases with increasing 
concentrations of PM10 up to a certain threshold of PM10 concentration (saturation), after 
which it decreases with further increases of PM10 concentrations. As the CG frequency 
increases due to urban impacts, the percentage of positive strokes is reduced. 
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Figure 25. (a) Spatial distribution of the average maximum reflectivity (dBZ), during the period 
October 1998 to March 1999. TITAN storm threshold was defined as reflectivity >40 dBZ within the 240 
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above.  
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Figure 26. Lightning density (flashes per km2 per year) during the period 1999 - 2008 for the eastern 
part of the State of São Paulo, which includes the major urban complexes, as well as the highly 
industrialized Paraiba Valley (after [22]). 

7. Final considerations 
This Chapter provides a review of all relevant historical data concerning the nature, 
concentrations and impacts of atmospheric aerosols in southeast Brazil. Highlights are the 
characterization of chemical, physical and optical properties of aerosols, as well as their 
geographic distribution within the State of São Paulo.  

A significant reduction of mean annual PM10 concentrations could be noticed from 1998 
onwards, confirming the success of the implementation of stringent air quality control 
measures, administered by CETESB. However, within the industrial suburb of Cubatão, 
confined in a valley, concentrations are still about twice the PQAr. After 2002, the annual 
mean PM10 concentrations in the RMSP and the interior of the state show relatively little 
year to year variation, but remain mostly below the Annual Standard (PQAr = 50 μg.m-3). 

At present, sugar cane burning, together with the re-suspension of soil dust that is inevitable 
during the harvesting process, is a major influence on aerosol concentrations, size 
distribution and dry deposition in rural regions of São Paulo State. However, in this region 
(and elsewhere in Brazil), the practice of pre-harvest burning is being eliminated. Recent 
legislation (State Law no. 11.241/02) envisages the complete cessation of the practice in 
mechanizable areas by 2021 and in non-mechanizable areas by 2031. Furthermore, an 
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agreement between sugar cane producers and the State government has been reached, 
which involves elimination of burning in mechanizable areas by 2014, and in non-
mechanizable areas by 2017 [9, 126]. This will have major environmental implications, 
including improvements in air quality and changes in the rates of deposition of nutrient 
species from the atmosphere to vegetation, soils and freshwater bodies [10]. Nonetheless, at 
present burning continues in 44% of the area planted with sugar cane [9]. Tsao et al. [127] 
suggest, using a life cycle analysis, that pollutant emissions in sugar cane regions are still 
increasing, due an expansion of the planted area, and that the burning step still contributes 
the largest fraction of the total emission.   

Improvements in air quality in the metropolitan regions are likely to proceed at a slower 
pace than in the interior of the State, largely due to the dominant influence of emissions 
from the road transport sector. Nonetheless, emissions of aerosols and other pollutants are 
ultimately expected to be attenuated following progressive modernization of the vehicle 
fleet, and implementation of better controls on emissions from both vehicular and industrial 
sources. 

Examples of case studies presented have demonstrated the capability of weather radars 
to detect, track and quantify emissions from biomass fires in the absence of rain echoes, 
deploying a special elevation scanning procedure to generate Volume-Scans every 7,5 
min. Furthermore, satellites orbiting with lidar systems on board (e.g., MODIS-AQUA, 
CALIPSO, CloudSat) also have the capability to detect and quantify optical properties of 
aerosols. 

With the gradual introduction of lidars in Brazil during recent years, it has also become 
possible to quantify in situ the vertical distribution and optical properties of suspended 
aerosols. However, in the State of São Paulo there are currently only three lidar systems 
available, viz., one fixed lidar each in São Paulo city and in Cubatão, supplemented by the 
mobile lidar for periodic deployment in the interior of the State. Additional fixed lidar 
installations are therefore suggested for Campinas, Rio Claro, Bauru and São José do Rio 
Preto (situated in an important sugar cane production region in the north of the State) as a 
minimum configuration for a network, together with a second mobile system in São José dos 
Campos to cover the industrial activities in the Paraiba Valley. 
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agreement between sugar cane producers and the State government has been reached, 
which involves elimination of burning in mechanizable areas by 2014, and in non-
mechanizable areas by 2017 [9, 126]. This will have major environmental implications, 
including improvements in air quality and changes in the rates of deposition of nutrient 
species from the atmosphere to vegetation, soils and freshwater bodies [10]. Nonetheless, at 
present burning continues in 44% of the area planted with sugar cane [9]. Tsao et al. [127] 
suggest, using a life cycle analysis, that pollutant emissions in sugar cane regions are still 
increasing, due an expansion of the planted area, and that the burning step still contributes 
the largest fraction of the total emission.   

Improvements in air quality in the metropolitan regions are likely to proceed at a slower 
pace than in the interior of the State, largely due to the dominant influence of emissions 
from the road transport sector. Nonetheless, emissions of aerosols and other pollutants are 
ultimately expected to be attenuated following progressive modernization of the vehicle 
fleet, and implementation of better controls on emissions from both vehicular and industrial 
sources. 
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1. Introduction 
Atmospheric chemistry is a branch of atmospheric science in which the chemistry of the 
Earth's atmosphere and that of other planets is studied. It is a multidisciplinary field of 
research and draws on environmental chemistry, physics, meteorology, computer modeling, 
oceanography, geology and volcanology and other disciplines. It also deals with chemical 
compounds in the atmosphere, their distribution, origin, chemical transformation into other 
compounds and finally their removal from the atmospheric domain. These substances may 
occur as gasses, liquids or solid. The composition of the atmosphere is dominated by the 
gasses nitrogen and oxygen in proportions that have been found to be invariable in time and 
space at altitudes up to 100 km. All other compounds are minor ones, with many of them 
occurring only in traces.  

The composition and chemistry of the atmosphere is of importance for several reasons, but 
primarily because of the interactions between the atmosphere and living organisms. The 
composition of the Earth's atmosphere (Figure 1) has been changed by human activity and 
some of these changes are harmful to human health, crops and ecosystems. Examples of 
problems which have been addressed by atmospheric chemistry include acid rain, 
photochemical smog and global warming. Atmospheric chemistry seeks to understand the 
causes of these problems, and by obtaining a theoretical understanding of them, allow 
possible solutions to be tested and the effects of changes in government policy evaluated. 

Observations, lab measurements and modeling are the three important methodologies in 
atmospheric chemistry. Progress in atmospheric chemistry is often driven by the 
interactions between these components and they form an integrated whole. For example 
observations may tell us that more of a chemical compound exists than previously thought 
possible. This will stimulate new modelling and laboratory studies which will increase our 
scientific understanding to a point where the observations can be explained. Measurements 
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made in the laboratory are essential to our understanding of the sources and sinks of 
pollutants and naturally occurring compounds. Lab studies tell us which gases react with 
each other and how fast they react. Measurements of interest include reactions in the gas 
phase, on surfaces and in water. Also of high importance is photochemistry which 
quantifies how quickly molecules are split apart by sunlight and what the products are plus 
thermodynamic data such as Henry's law coefficients.  

 
Figure 1. Schematic of chemical and transport processes related to atmospheric composition. 

Modelling for instance is important to synthesize and test theoretical understanding of 
atmospheric chemistry. Computer models (such as chemical transport models) are used. 
Numerical models solve the differential equations governing the concentrations of 
chemicals in the atmosphere. They can be very simple or very complicated. One common 
trade off in numerical models is between the number of chemical compounds and chemical 
reactions modelled versus the representation of transport and mixing in the atmosphere. For 
example, a box model might include hundreds or even thousands of chemical reactions but 
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will only have a very crude representation of mixing in the atmosphere. In contrast, 3D 
models represent many of the physical processes of the atmosphere but due to constraints 
on computer resources will have far fewer chemical reactions and compounds. Models can 
be used to interpret observations, test understanding of chemical reactions and predict 
future concentrations of chemical compounds in the atmosphere. One important current 
trend is for atmospheric chemistry modules to become one part of earth system models in 
which the links between climate, atmospheric composition and the biosphere can be 
studied. 

2. Background knowledge  

2.1. Aerosol 

An aerosol is a system (in the sense of a system as used in thermodynamics or chemistry) 
comprising liquid and/or solid particles in a carrier gas. It is generally defined as a 
suspension of liquid or solid particles in a gas, with particle diameters in the range of          
10-9-10-4 m (lower limit: molecules and molecular clusters: upper limit: rapid sedimentation). 
The most evident examples of aerosols in the atmosphere are clouds, which consist 
primarily of condensed water. The suspension of the particles in the gas must be 
significantly stable and homogenous. Hence the assumptions of stability and homogeneity, 
and consequently the possibilities to use statistical descriptors, are limited to understand 
and to predict the system, the particle properties, i.e. their size, shapes, chemical 
compositions, their surfaces, their optical properties, their volumes and masses must be 
known (Preining, 1993). Aerosol particles scatter and absorb solar and terrestrial’s radiation, 
they are involved in the formation of clouds and precipitation as cloud condensation and ice 
nuclei, and they affect the abundance and distribution of atmospheric traces gases by 
heterogeneous chemical reactions and other multiphase processes. 

2.2. Aerosol types 

The atmospheric aerosol in the boundary layer and the lower troposphere is different for 
different regions, the main types are: 

a. continental aerosol - a main component of which is mineral dust; 
b. maritime aerosol - a main component of which is sea salt; 
c. background aerosol - aged accumulation mode aerosol. 

Chemically or photochemically produced from precursor gases, continental or oceanic 
biosphere or from anthropogenic releases including sulphates, nitrates, hydrocarbons, soot 
and so on. The continental aerosols are strongly influenced by man’s activities and include 
urban and rural aerosols. Dust storms produce another type of continental aerosol. Aerosols 
with a lifetime of up to several years exist in the stratosphere, the sources of which are 
volcanic injections, and particles or gases entering the stratosphere via diffusion from the 
troposphere as well as interplanetary dust entering from space. The most important source 
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is volcanic injection. Due to their long lifetime, these aerosols are distributed relatively 
homogeneously throughout the whole stratosphere and the size distribution is unimodal 
with only the accumulation mode present.  

2.3. The study of atmospheric aerosols 

Atmospheric aerosol particles are a ubiquitous part of earth’s atmosphere, present in very 
lungful of air breathed. They are produced in vast numbers by both human activity 
(anthropogenic) and natural sources and subsequently modified by a multitude processes. 
They are known to be crucially important in many issues that directly affect everyday life 
which include respiratory health, visibility, clouds, rainfall, atmospheric chemistry and 
global regional climate but they are also one of the more poorly understood aspects of the 
atmosphere. These shortcomings in understanding are partly due to their small size, which 
is typically of the order of microns or less, making them difficult to study and also the fact 
that the processes involved are complex. The description of the organic chemistry in 
atmospheric aerosol is by no means straightforward, but the addition of the solubility  
variables, aerosol thermodynamic, hygroscopic properties, deliquescence behaviour makes 
understanding the atmosphere and its effect is even more challenging, requiring the 
application of wide spectrum of scientific disciplines including chemistry, physics, 
mechanics, biology and medicine. 

2.4. Aerosols and effect on quality of life 

The effects of aerosols on the atmosphere, climate and public health are among the central 
topics in current environmental research. Urban areas have always been known to be a 
major source of particulate pollution (Finlayson-Pitss, 2000) which is  expected to continue 
to increase due to world population growth and increasing industrialization and energy use, 
especially in developing countries (Fenger, 1999). The most obvious effects are the 
contributions to unsightly smogs and visible deterioration of the building materials (Grossi, 
2002). In addition, the fact that urban particulate pollution impact directly on human health 
has been known for centuries (Brimblecombe, 1987) and has been the subject of much 
research (Adam et al., 1999). 

In an attempt to reduce the health burden of atmospheric particulate pollution, regulatory 
authorities have attempted to place controls on the emission and the magnitude of 
pollution episodes within conurbations. The monitoring of particulate air pollution has 
traditionally focused on particles of less than 10 μm in aerodynamic diameter (the PM10 
standard), as these are more likely to pass the throat when inhaled (DEFRA, 2005; Larrsen, 
1999) but it has become apparent that the smaller particles are more significant, as these 
particles will penetrate deeper into the lungs and potentially cause more physiological 
distress or damage. This has lead to the use of the PM2.5 standard in countries such  
Malaysia, where the total mass of particulate matter less than 2.5 μm in diameter is 
monitored (MOSTI, 2000). 
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2.5. Composition of atmospheric aerosol 

The atmospheric aerosol consists of a complex mixture of organic and inorganic compounds 
(Cruz, 1998). The typical composition of fine continental aerosol will usually contain various 
sulphates (mostly ammonium and calcium), nitrates (mostly ammonium), chlorides (mostly 
sodium), elemental carbon (EC) and organic carbon (OC), especially traffic-related soot, 
biological materials and other organic compounds, iron compounds, trace metals, and 
mineral derived from rocks, soil and various human activities. Aerosol composition also can 
be influenced by local geology, geographic location and climate (Moreno et al., 2003). 

2.5.1. Organic and elemental carbon of aerosol 

Several studies have shown that over 30% of aerosol is organic carbon, and carbon containg 
matter can account for as much as 50%. Typically, two classes of carbonaceous aerosol are 
commonly present in ambient air: organic carbon (OC) and elemental carbon (EC), which 
are the largest contributors to the fine particle burden in urban atmospheres and heavily 
industrialised areas (Cachier et al., 1989). 

Field measurements also shown a significant mass fraction of atmospheric aerosol consist of 
organic compounds (Rogge et al., 1991). Around 5 to 10% of the known fraction is often 
limited to low molecular weight species, which are identified by standard analytical 
techniques, using gas chromatography coupled with mass spectrometry. A significant 
fraction of the organic mass in tropospheric aerosol, is comprised of high molecular weight, 
oxygenated species which remain unidentified (Decesari et al., 2002). 

Organic compounds are emitted into the atmosphere from various anthropopgenic and 
biogenic sources. These include primary emission, mainly from combustion and biogenic 
sources and secondary organic aerosol resulting from the reaction of primary volatile organic 
compounds in the atmosphere (Fisseha et al., 2004). In urban areas, a number of emission 
sources are responsible for the presence of organic aerosol in the atmosphere among which are 
road traffic, industrial processes, waste incineration, wastewater treatment processes and 
domestic heating. Some of these are pure organic aerosols, which may be formed by primary 
particle emissions (primary organic carbon) or produced from atmospheric reactions involving 
gaseous organic precursors (secondary OC)(Cruz and Pandis, 1998). 

Organic material is important in controlling the aerosol physico-chemical properties 
(Cornell et al., 2003). They also found that the uptake of liquid water in aerosol was 
enhanced by the presence of organic carbon compounds. Organic carbon is also an effective 
light scatter and may contribute significantly to both visibility degradation and direct 
aerosol climate forcing (Heintzenberg., 1989). Elemental carbon (often named black carbon 
or soot) may be the second most important elemental in global warming in terms of direct 
forcing, after CO2 due to specific surface properties. Elemental carbon provides a good 
adsorbtion site for many semi-volatile compounds such as poly-aromatic hydrocarbon 
(PAH) and offers a large specific surface area for interactions with reactive trace gases such 
as ozone. Annually, about 13 Tg black carbons are emitted into the atmosphere, mainly 
through fossil fuel combustion and biomass burning (Jacob, 1999). 
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domestic heating. Some of these are pure organic aerosols, which may be formed by primary 
particle emissions (primary organic carbon) or produced from atmospheric reactions involving 
gaseous organic precursors (secondary OC)(Cruz and Pandis, 1998). 

Organic material is important in controlling the aerosol physico-chemical properties 
(Cornell et al., 2003). They also found that the uptake of liquid water in aerosol was 
enhanced by the presence of organic carbon compounds. Organic carbon is also an effective 
light scatter and may contribute significantly to both visibility degradation and direct 
aerosol climate forcing (Heintzenberg., 1989). Elemental carbon (often named black carbon 
or soot) may be the second most important elemental in global warming in terms of direct 
forcing, after CO2 due to specific surface properties. Elemental carbon provides a good 
adsorbtion site for many semi-volatile compounds such as poly-aromatic hydrocarbon 
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As for other aerosols, the removal of particulate carbon is likely to occur via two main 
scavenging processes: the in-cloud process, whereby particles are directly incorporated into 
cloud droplets; and the below-cloud process, where particles are washed out by 
precipitation itself. The physico-chemical atmospheric processes which transform young 
combustion particles, expected to be hydrophobic, into a water soluble aerosol phase 
remains a major unknown. The atmospheric behaviour of the carbonaceous particles is 
likely to be dictated by the chemical nature of their surfaces (Cachier et al., 1989). If the 
surface is hydrophobic, the particle remains inactive. However, if it is coated with 
hygroscopic substances, it may be activated enough to be incorporated into water droplets 
(Charlson and Heintzenberg, 1995). 

2.5.2. Water soluble organic compounds 

A significant fraction of the particulate organic carbon is water soluble, ranging from 20% to 
70% of the total soluble mass, thus making it important to various aerosol-cloud interactions 
(Decesari et al., 2000; Facchini et al., 2000). Water soluble organic compounds (WSOC) 
contribute to the ability of the particles to act as cloud condensation nuclei (CCN) (Novokov 
and Penner, 1993).  

WSOC have been postulated to be partially responsible for the water uptake of airbone 
particulate matter, which can substantially affect the physical and chemical properties of 
atmospheric aerosols (Yu et al., 2005). Decesari et al. (2001) have suggested that WSOC are 
composed of higly oxidised species with residual aromatic nuclei and aliphatic chains. The 
current understanding of atmospheric particles describes their WSOC fraction as a complex 
mixture of very soluble organic compounds, slightly soluble organic compounds, and some 
undetermined macromolecular compounds (MMCs)(Saxena and Hildemann, 1996). 

The composition of WSOC varies among sampling regions. It was found to constitute between 
20 and 67% of the total organic carbon present in aerosol samples collected in Tokyo (Sempere 
and Kawamura, 1994). The percentage is ranged from 65 to 75% in aerosol samples collected in 
Hungary, Italy and Sweeden (Zappoli et al., 1999). The study also found that the percentage of 
WSOC species with respect to the total soluble mass was much higher at the background site 
(Aspvreten, Central Sweeden) (c.a. 50%) compared to the polluted site (San Pietro Copofiume, 
Po Valley, Italy) (c.a. 25%). A very high fraction (over 70%) of organic compounds in the 
aerosol consisted of polar species. A study by Wang et al. (2002) showed that most water 
soluble carbon is total organic carbon (TOC) and range between 20.53 to 35.58 μg m-3 in PM10 
and PM 2.5. A further study by (Narukawa et al., 1999) concluded that individual haze particles  
over Kalimantan of Indonesia were mainly composed of water soluble organic materials and 
inorganic salt such as ammonium sulphate. 

The ionic organic compounds (including carboxylic, dicarboxylic and ketoacids) were 
distributed between both sub-micron and super micron mode, indicating origins in both 
gas-to-particle conversion and heterogeneous reaction on pre-existing particles. WSOC in 
atmospheric aerosols and droplets can be divided by their functional groups into three 
classes which are neutral, mono- and dicarboxylic acid and also polycarboxylic acid, which 
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were found to account on average for 87% of total fine aerosol WSOC (Decesari et al., 2000). 
The most frequently determined WSOC are the low molecular weight (LMW) carboxylic 
and dicarboxylic acids (Yu, 2000). Most of carboxylic acids compound are a secondary 
oxidation products of atmospheric organic compounds and also found in remote marine as 
well as continental rural and urban areas (Simoneit and Mazurek, 1982). Among these 
dicarboxylic acids (DCA’s), oxalic acid is the most abundant, followed by succinic and 
malonic in atmospheric aerosol especially during summer season. 

In the aqueous phase, organic oxidation also can be initiated by various radical anions in the 
atmosphere (e.g. OH-·,NO-3·,SO24·,Cl-·). Among these species, it is very likely that OH· is the 
most efficient iniating organic oxidation (Dutot et al., 2003). The DCA’s are the late products 
in the photochemistry of aliphatic and aromatic hydrocarbons, and due to the low vapour 
pressure, it is almost entirely partitioned to the particulate phase. They also constitute an 
important fraction of the water soluble part of particulate organic matter (POM) in 
atmospheric aerosol particles at remote and urban areas (Rohrl and Lammel, 2001). 

3. Dicarboxylic acids 
During the past decade, much attention has been paid to the low molecular weight 
dicarboxylic acids and related polar compounds which are ubiquitous water-soluble organic 
compounds that have been detected in a variety of environmental samples including 
atmospheric aerosols, rainwaters, snow packs, ice cores, meteorites, marine sediments, 
hypersaline brines and freshwaters (Kawamura and Ikushima, 1993; Tedetti et al., 2006). In 
the atmosphere, dicarboxylic acids originate from incomplete combustion of fossil fuels 
(Kawamura and Ikushima, 1993; Kawamura and Kaplan, 1987), biomass burning 
(Narukawa et al., 1999), direct biogenic emission and ozonolysis and photo-oxidation of 
organic compound (Sempere and Kawamura, 2003).  

Low molecular weight (LMW) dicarboxylic acids have also been identified in cloud water 
samples collected at a high mountain range in central europe (Puxbaum and Limbeck, 
2000), in the condensed phase at a semi-urban site in the northeastern US (Khwaja, 1995) 
and in Arctic aerosol (Kawamura et al., 1996). As a result of their hygroscopic properties, 
dicarboxylic acids can act as cloud condensation nuclei and have an impact on the 
radiative forcing at earth’s surface (Kerminen et al., 2000). Dicarboxylic acids also 
participate in many biological processes. They are important intermediates in the 
tricarboxylic acid and glyoxylate cycles and the catabolism and anabolism of amino acids 
(Tedetti et al., 2006).  

Photochemical reactions are also an important source of atmospheric dicarboxylic acids. 
For example, glutaric acids photooxidation is likely the dominant pathway formation, as 
measured atmospheric concentrations of dicarboxylic acids in Los Angeles far surpasses 
contributions from direct emissions and seasonal trends suggest that dicarboxylic acids 
are largely produced in photochemical smog (Puxbaum and Limbeck, 2000; Rogge et al., 
1993). 
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were found to account on average for 87% of total fine aerosol WSOC (Decesari et al., 2000). 
The most frequently determined WSOC are the low molecular weight (LMW) carboxylic 
and dicarboxylic acids (Yu, 2000). Most of carboxylic acids compound are a secondary 
oxidation products of atmospheric organic compounds and also found in remote marine as 
well as continental rural and urban areas (Simoneit and Mazurek, 1982). Among these 
dicarboxylic acids (DCA’s), oxalic acid is the most abundant, followed by succinic and 
malonic in atmospheric aerosol especially during summer season. 

In the aqueous phase, organic oxidation also can be initiated by various radical anions in the 
atmosphere (e.g. OH-·,NO-3·,SO24·,Cl-·). Among these species, it is very likely that OH· is the 
most efficient iniating organic oxidation (Dutot et al., 2003). The DCA’s are the late products 
in the photochemistry of aliphatic and aromatic hydrocarbons, and due to the low vapour 
pressure, it is almost entirely partitioned to the particulate phase. They also constitute an 
important fraction of the water soluble part of particulate organic matter (POM) in 
atmospheric aerosol particles at remote and urban areas (Rohrl and Lammel, 2001). 

3. Dicarboxylic acids 
During the past decade, much attention has been paid to the low molecular weight 
dicarboxylic acids and related polar compounds which are ubiquitous water-soluble organic 
compounds that have been detected in a variety of environmental samples including 
atmospheric aerosols, rainwaters, snow packs, ice cores, meteorites, marine sediments, 
hypersaline brines and freshwaters (Kawamura and Ikushima, 1993; Tedetti et al., 2006). In 
the atmosphere, dicarboxylic acids originate from incomplete combustion of fossil fuels 
(Kawamura and Ikushima, 1993; Kawamura and Kaplan, 1987), biomass burning 
(Narukawa et al., 1999), direct biogenic emission and ozonolysis and photo-oxidation of 
organic compound (Sempere and Kawamura, 2003).  

Low molecular weight (LMW) dicarboxylic acids have also been identified in cloud water 
samples collected at a high mountain range in central europe (Puxbaum and Limbeck, 
2000), in the condensed phase at a semi-urban site in the northeastern US (Khwaja, 1995) 
and in Arctic aerosol (Kawamura et al., 1996). As a result of their hygroscopic properties, 
dicarboxylic acids can act as cloud condensation nuclei and have an impact on the 
radiative forcing at earth’s surface (Kerminen et al., 2000). Dicarboxylic acids also 
participate in many biological processes. They are important intermediates in the 
tricarboxylic acid and glyoxylate cycles and the catabolism and anabolism of amino acids 
(Tedetti et al., 2006).  

Photochemical reactions are also an important source of atmospheric dicarboxylic acids. 
For example, glutaric acids photooxidation is likely the dominant pathway formation, as 
measured atmospheric concentrations of dicarboxylic acids in Los Angeles far surpasses 
contributions from direct emissions and seasonal trends suggest that dicarboxylic acids 
are largely produced in photochemical smog (Puxbaum and Limbeck, 2000; Rogge et al., 
1993). 
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Aliphatic dicarboxylic acids (or diacids) can be described by the following general 
formula:  

HOOC-(CH2)n-COOH 

According to IUPAC nomenclature, dicarboxylic acids are named by adding the suffix dioic 
acid to the name of the hydrocarbon with the same number of carbon atoms, e.g., 
nonanedioic acid for n = 7. The older literature often uses another system based on the 
hydrocarbon for the (CH2)n carbon segment and the suffix dicarboxylic acid, e.g., 
heptanedicarboxylic acid for n = 7. However, trivial names are commonly used for the 
saturated linear aliphatic dicarboxylic acids from n = 0 (oxalic acid) to n = 8 (sebacic acid) 
and for the simple unsaturated aliphatic dicarboxylic acids; these names are generally 
derived from the natural substance in which the acid occurs or from which it was first 
isolated. 

Aliphatic dicarboxylic acids are found in nature both as free acids and as salts. For example, 
malonic acid is present in small amounts in sugar beet and in the green parts of the wheat 
plant; oxalic acid occurs in many plants and in some minerals as the calcium salt. However, 
natural sources are no longer used to recover these acids. 

The main industrial process employed for manufacturing dicarboxylic acids is the ring-
opening oxidation of cyclic compounds. 

Oxalic acid is the most important dicarboxylic acid. Adipic, malonic, suberic, azelaic, 
sebacic, and 1,12-dodecanedioic acids, as well as maleic and fumaric acids, are also 
manufactured on an industrial scale. 

Physical properties: Dicarboxylic acids are colorless, odorless crystalline substances at room 
temperature. Table 1 lists the major physical properties of some saturated aliphatic 
dicarboxylic acids.  

The lower dicarboxylic acids are stronger acids than the corresponding monocarboxylic 
ones. The first dissociation constant is considerably greater than the second. Density and 
dissociation constants decrease steadily with increasing chain length. By contrast, melting 
point and water solubility alternate: Dicarboxylic acids with an even number of carbon 
atoms have higher melting points than the next higher odd-numbered dicarboxylic acid. 
In the n = 0 – 8 range, dicarboxylic acids with an even number of carbon atoms are slightly 
soluble in water, while the next higher homologues with an odd number of carbon atoms 
are more readily soluble. As chain length increases, the influence of the hydrophilic 
carboxyl groups diminishes; from n = 5 (pimelic acid) onward, solubility in water 
decreases rapidly. The alternating solubility of dicarboxylic acids can be exploited to 
separate acid mixtures. Most dicarboxylic acids dissolve easily in lower alcohols; at room 
temperature, the lower dicarboxylic acids are practically insoluble in benzene and other 
aromatic solvents. 
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Table 1. Physical properties of saturated dicarboxylic acid (Clarke, 1986) 
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Chemical properties: The chemical behavior of dicarboxylic acids is determined principally 
by the two carboxyl groups. The neighboring methylene groups are activated generally to 
only a minor degree. Thermal decomposition of dicarboxylic acids gives different products 
depending on the chain length. Acids with an even number of carbon atoms require higher 
decarboxylation temperatures than the next higher odd-numbered homologues; lower 
dicarboxylic acids decompose more easily than higher ones. To avoid undesired 
decomposition reactions, aliphatic dicarboxylic acids should only be distilled in vacuum. 
When heated above 190 °C, oxalic acid decomposes to carbon monoxide, carbon dioxide, 
and water. Malonic acid is decarboxylated to acetic acid at temperatures above 150 C:  

HOOC-(CH2)n-COOH-CH3COOH + CO2 

When malonic acid is heated in the presence of P2O5 at ca. 150 °C, small amounts of carbon 
suboxide (C3O2) are also formed. Succinic and glutaric acids are converted into cyclic 
anhydrides on heating:  

 
Scheme 1. Succinic and glutaric acids are converted into cyclic anhydrides on heating 

When the ammonium salt of succinic acid is distilled rapidly, succinimide is formed, with 
the release of water and ammonia. 

Higher dicarboxylic acids from n = 4 (adipic acid) to n = 6 (suberic acid) split off carbon 
dioxide and water to form cyclic ketones:  

 
Scheme 2. Higher dicarboxylic acids from n = 4 (adipic acid) to n = 6 (suberic acid) split off carbon 
dioxide and water to form cyclic ketones 

The decomposition of still higher dicarboxylic acids leads to complex mixtures. With the 
exception of oxalic acid, dicarboxylic acids are resistant to oxidation. Oxalic acid is used as a 
reducing agent for both commercial and analytical purposes. Dicarboxylic acids react with 
dialcohols to form polyesters and with diamines to form polyamides. They also serve as 
starting materials for the production of the corresponding diamines. Reaction with 
monoalcohols yields esters. All of these reactions are commercially important. Several 
reactions with malonic and glutaric acids are of interest in organic syntheses: the 
Knoevenagel condensation, Michael addition, and malonic ester synthesis (Clarke, 1986) 
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Succinic acid ester reacts with aldehydes or ketones in the presence of sodium ethoxide or 
potassium tert-butoxide to form alkylidenesuccinic acid monoesters (Stobbe condensation). 
These can subsequently be converted into monocarboxylic acids by hydrolysis, 
decarboxylation, and hydrogenation (Clarke, 1986). 

 
Scheme 3. Production number of straight-chain aliphatic dicarboxylic acids and their derivatives occur 
in nature 

Production: A number of straight-chain aliphatic dicarboxylic acids and their derivatives 
occur in nature. However, isolation from natural substances has no commercial 
significance. Although many syntheses for the production of aliphatic dicarboxylic acids 
are known, only a few have found industrial application. This is due partly to the 
shortage of raw materials. 

Individual saturated dicarboxylic acids: Dicarboxylic acids are used mainly as 
intermediates in the manufacture of esters and polyamides. Esters derived from 
monofunctional alcohols serve as plasticizers or lubricants. Polyesters are obtained by 
reaction with dialcohols. In addition, dicarboxylic acids are employed in the manufacture of 
hydraulic fluids, agricultural chemicals, pharmaceuticals, dyes, complexing agents for 
heavy-metal salts, and lubricant additives (as metal salts). 

3.1. Oxalic acid  

Oxalic acid (ethanedioic acid, acidum oxalicum) is the simplest saturated dicarboxylic acid 
(Clarke, 1986). The compound exists in anhydrous form [144-62-7] or as a dihydrate [6153-
56-6]. The anhydrous acid is not found in nature and must be prepared from the dihydrate 
even when produced industrially. Oxalic acid is widely distributed in the plant and animal 
kingdom (nearly always in the form of its salts) and has various industrial applications. 

 
Scheme 4. Chemical structure of oxalic acid 
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The acidic potassium salt of oxalic acid is found in common sorrel (Latin: oxalis acetosella) 
and the name oxalic acid is derived from that plant. Table 2 shows  examples of plants in 
which oxalic acid occurs (in the form of potassium, sodium, calcium, magnesium salts, or 
iron complex salts) are given below (oxalic acid content in milligrams per 100 g dry 
weight):(Tsu-Ning Tsao G., 1963) 
 

Spinach 460 – 3200 
Rhubarb 500 – 2400 

Chard 690 
Parsley 190 
Beets 340 
Cocoa 4500 

Tea 3700 
Beet leaves up to 12 000 

Table 2. Oxalic acid content in milligrams per 100 g dry weight 

Oxalic acid is formed in plants through incomplete oxidation of carbohydrates, e.g., by fungi 
(Aspergillus niger) or bacteria (acetobacter) and in the animal kingdom through carbohydrate 
metabolism via the tricarboxylic acid cycle. The urine of humans and of most mammals also 
contains a small amount of calcium oxalate. In pathological cases, an increased calcium 
oxalate content in urine leads to the formation of kidney stones (Clarke, 1986). Calcium and 
iron(II) oxalates are also found as minerals. Both the anhydrous and dihydrated forms of 
oxalic acid form colorless and odorless crystals. 

Anhydrous oxalic acid  

Anhydrous oxalic acid [144-62-7] exists as rhombic crystals in the a-form and as 
monoclinic crystals in the b-form (West, 1980). These forms differ mainly in their melting 
points. The slightly stable b-form changes into the a-form at 97 °C and 0.2 barr. 
Anhydrous oxalic acid is prepared by dehydration of the dihydrate through careful 
heating to 100 °C. It is then sublimated in a dry air stream. The sublimation is fast at 
125 °C and can be carried out at temperatures up to 157 °C without decomposition. The 
dehydration can also be accomplished by azeotropic distillation with benzene or toluene. 
Anhydrous oxalic acid is slightly hygroscopic; it absorbs water from moist air 
(“weathers”) to form the dihydrate again. The hydration occurs very slowly because of 
surface caking. 

Oxalic acid dihydrate  

Oxalic acid dihydrate [6153-56-6], HOOC–COOH · 2 H2O is the industrially produced and 
usual commercial form of oxalic acid. The compound forms colorless and odorless prisms or 
granules that contain 71.42 wt % oxalic acid and 28.58 wt % water. Oxalic acid dihydrate is 
stable at room temperature and under normal storage conditions. The most important 
physical properties are as follows:  
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The solubility in water and the density of these solutions are presented in Table.1. Oxalic 
acid is readily soluble in polar solvents such as alcohols (although partial esterification 
occurs), acetone, dioxane, tetrahydrofuran, and furfural. Oxalic acid is sparingly soluble in 
diethyl ether (1.5 g oxalic acid dihydrate in 100 g ether at 25 °C), and insoluble in benzene, 
chloroform, and petroleum ether. The ionization constants show that oxalic acid is a strong 
acid. The value of K1 is comparable to that of mineral acids and the value of K2 corresponds 
to ionization constants of strong organic acids, for example, benzoic acid.  

In the homologous series of dicarboxylic acids, oxalic acid, the first member, shows unique 
behavior because of the interaction of the neighboring carboxylate groups. This results in an 
increase in the value of the dissociation constant and in the ease of decarboxylation: Upon 
rapid heating to 100 °C oxalic acid decomposes into carbon monoxide, carbon dioxide, and 
water with formic acid as an isolable intermediate. 

In aqueous solution decomposition is induced by light and to a much greater extent by g- or 
X-rays (to carbon monoxide, carbon dioxide, formic acid, and occasionally hydrogen). This 
decomposition is catalyzed by the salts of heavy metals, for example, by uranyl salts. Oxalic 
acid cannot form an intramolecular anhydride. Upon heating to over 190 °C or warming in 
concentrated sulfuric or phosphoric acid, oxalic acid decomposes to carbon monoxide, 
carbon dioxide, and water: this decomposition is not exothermic. 

The reducing properties of oxalic acid (which itself is oxidized to the harmless end products 
carbon dioxide and water) form the basis for the variety of practical applications. Oxalic acid 
is also oxidized relatively easily to carbon dioxide by many other oxidizing agents in 
addition to air, especially in the presence of the salts of heavy metals. Oxalic acid is easily 
esterified, whereby two types, the acidic mono or neutral diesters can result. These esters are 
applied as intermediates in chemical syntheses. They react relatively easily with water, 
ammonia, or amines to afford the corresponding acyl derivatives. 

Important chemical characteristics are also demonstrated by the metal salts of oxalic acid. 
These exist in two types-the acidic and neutral salts. The alkali metal and iron (III) salts are 
readily soluble in water. All other salts are sparingly soluble in water. The near complete 
insolubility of the alkaline-earth salts of oxalic acid, especially of calcium oxalate, finds some 
applications in quantitative analysis. When heated all these metal salts lose carbon 
monoxide. Other salts which are easier decomposable lose carbon dioxide in addition. The 
alkali and alkaline-earth salts form carbonates under these conditions. Manganese, zinc, and 
tin salts form oxides; iron, cadmium, mercury, and copper salts form mixtures of oxides and 
metals. Nickel, cobalt, and silver salts afford pure metals. Anhydrous fusion of oxalates with 
alkali yield carbonates and hydrogen. For a review see Dollimore (1987). 

3.2. Malonic acid  

Three-carbon 1,3-dicarboxylic acid derivatives (malonic acid, malonates, cyanoacetic acid, 
cyanoacetates, and malononitrile) are widely used in industry for the manufacture of 
pharmaceuticals, agrochemicals, vitamins, dyes, adhesives, and fragrances. The common 
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The acidic potassium salt of oxalic acid is found in common sorrel (Latin: oxalis acetosella) 
and the name oxalic acid is derived from that plant. Table 2 shows  examples of plants in 
which oxalic acid occurs (in the form of potassium, sodium, calcium, magnesium salts, or 
iron complex salts) are given below (oxalic acid content in milligrams per 100 g dry 
weight):(Tsu-Ning Tsao G., 1963) 
 

Spinach 460 – 3200 
Rhubarb 500 – 2400 

Chard 690 
Parsley 190 
Beets 340 
Cocoa 4500 

Tea 3700 
Beet leaves up to 12 000 

Table 2. Oxalic acid content in milligrams per 100 g dry weight 

Oxalic acid is formed in plants through incomplete oxidation of carbohydrates, e.g., by fungi 
(Aspergillus niger) or bacteria (acetobacter) and in the animal kingdom through carbohydrate 
metabolism via the tricarboxylic acid cycle. The urine of humans and of most mammals also 
contains a small amount of calcium oxalate. In pathological cases, an increased calcium 
oxalate content in urine leads to the formation of kidney stones (Clarke, 1986). Calcium and 
iron(II) oxalates are also found as minerals. Both the anhydrous and dihydrated forms of 
oxalic acid form colorless and odorless crystals. 

Anhydrous oxalic acid  

Anhydrous oxalic acid [144-62-7] exists as rhombic crystals in the a-form and as 
monoclinic crystals in the b-form (West, 1980). These forms differ mainly in their melting 
points. The slightly stable b-form changes into the a-form at 97 °C and 0.2 barr. 
Anhydrous oxalic acid is prepared by dehydration of the dihydrate through careful 
heating to 100 °C. It is then sublimated in a dry air stream. The sublimation is fast at 
125 °C and can be carried out at temperatures up to 157 °C without decomposition. The 
dehydration can also be accomplished by azeotropic distillation with benzene or toluene. 
Anhydrous oxalic acid is slightly hygroscopic; it absorbs water from moist air 
(“weathers”) to form the dihydrate again. The hydration occurs very slowly because of 
surface caking. 

Oxalic acid dihydrate  

Oxalic acid dihydrate [6153-56-6], HOOC–COOH · 2 H2O is the industrially produced and 
usual commercial form of oxalic acid. The compound forms colorless and odorless prisms or 
granules that contain 71.42 wt % oxalic acid and 28.58 wt % water. Oxalic acid dihydrate is 
stable at room temperature and under normal storage conditions. The most important 
physical properties are as follows:  
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The solubility in water and the density of these solutions are presented in Table.1. Oxalic 
acid is readily soluble in polar solvents such as alcohols (although partial esterification 
occurs), acetone, dioxane, tetrahydrofuran, and furfural. Oxalic acid is sparingly soluble in 
diethyl ether (1.5 g oxalic acid dihydrate in 100 g ether at 25 °C), and insoluble in benzene, 
chloroform, and petroleum ether. The ionization constants show that oxalic acid is a strong 
acid. The value of K1 is comparable to that of mineral acids and the value of K2 corresponds 
to ionization constants of strong organic acids, for example, benzoic acid.  

In the homologous series of dicarboxylic acids, oxalic acid, the first member, shows unique 
behavior because of the interaction of the neighboring carboxylate groups. This results in an 
increase in the value of the dissociation constant and in the ease of decarboxylation: Upon 
rapid heating to 100 °C oxalic acid decomposes into carbon monoxide, carbon dioxide, and 
water with formic acid as an isolable intermediate. 

In aqueous solution decomposition is induced by light and to a much greater extent by g- or 
X-rays (to carbon monoxide, carbon dioxide, formic acid, and occasionally hydrogen). This 
decomposition is catalyzed by the salts of heavy metals, for example, by uranyl salts. Oxalic 
acid cannot form an intramolecular anhydride. Upon heating to over 190 °C or warming in 
concentrated sulfuric or phosphoric acid, oxalic acid decomposes to carbon monoxide, 
carbon dioxide, and water: this decomposition is not exothermic. 

The reducing properties of oxalic acid (which itself is oxidized to the harmless end products 
carbon dioxide and water) form the basis for the variety of practical applications. Oxalic acid 
is also oxidized relatively easily to carbon dioxide by many other oxidizing agents in 
addition to air, especially in the presence of the salts of heavy metals. Oxalic acid is easily 
esterified, whereby two types, the acidic mono or neutral diesters can result. These esters are 
applied as intermediates in chemical syntheses. They react relatively easily with water, 
ammonia, or amines to afford the corresponding acyl derivatives. 

Important chemical characteristics are also demonstrated by the metal salts of oxalic acid. 
These exist in two types-the acidic and neutral salts. The alkali metal and iron (III) salts are 
readily soluble in water. All other salts are sparingly soluble in water. The near complete 
insolubility of the alkaline-earth salts of oxalic acid, especially of calcium oxalate, finds some 
applications in quantitative analysis. When heated all these metal salts lose carbon 
monoxide. Other salts which are easier decomposable lose carbon dioxide in addition. The 
alkali and alkaline-earth salts form carbonates under these conditions. Manganese, zinc, and 
tin salts form oxides; iron, cadmium, mercury, and copper salts form mixtures of oxides and 
metals. Nickel, cobalt, and silver salts afford pure metals. Anhydrous fusion of oxalates with 
alkali yield carbonates and hydrogen. For a review see Dollimore (1987). 

3.2. Malonic acid  

Three-carbon 1,3-dicarboxylic acid derivatives (malonic acid, malonates, cyanoacetic acid, 
cyanoacetates, and malononitrile) are widely used in industry for the manufacture of 
pharmaceuticals, agrochemicals, vitamins, dyes, adhesives, and fragrances. The common 
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feature of malonic acid and its derivatives is the high reactivity of the central methylene 
group. Due to the increasingly electron-withdrawing character of the substituents, the 
acidity of the hydrogen atoms in the 2-position increases in the order 
malonates < cyanoacetates < malononitrile. Therefore, all these compounds undergo 
reactions typical of 1,3-dicarbonyl compounds. For example they are easily alkylated or 
arylated, undergo aldol and Knoevenagel condensations, and they can be used for the 
synthesis of pyrimidines and other nitrogen heterocycles. 

Physical Properties: Important physical properties of malonic acid (propanedioic acid, 
methanedicarboxylic acid) are listed in Table 1. Its pKa values are 2.83 and 5.70. Malonic acid 
forms a colorless hygroscopic solid which sublimes in vacuum with some decomposition. 
It’s really soluble in the water; but slightly soluble in ethanol and diethyl ether, and is 
completely insoluble in benzene.  

Chemical Properties: Malonic acid is found in small amounts in sugar beet and green 
wheat, being formed by oxidative degradation of malic acid. Reaction with sulfuryl chloride 
or bromine gives mono- and dihalogenated malonic acid, whereas treatment with thionyl 
chloride or phosphorus pentachloride leads to mono- or diacyl chloride. When heated with 
phosphorus pentoxide, malonic acid does not form an anhydride but rather carbon 
suboxide, a toxic gas that reacts violently with water to reform malonic acid. On heating the 
free acid above 130 °C, or an aqueous solution above 70 °C, decomposition to acetic acid and 
carbon dioxide takes place. The mono- and dianion of malonic acid are more stable. In 
aqueous solution the monosodium salt decomposes above 90 °C and the disodium salt 
above 130 °C (Bolton, 1995).  

3.3. Succinic acid  

Succinic acid is found in amber, in numerous plants (e.g., algae, lichens, rhubarb, and 
tomatoes), and in many lignites. 

Production: A large number of syntheses are used to manufacture succinic acid. Hydrogenation 
of maleic acid, maleic anhydride, or fumaric acid produces good yields of succinic acid; the 
standard catalysts are Raney nickel, Cu, NiO, or CuZnCr, Pd – Al2O3, Pd – CaCO3, or Ni –
 diatomite. 1,4-Butanediol can be oxidized to succinic acid in several ways: (1) with O2 in an 
aqueous solution of an alkaline-earth hydroxide at 90 – 110 °C in the presence of Pd – C; (2) by 
ozonolysis in aqueous acetic acid; or (3) by reaction with N2O4 at low temperature. Succinic acid 
or its esters are also obtained by Reppe carbonylation of ethylene glycol, catalyzed with RhCl3 –
 pentachlorothiophenol; Pd-catalyzed methoxycarbonylation of ethylene; and carbonylation of 
acetylene, acrylic acid, dioxane, or β- propiolactone (Bolton, 1995). 

Acid mixtures containing succinic acid are obtained in various oxidation processes. 
Examples include the manufacture of adipic acid; the oxidation of enanthic acid and the 
ozonolysis of palmitic acid. Succinic acid can also be obtained by phase-transfer-catalyzed 
reaction of 2-haloacetates, electrolytic dimerization of bromoacetic acid or ester, oxidation of 
3-cyanopropanal, and fermentation of n-alkanes.  
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Uses: Succinic acid is used as a starting material in the manufacture of alkyd resins, dyes, 
pharmaceuticals, and pesticides. Reaction with glycols gives polyesters; esters formed by 
reaction with monoalcohols are important plasticizers and lubricants (Bolton, 1995). 

3.4. Glutaric acid  

Glutaric acid occurs in washings from fleece and, together with malonic acid, in the juice of 
unripened sugar beet. 

Production: Glutaric acid is obtained from cyclopentane by oxidation with oxygen and 
cobalt (III) catalysts or by ozonolysis; and from cyclopentanol – cyclopentanone by oxidation 
with oxygen and Co(CH3CO2)2, with potassium peroxide in benzene, or with N2O4 or nitric 
acid. Like succinic acid, glutaric acid is formed as a byproduct during oxidation of 
cyclohexanol – cyclohexanone. Other production methods include reaction of malonic ester 
with acrylic acid ester, carbonylation of Υ-butyrolactone, oxidation of 1,5-pentanediol with 
N2O4, and oxidative cleavage of Υ-caprolactone. 

Uses: The applications of glutaric acid, e.g., as an intermediate, are limited. Its use as a 
starting material in the manufacture of maleic acid has no commercial importance.  

3.5. Adipic acid  

Adipic acid, hexanedioic acid, 1,4-butanedicarboxylic acid, C6H10O4, Mr 146.14, 
HOOCCH2CH2CH2CH2COOH [124-04-9], is the most commercially important aliphatic 
dicarboxylic acid. It appears only sparingly in nature but is manufactured worldwide on a 
large scale. The historical development of adipic acid was reviewed in 1997 (Luedeke, 1997) 

Physical properties: Adipic acid is isolated as colorless, odorless crystals having an acidic 
taste. It is very soluble in methanol and ethanol, soluble in water and acetone, and very 
slightly soluble in cyclohexane and benzene. Adipic acid crystallizes as monoclinic prisms 
from water, ethyl acetate, or acetone/petroleum ether.  

Chemical properties: Adipic acid is stable in air under most conditions, but heating of the 
molten acid above 230 – 250  °C results in some decarboxylation to give cyclopentanone 
[120-92-3], bp 131 °C. The reaction is markedly catalyzed by salts of metals, including iron, 
calcium, and barium. The tendency of adipic acid to form a cyclic anhydride by loss of water 
is much less pronounced compared to glutaric or succinic acids. 

Adipic acid readily reacts at one or both carboxylic acid groups to form salts, esters, amides, 
nitriles, etc. The acid is quite stable to most oxidizing agents, as evidenced by its production 
in nitric acid. However, nitric acid will attack adipic acid autocatalytically above 180 °C, 
producing carbon dioxide, water, and nitrogen oxides. 

Use: Adipic acid has been used in the manufacture of mono- and diesters as well as 
polyamides. Nylon 6,8 is obtained by reaction of suberic acid with hexamethylenediamine, 
and nylon 8,8 by reaction with octamethylenediamine. Polyamides of adipic acid with 
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feature of malonic acid and its derivatives is the high reactivity of the central methylene 
group. Due to the increasingly electron-withdrawing character of the substituents, the 
acidity of the hydrogen atoms in the 2-position increases in the order 
malonates < cyanoacetates < malononitrile. Therefore, all these compounds undergo 
reactions typical of 1,3-dicarbonyl compounds. For example they are easily alkylated or 
arylated, undergo aldol and Knoevenagel condensations, and they can be used for the 
synthesis of pyrimidines and other nitrogen heterocycles. 

Physical Properties: Important physical properties of malonic acid (propanedioic acid, 
methanedicarboxylic acid) are listed in Table 1. Its pKa values are 2.83 and 5.70. Malonic acid 
forms a colorless hygroscopic solid which sublimes in vacuum with some decomposition. 
It’s really soluble in the water; but slightly soluble in ethanol and diethyl ether, and is 
completely insoluble in benzene.  

Chemical Properties: Malonic acid is found in small amounts in sugar beet and green 
wheat, being formed by oxidative degradation of malic acid. Reaction with sulfuryl chloride 
or bromine gives mono- and dihalogenated malonic acid, whereas treatment with thionyl 
chloride or phosphorus pentachloride leads to mono- or diacyl chloride. When heated with 
phosphorus pentoxide, malonic acid does not form an anhydride but rather carbon 
suboxide, a toxic gas that reacts violently with water to reform malonic acid. On heating the 
free acid above 130 °C, or an aqueous solution above 70 °C, decomposition to acetic acid and 
carbon dioxide takes place. The mono- and dianion of malonic acid are more stable. In 
aqueous solution the monosodium salt decomposes above 90 °C and the disodium salt 
above 130 °C (Bolton, 1995).  

3.3. Succinic acid  

Succinic acid is found in amber, in numerous plants (e.g., algae, lichens, rhubarb, and 
tomatoes), and in many lignites. 

Production: A large number of syntheses are used to manufacture succinic acid. Hydrogenation 
of maleic acid, maleic anhydride, or fumaric acid produces good yields of succinic acid; the 
standard catalysts are Raney nickel, Cu, NiO, or CuZnCr, Pd – Al2O3, Pd – CaCO3, or Ni –
 diatomite. 1,4-Butanediol can be oxidized to succinic acid in several ways: (1) with O2 in an 
aqueous solution of an alkaline-earth hydroxide at 90 – 110 °C in the presence of Pd – C; (2) by 
ozonolysis in aqueous acetic acid; or (3) by reaction with N2O4 at low temperature. Succinic acid 
or its esters are also obtained by Reppe carbonylation of ethylene glycol, catalyzed with RhCl3 –
 pentachlorothiophenol; Pd-catalyzed methoxycarbonylation of ethylene; and carbonylation of 
acetylene, acrylic acid, dioxane, or β- propiolactone (Bolton, 1995). 

Acid mixtures containing succinic acid are obtained in various oxidation processes. 
Examples include the manufacture of adipic acid; the oxidation of enanthic acid and the 
ozonolysis of palmitic acid. Succinic acid can also be obtained by phase-transfer-catalyzed 
reaction of 2-haloacetates, electrolytic dimerization of bromoacetic acid or ester, oxidation of 
3-cyanopropanal, and fermentation of n-alkanes.  
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Uses: Succinic acid is used as a starting material in the manufacture of alkyd resins, dyes, 
pharmaceuticals, and pesticides. Reaction with glycols gives polyesters; esters formed by 
reaction with monoalcohols are important plasticizers and lubricants (Bolton, 1995). 

3.4. Glutaric acid  

Glutaric acid occurs in washings from fleece and, together with malonic acid, in the juice of 
unripened sugar beet. 

Production: Glutaric acid is obtained from cyclopentane by oxidation with oxygen and 
cobalt (III) catalysts or by ozonolysis; and from cyclopentanol – cyclopentanone by oxidation 
with oxygen and Co(CH3CO2)2, with potassium peroxide in benzene, or with N2O4 or nitric 
acid. Like succinic acid, glutaric acid is formed as a byproduct during oxidation of 
cyclohexanol – cyclohexanone. Other production methods include reaction of malonic ester 
with acrylic acid ester, carbonylation of Υ-butyrolactone, oxidation of 1,5-pentanediol with 
N2O4, and oxidative cleavage of Υ-caprolactone. 

Uses: The applications of glutaric acid, e.g., as an intermediate, are limited. Its use as a 
starting material in the manufacture of maleic acid has no commercial importance.  

3.5. Adipic acid  

Adipic acid, hexanedioic acid, 1,4-butanedicarboxylic acid, C6H10O4, Mr 146.14, 
HOOCCH2CH2CH2CH2COOH [124-04-9], is the most commercially important aliphatic 
dicarboxylic acid. It appears only sparingly in nature but is manufactured worldwide on a 
large scale. The historical development of adipic acid was reviewed in 1997 (Luedeke, 1997) 

Physical properties: Adipic acid is isolated as colorless, odorless crystals having an acidic 
taste. It is very soluble in methanol and ethanol, soluble in water and acetone, and very 
slightly soluble in cyclohexane and benzene. Adipic acid crystallizes as monoclinic prisms 
from water, ethyl acetate, or acetone/petroleum ether.  

Chemical properties: Adipic acid is stable in air under most conditions, but heating of the 
molten acid above 230 – 250  °C results in some decarboxylation to give cyclopentanone 
[120-92-3], bp 131 °C. The reaction is markedly catalyzed by salts of metals, including iron, 
calcium, and barium. The tendency of adipic acid to form a cyclic anhydride by loss of water 
is much less pronounced compared to glutaric or succinic acids. 

Adipic acid readily reacts at one or both carboxylic acid groups to form salts, esters, amides, 
nitriles, etc. The acid is quite stable to most oxidizing agents, as evidenced by its production 
in nitric acid. However, nitric acid will attack adipic acid autocatalytically above 180 °C, 
producing carbon dioxide, water, and nitrogen oxides. 

Use: Adipic acid has been used in the manufacture of mono- and diesters as well as 
polyamides. Nylon 6,8 is obtained by reaction of suberic acid with hexamethylenediamine, 
and nylon 8,8 by reaction with octamethylenediamine. Polyamides of adipic acid with 
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diamines such as 1,3-bis(aminomethyl)benzene, 1,4(bisaminomethyl)cyclohexane, and bis(4-
aminocyclohexyl)methane are also of commercial interest. Esters of adipic acid with mono- 
and bifunctional alcohols are used as lubricants. 

4. Dicarboxlic acids distributions in the atmosphere 
Numerous organic compounds significantly contribute to the aerosol load of the atmosphere 
and thus to the radiative forcing of climate. Among others the influence of organic aerosol 
on cloud droplet formation is a key point in evaluating effects of anthropogenic emissions 
on climate. In contrast to sulfate more uncertainties exist about organics and in particular for 
secondary organic aerosol species which are more oxygenated and hygroscopic than 
primary organic species (Saxena and Hildemann, 1996). Among oxygenated organic species, 
dicarboxylic acids are probably the best quantified species, though they represent a small 
fraction of the total organic mass (Kawamura and Ikushima, 1993). Glutaric and malonic 
acid the atmosphere have potential to increase the cloud condensation nuclei (CCN) 
activation of major inorganic aerosol such as ammonium sulfate (Cruz and Pandis, 1998). 
These findings suggest a potentially important role played by dicarboxylic acids on 
radiative forcing and stimulate their studies since the sources of diacids in the atmosphere 
remain poorly understood and quantified. 

Whatever the region; urban and continental, or remote marine (see Figure 1 which carried out 
from Table 3), oxalic acid (C2: HOOCCOOH) is always found to be the most abundant diacid 
followed by succinic (C4: HOOC(CH2)2COOH) and/or malonic (C3: HOOCCH2COOH) acid 
with concentrations of several hundreds of nanograms per cubic meter in urban and 
continental regions (Kawamura and Ikushima, 1993; Kawamura and Kaplan, 1987) to a few 
tens of nanograms per cubic meter in remote marine boundary layer (Kawamura and 
Sakagushi, 1999; Sempere and Kawamura, 2003). In Europe, the most continuous study of 
diacids was conducted over one year by Limbeck et al., (2005) at Vienna, Austria. Although 
available data on diacids are more sparse at midlatitudes in Europe, they tend to show that 
oxalic acid levels at nonurban or rural sites are not considerably different from those at urban 
sites (Limbeck and Puxbaum, 1999; Rohrl and Lammel, 2001). 

Motor exhausts have been proposed to be primary sources of oxalic, malonic, succinic, and 
glutaric (C5: HOOC(CH2)3COOH) acids (Grosjean et al., 1978; Kawamura and Kaplan, 1987). 
Some of these diacids are also emitted by wood burning, particularly malonic acid (pine 
wood) and succinic acid (oak wood) (Rogge et al., 1991; Rogge et al., 1993). Note that until 
now no direct source of malic (hydroxysuccinic: hC4: HOOCCH2CHOHCOOH) and tartaric 
(dihydroxysuccinic: dhC4: HOOC(CHOH)2COOH) acids has been identified. 

Glutaric, succinic, and adipic (C6: HOOC(CH2)4COOH) acids have been identified in 
laboratory studies (Hatakeyama et al., 1985) as secondary organic aerosol products of the 
reaction of O3 with cyclohexene, a symmetrical alkene molecule similar to monoterpenes 
emitted by the biosphere. Hatakeyama et al. (1985) also suggested that malonic and oxalic 
acids are also produced in the cyclohexene-ozone system. 
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Unsaturated fatty acids with a double bond at the C9 position like cis-9-octadecenoic (oleic) 
acid are oxidized into C9 diacid (azelaic acid) and other products hereafter mainly oxidized 
into shorter diacids hahah(Kawamura and Ikushima, 1994; Kawamura and Kaplan, 1987; 
Kawamura et al., 1985). These unsaturated acids which are abundant in marine 
phytoplankton and terrestrial higher plant leaves are also emitted by anthropogenic sources 
such as meat cooking (Rogge, 1991; Rogge et al., 1998) and wood burning processes (Rogge 
et al., 1998). 

Warneck suggested that in the marine atmosphere clouds generate oxalic acid from glyoxal 
formed by oxidation of acetylene and glycolaldehyde formed by oxidation of ethane 
(Warneck, 2000). Note that along these processes glyoxylic acid (CHOCOOH) represents a 
key intermediate (see figure 3) whereas diacids other than oxalic acid are not produced. The 
formation of dicarboxylic acids in the continental atmosphere (Ervens et al., 2004a) involves 
production of glyoxal from toluene and of glycolaldehyde from isoprene as well as aqueous 
phase reactions of adipic and glutaric acids produced by oxidation of cyclohexene. Recently 
more literature has become available on the formation of oxalic acid that includes also the 
oxidation of methylglyoxal, an oxidation product of toluene and isoprene, via intermediate 
steps involving pyruvic and acetic acids (Lim et al., 2005). Since this diacid production 
pathway also forms oligomers, the knowledge of the sources of diacids is also of importance 
for the understanding of secondary organic aerosol formation. 

The relative contribution of primary and secondary sources of diacids in the atmosphere 
remains poorly understood. Even though it is agreed that they are likely to be mainly 
secondary in origin it is not known in which proportion their precursors come from 
anthropogenic and biogenic sources. 

 
Figure 2. Comparison of dicarboxylic acids distribution in urban/continental and remote marine based 
on the data collection on table  3 
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diamines such as 1,3-bis(aminomethyl)benzene, 1,4(bisaminomethyl)cyclohexane, and bis(4-
aminocyclohexyl)methane are also of commercial interest. Esters of adipic acid with mono- 
and bifunctional alcohols are used as lubricants. 

4. Dicarboxlic acids distributions in the atmosphere 
Numerous organic compounds significantly contribute to the aerosol load of the atmosphere 
and thus to the radiative forcing of climate. Among others the influence of organic aerosol 
on cloud droplet formation is a key point in evaluating effects of anthropogenic emissions 
on climate. In contrast to sulfate more uncertainties exist about organics and in particular for 
secondary organic aerosol species which are more oxygenated and hygroscopic than 
primary organic species (Saxena and Hildemann, 1996). Among oxygenated organic species, 
dicarboxylic acids are probably the best quantified species, though they represent a small 
fraction of the total organic mass (Kawamura and Ikushima, 1993). Glutaric and malonic 
acid the atmosphere have potential to increase the cloud condensation nuclei (CCN) 
activation of major inorganic aerosol such as ammonium sulfate (Cruz and Pandis, 1998). 
These findings suggest a potentially important role played by dicarboxylic acids on 
radiative forcing and stimulate their studies since the sources of diacids in the atmosphere 
remain poorly understood and quantified. 

Whatever the region; urban and continental, or remote marine (see Figure 1 which carried out 
from Table 3), oxalic acid (C2: HOOCCOOH) is always found to be the most abundant diacid 
followed by succinic (C4: HOOC(CH2)2COOH) and/or malonic (C3: HOOCCH2COOH) acid 
with concentrations of several hundreds of nanograms per cubic meter in urban and 
continental regions (Kawamura and Ikushima, 1993; Kawamura and Kaplan, 1987) to a few 
tens of nanograms per cubic meter in remote marine boundary layer (Kawamura and 
Sakagushi, 1999; Sempere and Kawamura, 2003). In Europe, the most continuous study of 
diacids was conducted over one year by Limbeck et al., (2005) at Vienna, Austria. Although 
available data on diacids are more sparse at midlatitudes in Europe, they tend to show that 
oxalic acid levels at nonurban or rural sites are not considerably different from those at urban 
sites (Limbeck and Puxbaum, 1999; Rohrl and Lammel, 2001). 

Motor exhausts have been proposed to be primary sources of oxalic, malonic, succinic, and 
glutaric (C5: HOOC(CH2)3COOH) acids (Grosjean et al., 1978; Kawamura and Kaplan, 1987). 
Some of these diacids are also emitted by wood burning, particularly malonic acid (pine 
wood) and succinic acid (oak wood) (Rogge et al., 1991; Rogge et al., 1993). Note that until 
now no direct source of malic (hydroxysuccinic: hC4: HOOCCH2CHOHCOOH) and tartaric 
(dihydroxysuccinic: dhC4: HOOC(CHOH)2COOH) acids has been identified. 

Glutaric, succinic, and adipic (C6: HOOC(CH2)4COOH) acids have been identified in 
laboratory studies (Hatakeyama et al., 1985) as secondary organic aerosol products of the 
reaction of O3 with cyclohexene, a symmetrical alkene molecule similar to monoterpenes 
emitted by the biosphere. Hatakeyama et al. (1985) also suggested that malonic and oxalic 
acids are also produced in the cyclohexene-ozone system. 
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Unsaturated fatty acids with a double bond at the C9 position like cis-9-octadecenoic (oleic) 
acid are oxidized into C9 diacid (azelaic acid) and other products hereafter mainly oxidized 
into shorter diacids hahah(Kawamura and Ikushima, 1994; Kawamura and Kaplan, 1987; 
Kawamura et al., 1985). These unsaturated acids which are abundant in marine 
phytoplankton and terrestrial higher plant leaves are also emitted by anthropogenic sources 
such as meat cooking (Rogge, 1991; Rogge et al., 1998) and wood burning processes (Rogge 
et al., 1998). 

Warneck suggested that in the marine atmosphere clouds generate oxalic acid from glyoxal 
formed by oxidation of acetylene and glycolaldehyde formed by oxidation of ethane 
(Warneck, 2000). Note that along these processes glyoxylic acid (CHOCOOH) represents a 
key intermediate (see figure 3) whereas diacids other than oxalic acid are not produced. The 
formation of dicarboxylic acids in the continental atmosphere (Ervens et al., 2004a) involves 
production of glyoxal from toluene and of glycolaldehyde from isoprene as well as aqueous 
phase reactions of adipic and glutaric acids produced by oxidation of cyclohexene. Recently 
more literature has become available on the formation of oxalic acid that includes also the 
oxidation of methylglyoxal, an oxidation product of toluene and isoprene, via intermediate 
steps involving pyruvic and acetic acids (Lim et al., 2005). Since this diacid production 
pathway also forms oligomers, the knowledge of the sources of diacids is also of importance 
for the understanding of secondary organic aerosol formation. 

The relative contribution of primary and secondary sources of diacids in the atmosphere 
remains poorly understood. Even though it is agreed that they are likely to be mainly 
secondary in origin it is not known in which proportion their precursors come from 
anthropogenic and biogenic sources. 

 
Figure 2. Comparison of dicarboxylic acids distribution in urban/continental and remote marine based 
on the data collection on table  3 
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References Location Oxalic Malonic Succinic Glutaric Adipic 
(Grosjean et al., 1978) New York 0 3.6 21.8 17.2 13.2 
(Grosjean et al., 1978) New York 0 3.9 24.9 23.2 11.6 
(Kawamura and Kaplan, 1987) West LA 6.38 1.58 1.96 0.6 2.22 
(Kawamura and Kaplan, 1987) West LA 2.12 0.4 0.66 0.22 0.94 
(Kawamura and Kaplan, 1987) West LA 8.13 0.72 2.34 0.66 3.31 
(Kawamura and Kaplan, 1987) West LA 8.65 1.45 2.37 0.74 0.49 
(Kawamura and Kaplan, 1987) Down Town LA 6.21 0.71 1.19 0.52 0.1 
(Kawamura and Kaplan, 1987) Down Town LA 6.6 0.76 1.84 0.52 0.2 
(Kawamura and Kaplan, 1987) Down Town LA 8.31 1.22 2.13 0.83 0.63 
(Sempere and Kawamura, 1994) Tokyo 29.65 6.69 13.18 3.72 6.66 
(Sempere and Kawamura, 1994) Tokyo 58.89 20.29 28.82 7.54 6.79 
(Sempere and Kawamura, 1994) Tokyo 330 141.3 161.1 4.15 2.91 
(Limbeck and Puxbaum, 1999) South Africa 193 142 58 8.8 7.9 
(Limbeck and Puxbaum, 1999) Sonblick Observatory 153 22 14 2.7 4.4 
(Limbeck and Puxbaum, 1999) Vienna 340 244 117 26 117 
(Kawamura and Watanabe, 2004) Tokyo 357 71.4 73.4 23.1 25.8 
(Kawamura and Watanabe, 2004) Tokyo 157 44 41 11 13 
(Kawamura and Watanabe, 2004) Tokyo 186 40.5 47.4 18.2 14.2 
(Rohrl and Lammel, 2001) Helsinki 0 0 30 0 0 
(Ho et al., 2006) Hong Kong (Road) 478 89.1 71.88 20 10.7 
(Ho et al., 2006) Hong Kong (Road) 268 47.6 33 6.95 12.7 
(Hsieh et al., 2007) Tainan,Taiwan 574 65.8 101 43 13.2 
(Hsieh et al., 2007) Tainan,Taiwan 432 34.2 87.9 10.3 8.8 
(Limbeck et al., 2005) Vienna, Austria 99.6 34 37 7.7 3.3 
(Limbeck et al., 2005) Vienna, Austria 66.2 38.6 30.8 6.6 3.2 
(Limbeck et al., 2005) Vienna, Austria 63.1 21.5 31.2 5.6 2.5 
(Limbeck et al., 2005) Mt Rax, Austria 34.5 9.1 16.4 2.3 0.8 
(Limbeck et al., 2005) Mt Rax, Austria 26.4 6.9 14.9 2.3 4.3 
(Limbeck et al., 2005) Mt Rax, Austria 32.6 16.4 22.4 3 1.7 
(Decesari et al., 2006) Rondonia, Brazil 194.7 73.1 123.5 23.5 14.5 
(Decesari et al., 2006) Rondonia, Brazil 793.3 56.8 210.2 32.1 12.6 
(Decesari et al., 2006) Rondonia, Brazil 937.9 128.5 423.9 34.7 21.2 
(Decesari et al., 2006) Rondonia, Brazil 1260 476.5 667.2 121.1 97.4 
(Wang et al., 2006) Hong Kong (Tunnel) 505 69.4 85.2 20.9 26.4 
(Wang et al., 2006) Hong Kong (Tunnel) 221 34.5 32.7 14.7 13.5 
(Wang et al., 2006) Hong Kong (Tunnel) 234 42 51.4 17.1 24.7 
(Wang et al., 2006) Hong Kong (Tunnel) 312 59.7 62.9 16.7 15.5 
(Wang et al., 2006) Hong Kong (Tunnel) 633 59.3 95.1 30.3 25.9 

(a) 
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References Location Oxalic Malonic Succinic Glutaric Adipic 
(Kawamura and Kaplan, 1987) Green House LA 1.31 0.3 0.29 0.04 0.1 
(Kawamura and Kaplan, 1987) Green House LA 2.83 0.14 0.86 0 0.22 
(Kawamura and Sakagushi, 1999) North Pacific 44.7 23.2 19.5 2.57 3.08 
(Kawamura and Sakagushi, 1999) North Pacific 8.73 2.18 2.16 0.61 1.26 
(Kawamura and Sakagushi, 1999) North Pacific 10.6 1.98 2.22 0.23 2.12 
(Kawamura and Sakagushi, 1999) North Pacific 28.6 12.8 13 1.84 1.34 
(Kawamura and Sakagushi, 1999) North Pacific 667 189 93 20.1 4.9 
(Kawamura and Sakagushi, 1999) North Pacific 190 38.6 16.7 10.2 2.76 
(Kawamura and Sakagushi, 1999) North Pacific 88.5 34.5 21.6 4.72 6.04 
(Kawamura and Sakagushi, 1999) North Pacific 24.9 5.66 10.1 1.87 1.67 
(Kawamura and Sakagushi, 1999) North Pacific 10 2.12 1.52 0.32 0.43 
(Kawamura and Sakagushi, 1999) North Pacific 18.3 3.45 4.02 0.62 0.46 
(Kawamura and Sakagushi, 1999) North Pacific 25.5 5.93 2.99 0.65 0.4 
Kawamura (1996) Antarctic 1.59 0.13 0.63 0.31 0.49 
Kawamura (1996) Antarctic 3.12 0.38 5.77 0.58 0.85 
Kawamura (1996) Antarctic 3.26 0.52 1.18 0.34 0.33 
Kawamura (1996) Antarctic 10.29 2.69 61.53 2.26 1.81 
Narukawa(1999) Indonesia 2200 800.3 1090 310 350 
Narukawa(1999) Indonesia 225 18.4 123 30 40 
Khwaja (1994) semi urban site NY 308 84 55 12 89 
Khwaja (1994) semi urban site NY 245 92 106 16.3 101 
Khwaja (1994) semi urban site NY 118 165 107 15 40 
Khwaja (1994) semi urban site NY 58 81 129 20 21 
Khwaja (1994) semi urban site NY 298 96 90 23 31 
Khwaja (1994) semi urban site NY 1 43 0.5 39 20 
Khwaja (1994) semi urban site NY 360 88 167 46 50 
Sempere (2003) Western Pacific 428.5 78.6 33.4 7.6 7.2 
Rohrl (2002) rural(I) 0 0 14 0 0 
Rohrl (2002) rural(II) 0 0 8.8 0 0 
Rohrl (2002) rural(III) 0 0 18 0 0 
(Kawamura et al., 2007) Canadian arctic 9.89 2.74 2.16 0.54 0.51 
(Kawamura et al., 2007) Canadian arctic 8.3 2.87 1.44 0.37 0.26 
(Kawamura et al., 2007) Canadian arctic 5.26 1.67 1.08 0.22 0.27 
(Narukawa et al., 2002) Arctic,Alert 23.5 5.03 3.21 1.21 0.54 
(Narukawa et al., 2002) Arctic,Alert 40.09 11.6 15.67 2.16 0.55 
(Mochida et al., 2007) North Pacific,ACE 600 110 52 8.9 2 

(b)

Table 3. Summary of aerosol dicarboxylate concentration (ng m-3) in urban/continental (a) remote 
marine (b) locations 
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(b)

Table 3. Summary of aerosol dicarboxylate concentration (ng m-3) in urban/continental (a) remote 
marine (b) locations 
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Figure 3. Multiphase organic chemistry producing C2–C5 diacids from key biogenic and anthropogenic 
precursors. The box refers to the aqueous phase. The figure is mainly adapted from (Ervens et al., 
2004b) with modifications to account for the reaction pathway methylglyoxal/pyruvic acid/acetic 
acid/glyoxylic acid suggested by (Lim et al., 2005). In addition to cyclohexene used by (Ervens et al., 
2004b)as a model compound for symmetrical alkenes, following (Legrand et al., 2007) we also report the 
oleic acid degradation into azelaic, C4 and C5 diacids. 
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1. Introduction 
Atmospheric aerosol has significant influences on human health (Kaiser, 2005), visibility 
degradation (Cheng et al., 2011), and climate change (Satheesh and Moorthy, 2005). It was 
found that organic aerosols (OA) was the most abundant component of atmospheric aerosol 
(He et al., 2001) and more than 50% of the total OA are secondary organic aerosols (SOA) 
(Duan et al., 2005). SOA are produced from the oxidation of volatile organic compounds 
(VOCs) followed by gas-particle partitioning of the semivolatile organic products. Among 
the various VOCs, aromatic hydrocarbons are one type of SOA precursors which have 
drawn the most attention due to their abundance in the air and high SOA contribution to 
urban atmospheres (Lewandowski et al., 2008). Toluene and m-xylene are the two of the 
most abundant aromatic hydrocarbon species. 

The detailed mechanism and controlling factors of SOA formation are not fully understood 
yet, which leads to the lower SOA level prediction from air quality models than the ambient 
measurements (Volkamer et al., 2006). Using smog chamber, SOA formation process can be 
investigated under controlled experimental conditions. Series of smog experiments have 
been conducted by different research groups to investigate the effects of background seed 
aerosols on SOA formation (Cao and Jang, 2007, Czoschke et al., 2003, Gao et al., 2004, Jang 
et al., 2002, Liggio and Li, 2008). Increased SOA formation and SOA yields were observed 
with the presence of acid seed aerosols. The effects of acidic seeds suggest that aerosol phase 
reactions may play an important role on SOA formation (Jang et al., 2002). Interactions 
between the organic and inorganic components of aerosols are important for further 
understanding the SOA formation process. Most research concludes that acid-catalyzed 
aerosol-phase reactions generate additional aerosol mass due to the production of 
oligomeric products with large molecular weight and extremely low volatility (Cao and 
Jang, 2007, Czoschke et al., 2003, Gao et al., 2004) and, therefore, enhance SOA formation. 
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Uptake of semivolatile organic products to acidic sulfate aerosols was also found 
contributing to enhance SOA formation (Liggio and Li, 2008). In these studies, (NH4)2SO4 or 
H2SO4 seed aerosols were widely used to study the effect of particle acidity on SOA 
formation from both biogenic and aromatic hydrocarbons. 

Atmospheric aerosols always have a very complex composition. Studying the effects of 
(NH4)2SO4 or H2SO4 seed aerosols did not draw the whole picture of the role that inorganic 
seed aerosols play in SOA formation. Metal-containing aerosols are important components 
of the atmosphere. Calcium and iron are the most abundant metal species in atmospheric 
aerosols and the average concentration of them in Beijing could be as high as about 1.2 μg 
m-3 and 1.1 μg/m3 in PM2.5 (He et al., 2001) respectively. In this study, we tested the effect of 
different inorganic seeds on SOA formation using a smog chamber. Two aromatic 
hydrocarbon precursors toluene and m-xylene are used. Effects of various inorganic seeds, 
including neutral inorganic seed CaSO4, acidic seed (NH4)2SO4, transition metal contained 
inorganic seeds FeSO4 and Fe2(SO4)3, and a mixture of (NH4)2SO4 and FeSO4, were examined 
during m-xylene or toluene photooxidation with the presence of nitrogen oxides (NOx). 

2. Experimental section 
The experiments were carried out in a smog chamber which was described in detail in Wu 
et al. (Wu et al., 2007). The 2 m3 cuboid reactor, with a surface-to-volume ratio of 5 m-1, was 
constructed with 50 μm-thick FEP-Teflon film (Toray Industries, Inc. Japan). The reactor was 
located in a temperature controlled room (Escpec SEWT-Z-120), with a constant temperature 
between 10 and 60 °C (± 0.5 °C). The reactor was irradiated by 40 black lights  
(GE F40T12/BLB, peak intensity at 365 nm). Based on the equilibrium concentrations of NO, 
NO2 and O3 in a photo-irradiation experiment of an NO2/air mixture, the NO2 photolysis 
rate was calculated at approximately 0.21 min-1, using a method described by Takekawa  
et al. (2000, 2003).  

Prior to each experiment, the chamber was flushed for about 40 h with purified air at a flow 
rate of 15 L/min. In the first 20 hours, the chamber was exposed to UV light at 34 °C. In the 
last several hours of the flush, humid air was introduced to obtain the target relative 
humidity (RH). 

Seed aerosols were generated by atomizing salt solutions using a constant output atomizer 
(TSI Model 3076). To avoid hydrolysis and precipitation in the Fe2(SO4)3 salt solution, as 
little sulfuric acid as possible was added to the solution. What’s more, for generating 
internally mixed seed aerosols, a mixed solution of FeSO4 and (NH4)2SO4, in which the 
concentration ratio of FeSO4 to (NH4)2SO4 is 1:5, was used. The generated aerosols were 
passed through a diffusion dryer (TSI Model 3062) to remove water and a neutralizer (TSI 
Model 3077) to bring the aerosols to an equilibrium charge distribution. The hydrocarbon, 
NO and NO2 were carried by purified dry air into the chamber. The concentrations were 
continuously monitored at a measurement point in the reactor until they were stable, 
ensuring the components in the reactor were well mixed. The experiment was then 
conducted for 6 hours with the black lights on. 
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A gas chromatograph (GC, Beifen SP-3420) equipped with a DB-5 column (30 m×0.53 
mm×1.5 mm, Dikma) and flame ionization detector (FID) measured the concentration of the 
hydrocarbon every 15 min. NOx and O3 were monitored with an interval of 1 min by a NOx 
analyzer (Thermo Environmental Instruments, Model 42C) and an O3 analyzer (Thermo 
Environmental Instruments, Model 49C), respectively. Size distribution of particle matter 
(PM) was measured by a scanning mobility particle sizer (SMPS, TSI 3936) in the range of 
17-1000 nm with a 6-min cycle. The volume concentration of aerosols was estimated from 
the measured size distribution by assuming the particles were geometrically spherical and 
nonporous. 

3. Results and discussion 

3.1. Estimating the generated SOA mass (Mo) 

Due to deposition of particles on the Teflon film, the measured aerosol concentration had to 
be corrected. Takekawa et al. (2003) developed a particle size-dependent correction method, 
in which the aerosol deposition rate constant (k(dp), h-1) is a four-parameter function of 
particle diameter (dp, nm), as shown in equation (1): 

 b d
p p pk(d ) = a d +c d   (1) 

The resulting k(dp) values for different dp (40-700 nm) were determined by monitoring the 
particle number decay under dark conditions at low initial concentrations (<1000 particles 
cm-3) to avoid serious coagulation. Based on more than 500 sets of k(dp) values (dp ranges 
from 40 to 700 nm), the optimized values of parameter a, b, c, and d were calculated to be 
6.46×10-7, 1.78, 13.2, and -0.957, respectively. It should be noted that the estimation of 
deposited aerosol concentrations using this method might introduce some error 
(Takekawa et al., 2003) because some scatter was recognized when fitting k(dp) values into 
equation (1). To reduce error due to wall deposition, SOA yields were calculated when the 
measured particle concentration reached its maximum in the experiments because 
deposited aerosols were a greater proportion of the aerosol concentration change in the 
reactor after that time.  

Several researchers have measured SOA density, providing an estimated range of  
0.6-1.5 g cm-3 (Bahreini et al., 2005, Poulain et al., 2010, Qi et al., 2010, Song et al., 2007, Yu et al., 
2008). In our study, we used a unit density (1.0 g cm-3) to calculate SOA mass concentrations. 
This follows the approach used in Takekawa et al. (2003) and Verheggen et al. (2007). 

3.2. Calculation of SOA yields 

The fractional SOA yield (Y), defined as the ratio of the generated organic aerosol 
concentration (Mo) to the reacted hydrocarbon concentration (ΔHC), was used to represent 
the aerosol formation potential of the hydrocarbon (Pandis et al., 1992). Odum et al. (1996) 
developed a gas/particle absorptive partitioning model to describe the phenomenon that Y 
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internally mixed seed aerosols, a mixed solution of FeSO4 and (NH4)2SO4, in which the 
concentration ratio of FeSO4 to (NH4)2SO4 is 1:5, was used. The generated aerosols were 
passed through a diffusion dryer (TSI Model 3062) to remove water and a neutralizer (TSI 
Model 3077) to bring the aerosols to an equilibrium charge distribution. The hydrocarbon, 
NO and NO2 were carried by purified dry air into the chamber. The concentrations were 
continuously monitored at a measurement point in the reactor until they were stable, 
ensuring the components in the reactor were well mixed. The experiment was then 
conducted for 6 hours with the black lights on. 
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A gas chromatograph (GC, Beifen SP-3420) equipped with a DB-5 column (30 m×0.53 
mm×1.5 mm, Dikma) and flame ionization detector (FID) measured the concentration of the 
hydrocarbon every 15 min. NOx and O3 were monitored with an interval of 1 min by a NOx 
analyzer (Thermo Environmental Instruments, Model 42C) and an O3 analyzer (Thermo 
Environmental Instruments, Model 49C), respectively. Size distribution of particle matter 
(PM) was measured by a scanning mobility particle sizer (SMPS, TSI 3936) in the range of 
17-1000 nm with a 6-min cycle. The volume concentration of aerosols was estimated from 
the measured size distribution by assuming the particles were geometrically spherical and 
nonporous. 

3. Results and discussion 

3.1. Estimating the generated SOA mass (Mo) 

Due to deposition of particles on the Teflon film, the measured aerosol concentration had to 
be corrected. Takekawa et al. (2003) developed a particle size-dependent correction method, 
in which the aerosol deposition rate constant (k(dp), h-1) is a four-parameter function of 
particle diameter (dp, nm), as shown in equation (1): 

 b d
p p pk(d ) = a d +c d   (1) 

The resulting k(dp) values for different dp (40-700 nm) were determined by monitoring the 
particle number decay under dark conditions at low initial concentrations (<1000 particles 
cm-3) to avoid serious coagulation. Based on more than 500 sets of k(dp) values (dp ranges 
from 40 to 700 nm), the optimized values of parameter a, b, c, and d were calculated to be 
6.46×10-7, 1.78, 13.2, and -0.957, respectively. It should be noted that the estimation of 
deposited aerosol concentrations using this method might introduce some error 
(Takekawa et al., 2003) because some scatter was recognized when fitting k(dp) values into 
equation (1). To reduce error due to wall deposition, SOA yields were calculated when the 
measured particle concentration reached its maximum in the experiments because 
deposited aerosols were a greater proportion of the aerosol concentration change in the 
reactor after that time.  

Several researchers have measured SOA density, providing an estimated range of  
0.6-1.5 g cm-3 (Bahreini et al., 2005, Poulain et al., 2010, Qi et al., 2010, Song et al., 2007, Yu et al., 
2008). In our study, we used a unit density (1.0 g cm-3) to calculate SOA mass concentrations. 
This follows the approach used in Takekawa et al. (2003) and Verheggen et al. (2007). 

3.2. Calculation of SOA yields 

The fractional SOA yield (Y), defined as the ratio of the generated organic aerosol 
concentration (Mo) to the reacted hydrocarbon concentration (ΔHC), was used to represent 
the aerosol formation potential of the hydrocarbon (Pandis et al., 1992). Odum et al. (1996) 
developed a gas/particle absorptive partitioning model to describe the phenomenon that Y 
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largely depends on the amount of organic aerosol mass present. Equation (2) illustrates the 
relationship between SOA yield and organic aerosol mass concentration: 
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In equation (2), i presents the serial number of the hydrocarbon reaction products, Ai, αi and 
Kom,i (m3 μg-1) are the aerosol mass concentration, the stoichiometric coefficient based on 
mass and the normalized partitioning constant for product i respectively. If we assume that 
all semi-volatile products can be classified into one or two groups, equation (2) can be 
simplified to a one-product model (i.e., i=1) or two-product model (i.e., i=2). Parameters (α 
and Kom) can be obtained by fitting the experimental SOA yield data with a least square 
method. Since numerous compounds are actually produced by the reaction of a 
hydrocarbon, parameters obtained by the simplified model only represent the overall 
properties of all products (Odum et al., 1996). A one-product model was proved sufficiently 
accurate to describe the relationship between aerosol yield and mass (Henry et al., 2008, 
Takekawa et al., 2003, Verheggen et al., 2007). Therefore, we used a one-product model for 
our experimental SOA yield data to quantify of the effects of inorganic seed aerosols on 
SOA formation. 

3.3. Effects of CaSO4 and (NH4)2SO4 seed aerosols on SOA formation 

To investigate the effects of neutral and acid aerosols on SOA formation in m-xylene 
photooxidation, CaSO4 and (NH4)2SO4 were selected as surrogates. Experimental conditions 
were listed in Table 1. Six seed-free experiments (Xyl-N1~6), three CaSO4-introduced 
experiments (Xyl-CS1~3) and nine (NH4)2SO4-introduced experiments (Xyl-AS1~9) were 
carried out. Among these experiments, some experiments have identical initial conditions 
except for the seed aerosols (i.e. experiments Xyl-N5, Xyl-CS2, Xyl-AS2, Xyl-AS3, Xyl-AS9). 
Comparing the temporal variation of NO and O3 during these experiments with similar 
initial conditions (Figure 1), the results indicate that CaSO4 and (NH4)2SO4 seed aerosols 
have no significant effect on gas-phase reactions. This result is consistent with the findings 
of Kroll et al. (2007) and Cao and Jang (2007) that (NH4)2SO4 and (NH4)2SO4/H2SO4 seed 
aerosols had a negligible effect on hydrocarbon oxidation. 

Similarly, by comparing the temporal variation particle concentrations (Figure 2) during the 
experiments with identical initial conditions except for the seed aerosols, the effects of 
CaSO4 and (NH4)2SO4 seed aerosols on SOA formation were identified. In Figure 2, PMcorrected 
was calculated from the measured PM concentrations plus wall deposit loss, and PM0 was 
the seed aerosol concentration. The results indicate that the presence of neutral aerosols 
CaSO4 (16-73μg m-3) in the m-xylene/NOx photooxidation system have no significant effect 
on SOA formation. Experiments with the presence of acid aerosols (NH4)2SO4 have different 
particle profiles according to the concentrations of the introduced (NH4)2SO4 seed aerosol. In 
Figure 2, experiment Xyl-AS2 has similar particle profile with the seed-free experiment Xyl-
N5, indicating that (NH4)2SO4 seed aerosols have little effect on SOA formation when the 
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initial concentration is low. However, when with high concentration of (NH4)2SO4 seed 
aerosol introduced, SOA formation was enhanced (i.e. experiments Xyl-AS3 and Xyl-AS9) 
comparing with the seed-free experiment Xyl-N5. Comparing experiments Xyl-AS3 and Xyl-
AS9, higher concentration of (NH4)2SO4 seed aerosol resulted in higher SOA concentration. 
Therefore, the effects of (NH4)2SO4 seed aerosol on SOA formation depend on its 
concentration. 

 
Experiment 

no. 
HC0

(ppm) 
PM0

(μm3 cm-3)
PM0,S 

(cm2 m-3)
NO0

(ppb) 
NOx,0

(ppb) 
HC0/ 
NOx,0 

Mo
(μg m-3)

ΔHC 
(ppm) 

Y 
(%) 

Xyl-N1 0.92 0 - 72 148 6.2 66 0.27 5.6 
Xyl-N2 1.26 0 - 102 209 6.0 92 0.32 6.7 
Xyl-N3 1.74 0 - 137 276 6.3 122 0.39 7.3 
Xyl-N4 1.68 0 - 132 272 6.2 125 0.39 7.5 
Xyl-N5 2.00 0 - 161 333 6.0 148 0.45 7.6 
Xyl-N6 2.51 0 - 182 381 6.6 191 0.54 8.3 
Xyl-CS1 1.17 16 - 86 174 6.7 67 0.29 5.4 
Xyl-CS2 2.03 43 - 167 343 5.9 148 0.46 7.6 
Xyl-CS3 2.90 73 - 232 471 6.2 201 0.59 8.0 
Xyl-AS1 2.85 11 3.5 208 420 6.8 208 0.57 8.6 
Xyl-AS2 2.06 23 6.7 166 337 6.1 150 0.45 7.7 
Xyl-AS3 2.15 47 11.0 162 326 6.6 169 0.45 8.8 
Xyl-AS4 0.92 43 13.2 70 137 6.7 93 0.27 8.1 
Xyl-AS5 1.73 45 12.8 132 272 6.4 165 0.40 9.7 
Xyl-AS6 2.41 55 13.0 178 365 6.6 232 0.53 10.3 
Xyl-AS7 0.92 63 16.7 70 143 6.4 110 0.26 10.1 
Xyl-AS8 1.56 69 17.1 132 269 5.8 173 0.35 11.5 
Xyl-AS9 2.07 74 17.1 166 348 6.0 249 0.47 12.3 

Table 1. Initial experiment conditions and results for experiments with/without CaSO4 or (NH4)2SO4 : 
initial m–xylene concentration (HC0), initial seed aerosol mass concentration (PM0), initial seed aerosol 
surface concentration (PM0,S), initial NOx concentrations (NO0 and NOx,0-NO0), ratio of HC0/NOx,0, 
generated SOA mass (Mo), reacted hydrocarbon (ΔHC) , and SOA yield (Y) 

Further analysis found that the effects of (NH4)2SO4 seed aerosol on SOA yield were 
positively correlated with the surface concentration of (NH4)2SO4 seed aerosols. To draw the 
SOA yield curves shown in Figure 3, the experiments were classified into different groups 
(experiment Xyl-AS3 was not classified into any group since the surface concentration of 
(NH4)2SO4 seed aerosols in this experiment was different from others) by the surface 
concentration of (NH4)2SO4 seed aerosols. The regression lines for each group (there was no 
regression line for experiments XylCS1~2 and Xyl-AS1~3 since they had similar SOA yield 
with the seed-free experiments) were produced by fitting the data of generated SOA mass 
(Mo) and SOA yield (Y) into a one-product partition model. As indicated in Figure 3, 
experiments with higher surface concentration of (NH4)2SO4 seed aerosols had higher yield 
curves. As proposed by most research, acid-catalyzed aerosol-phase reactions (Cao and 
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largely depends on the amount of organic aerosol mass present. Equation (2) illustrates the 
relationship between SOA yield and organic aerosol mass concentration: 
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In equation (2), i presents the serial number of the hydrocarbon reaction products, Ai, αi and 
Kom,i (m3 μg-1) are the aerosol mass concentration, the stoichiometric coefficient based on 
mass and the normalized partitioning constant for product i respectively. If we assume that 
all semi-volatile products can be classified into one or two groups, equation (2) can be 
simplified to a one-product model (i.e., i=1) or two-product model (i.e., i=2). Parameters (α 
and Kom) can be obtained by fitting the experimental SOA yield data with a least square 
method. Since numerous compounds are actually produced by the reaction of a 
hydrocarbon, parameters obtained by the simplified model only represent the overall 
properties of all products (Odum et al., 1996). A one-product model was proved sufficiently 
accurate to describe the relationship between aerosol yield and mass (Henry et al., 2008, 
Takekawa et al., 2003, Verheggen et al., 2007). Therefore, we used a one-product model for 
our experimental SOA yield data to quantify of the effects of inorganic seed aerosols on 
SOA formation. 

3.3. Effects of CaSO4 and (NH4)2SO4 seed aerosols on SOA formation 

To investigate the effects of neutral and acid aerosols on SOA formation in m-xylene 
photooxidation, CaSO4 and (NH4)2SO4 were selected as surrogates. Experimental conditions 
were listed in Table 1. Six seed-free experiments (Xyl-N1~6), three CaSO4-introduced 
experiments (Xyl-CS1~3) and nine (NH4)2SO4-introduced experiments (Xyl-AS1~9) were 
carried out. Among these experiments, some experiments have identical initial conditions 
except for the seed aerosols (i.e. experiments Xyl-N5, Xyl-CS2, Xyl-AS2, Xyl-AS3, Xyl-AS9). 
Comparing the temporal variation of NO and O3 during these experiments with similar 
initial conditions (Figure 1), the results indicate that CaSO4 and (NH4)2SO4 seed aerosols 
have no significant effect on gas-phase reactions. This result is consistent with the findings 
of Kroll et al. (2007) and Cao and Jang (2007) that (NH4)2SO4 and (NH4)2SO4/H2SO4 seed 
aerosols had a negligible effect on hydrocarbon oxidation. 

Similarly, by comparing the temporal variation particle concentrations (Figure 2) during the 
experiments with identical initial conditions except for the seed aerosols, the effects of 
CaSO4 and (NH4)2SO4 seed aerosols on SOA formation were identified. In Figure 2, PMcorrected 
was calculated from the measured PM concentrations plus wall deposit loss, and PM0 was 
the seed aerosol concentration. The results indicate that the presence of neutral aerosols 
CaSO4 (16-73μg m-3) in the m-xylene/NOx photooxidation system have no significant effect 
on SOA formation. Experiments with the presence of acid aerosols (NH4)2SO4 have different 
particle profiles according to the concentrations of the introduced (NH4)2SO4 seed aerosol. In 
Figure 2, experiment Xyl-AS2 has similar particle profile with the seed-free experiment Xyl-
N5, indicating that (NH4)2SO4 seed aerosols have little effect on SOA formation when the 
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initial concentration is low. However, when with high concentration of (NH4)2SO4 seed 
aerosol introduced, SOA formation was enhanced (i.e. experiments Xyl-AS3 and Xyl-AS9) 
comparing with the seed-free experiment Xyl-N5. Comparing experiments Xyl-AS3 and Xyl-
AS9, higher concentration of (NH4)2SO4 seed aerosol resulted in higher SOA concentration. 
Therefore, the effects of (NH4)2SO4 seed aerosol on SOA formation depend on its 
concentration. 

 
Experiment 

no. 
HC0

(ppm) 
PM0

(μm3 cm-3)
PM0,S 

(cm2 m-3)
NO0

(ppb) 
NOx,0

(ppb) 
HC0/ 
NOx,0 

Mo
(μg m-3)

ΔHC 
(ppm) 

Y 
(%) 

Xyl-N1 0.92 0 - 72 148 6.2 66 0.27 5.6 
Xyl-N2 1.26 0 - 102 209 6.0 92 0.32 6.7 
Xyl-N3 1.74 0 - 137 276 6.3 122 0.39 7.3 
Xyl-N4 1.68 0 - 132 272 6.2 125 0.39 7.5 
Xyl-N5 2.00 0 - 161 333 6.0 148 0.45 7.6 
Xyl-N6 2.51 0 - 182 381 6.6 191 0.54 8.3 
Xyl-CS1 1.17 16 - 86 174 6.7 67 0.29 5.4 
Xyl-CS2 2.03 43 - 167 343 5.9 148 0.46 7.6 
Xyl-CS3 2.90 73 - 232 471 6.2 201 0.59 8.0 
Xyl-AS1 2.85 11 3.5 208 420 6.8 208 0.57 8.6 
Xyl-AS2 2.06 23 6.7 166 337 6.1 150 0.45 7.7 
Xyl-AS3 2.15 47 11.0 162 326 6.6 169 0.45 8.8 
Xyl-AS4 0.92 43 13.2 70 137 6.7 93 0.27 8.1 
Xyl-AS5 1.73 45 12.8 132 272 6.4 165 0.40 9.7 
Xyl-AS6 2.41 55 13.0 178 365 6.6 232 0.53 10.3 
Xyl-AS7 0.92 63 16.7 70 143 6.4 110 0.26 10.1 
Xyl-AS8 1.56 69 17.1 132 269 5.8 173 0.35 11.5 
Xyl-AS9 2.07 74 17.1 166 348 6.0 249 0.47 12.3 

Table 1. Initial experiment conditions and results for experiments with/without CaSO4 or (NH4)2SO4 : 
initial m–xylene concentration (HC0), initial seed aerosol mass concentration (PM0), initial seed aerosol 
surface concentration (PM0,S), initial NOx concentrations (NO0 and NOx,0-NO0), ratio of HC0/NOx,0, 
generated SOA mass (Mo), reacted hydrocarbon (ΔHC) , and SOA yield (Y) 

Further analysis found that the effects of (NH4)2SO4 seed aerosol on SOA yield were 
positively correlated with the surface concentration of (NH4)2SO4 seed aerosols. To draw the 
SOA yield curves shown in Figure 3, the experiments were classified into different groups 
(experiment Xyl-AS3 was not classified into any group since the surface concentration of 
(NH4)2SO4 seed aerosols in this experiment was different from others) by the surface 
concentration of (NH4)2SO4 seed aerosols. The regression lines for each group (there was no 
regression line for experiments XylCS1~2 and Xyl-AS1~3 since they had similar SOA yield 
with the seed-free experiments) were produced by fitting the data of generated SOA mass 
(Mo) and SOA yield (Y) into a one-product partition model. As indicated in Figure 3, 
experiments with higher surface concentration of (NH4)2SO4 seed aerosols had higher yield 
curves. As proposed by most research, acid-catalyzed aerosol-phase reactions (Cao and 
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Jang, 2007, Czoschke et al., 2003, Gao et al., 2004) and uptake of semivolatile organic 
products to acidic sulfate aerosols enhance SOA formation (Liggio and Li, 2008). The 
observed SOA formation enhancement could be related to the acid catalytic effect of 
(NH4)2SO4 seeds on particle-phase surface heterogeneous reactions and the surface uptake of 
semivolatile organic products.  

 
 
 

 

 
Figure 1. Temporal evolutions of O3 (a) and NOx-NO (b) concentration in experiments with/without 
CaSO4 and (NH4)2SO4 seed aerosols 
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Figure 2. Temporal evolutions of generated particle concentration in experiments with/without CaSO4 
and (NH4)2SO4 seed aerosols 

 
Figure 3. SOA yields (Y) from photooxidation of m-xylene versus organic aerosol mass (Mo) for 
experiments with/without CaSO4 and (NH4)2SO4 seed aerosols 

3.4. Effects of Fe2(SO4)3 and FeSO4 seed aerosols on SOA formation 

A seed-free experiment and three experiments with Fe2(SO4)3 seed aerosols were carried out 
to investigate Fe2(SO4)3 seed aerosols on phooxidation of toluene/NOx. The four experiments 
had identical initial conditions except for the concentrations of the introduced Fe2(SO4)3 seed 
aerosol. Fe2(SO4)3 seed aerosols did not have obvious effects on SOA formation as shown in 
the temporal variation of PMcorrected–PM0 concentrations in Figure 4. Fe2(SO4)3 seed aerosols 
had no obvious effect on gas phase compounds in toluene/NOx photooxidation either. A 
minimal amount of acid was added to the solution to generate Fe2(SO4)3 seed aerosols. The 
introduced H+ concentration was in the range of 0.0002-0.002 μg m-3 in the Fe2(SO4)3-
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Jang, 2007, Czoschke et al., 2003, Gao et al., 2004) and uptake of semivolatile organic 
products to acidic sulfate aerosols enhance SOA formation (Liggio and Li, 2008). The 
observed SOA formation enhancement could be related to the acid catalytic effect of 
(NH4)2SO4 seeds on particle-phase surface heterogeneous reactions and the surface uptake of 
semivolatile organic products.  
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Figure 2. Temporal evolutions of generated particle concentration in experiments with/without CaSO4 
and (NH4)2SO4 seed aerosols 

 
Figure 3. SOA yields (Y) from photooxidation of m-xylene versus organic aerosol mass (Mo) for 
experiments with/without CaSO4 and (NH4)2SO4 seed aerosols 

3.4. Effects of Fe2(SO4)3 and FeSO4 seed aerosols on SOA formation 

A seed-free experiment and three experiments with Fe2(SO4)3 seed aerosols were carried out 
to investigate Fe2(SO4)3 seed aerosols on phooxidation of toluene/NOx. The four experiments 
had identical initial conditions except for the concentrations of the introduced Fe2(SO4)3 seed 
aerosol. Fe2(SO4)3 seed aerosols did not have obvious effects on SOA formation as shown in 
the temporal variation of PMcorrected–PM0 concentrations in Figure 4. Fe2(SO4)3 seed aerosols 
had no obvious effect on gas phase compounds in toluene/NOx photooxidation either. A 
minimal amount of acid was added to the solution to generate Fe2(SO4)3 seed aerosols. The 
introduced H+ concentration was in the range of 0.0002-0.002 μg m-3 in the Fe2(SO4)3-
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introduced experiments. This is much lower than the H+ concentration in the “non-acid” 
experiment by Cao and Jang (2007). Therefore, we presume the effect of the introduced 
sulfuric acid was negligible and Fe2(SO4)3 seed aerosols did not have obvious effects on SOA 
formation in phooxidation of toluene/NOx. 

 
Figure 4. Variations of generated SOA mass as a function of time from toluene/NOx photooxidation 
with different concentrations of Fe2(SO4)3 seed aerosols 

We also conducted 18 irradiated toluene/NOx experiments with/without FeSO4 seed 
aerosols. The conditions, generated SOA mass (Mo), and SOA yield (Y) are shown in Table 2. 
FeSO4 seed aerosols had no obvious effect on gas phase compounds either, but significantly 
suppressed SOA formation. Figure 5 compares the temporal variation of particle 
concentrations during the 4.2 ppm toluene experiments (Exierments Tol-N3, Tol-FS1, Tol-
FS3, Tol-FS8 and Tol-FS12) conducted under identical initial conditions except seed aerosol 
concentrations. Experiments with the presence of FeSO4 seed aerosol generated less SOA 
than the seed-free experiment. And experiment with a higher FeSO4 seed aerosol 
concentration generated less SOA than experiment with a lower FeSO4 concentration. So the 
inhibited effect of FeSO4 aerosols on SOA yield became stronger at higher concentrations of 
FeSO4 seed aerosols. At other toluene/NOx photooxidation concentrations, we also found 
similar temporal variation of particle concentrations. However, as indicated in Table 2 and 
Figure 5, SOA yields of experiments Tol-FS1 and Tol-FS3 are similar to corresponding seed-
free experiments of Tol-N3. These two seed-introduced experiments (as well as Tol-FS2) 
were conducted at the lowest ratio of FeSO4 seed aerosol mass concentration to initial 
toluene mass concentration (FeSO4/toluene) and did not show obvious effect on SOA 
formation comparing to their corresponding seed-free experiments. In these three 
experiments, the mass ratios of FeSO4/toluene (assuming particle density to be 1.898 g cm-3, 
density of FeSO4·7H2O, because of the lack of the information the amount of hydrate water) 
were calculated to be lower than 4.2×10-4. It is possible that most of the ferrous iron was 
oxidized before significant SOA mass were generated since few FeSO4 seed aerosols were 
introduced and high concentrations of oxidizing substances were generated during the 
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toluene/NOx photooxidation. Besides these three experiments with lowest FeSO4/toluene 
mass ratio, FeSO4 seed aerosols suppressed SOA formation relative to the corresponding 
seed-free experiments. And in our experiments, the suppress ratio could be as high as 60%, 
as calculated from Table 2. 

 

Experiment 
No. 

HC0

ppm
PM0

μm3 cm-3

NO0

ppb
NOx,0-NO0

ppb PM0/ HC0 HC0/NOx,0

ppm ppm-1 
Mo 
μg m-3 

ΔHC 
ppm 

Y 
% 

Tol-N1 1.10 0 50 51 0 11.0 26 0.20 3.8 
Tol-FS4 1.08 1 51 50 5.1×10-4 10.7 17 0.22 2.3 
Tol-FS10 1.07 4 55 47 1.7×10-3 10.6 14 0.20 2.2 
Tol-FS14 1.09 10 48 49 4.4×10-3 11.1 8 0.19 1.7 
Tol-N2 3.30 0 165 160 0 10.2 90 0.48 5.0 
Tol-FS5 3.21 4 160 162 6.1×10-4 10.0 74 0.51 3.9 
Tol-FS7 3.31 6 154 162 8.4×10-4 10.5 72 0.56 3.5 
Tol-FS9 3.19 11 164 157 1.5×10-3 9.9 59 0.47 3.3 
Tol-FS11 3.28 21 158 165 3.0×10-3 10.2 36 0.51 1.9 
Tol-N3 4.12 0 217 210 0 9.7 123 0.57 5.8 
Tol-FS1 4.23 1 208 207 1.4×10-4 10.2 105 0.57 5.0 
Tol-FS3 4.25 4 208 213 4.2×10-4 10.1 115 0.60 5.2 
Tol-FS8 4.25 10 216 209 1.1×10-3 10.0 81 0.55 4.0 
Tol-FS12 4.23 27 213 210 3.0×10-3 10.0 47 0.61 2.1 
Tol-N4 6.10 0 287 293 0 10.5 189 0.96 6.3 
Tol-FS2 6.05 5 295 306 3.5×10-4 10.1 170 0.81 6.5 
Tol-FS6 6.09 10 299 306 7.6×10-4 10.1 140 0.88 4.8 
Tol-FS13 6.03 41 296 310 3.2×10-3 10.0 64 0.82 2.7 

Table 2. Experimental conditions and results in toluene photooxidation: initial toluene concentration (HC0), 
initial FeSO4 seed aerosol concentration (PM0), initial NOx concentrations (NO0 and NOx,0-NO0), ratio of PM0/ 
HC0, ratio of HC0/NOx,0, generated SOA mass (Mo), reacted hydrocarbon (ΔHC) , and SOA yield (Y) 

 
Figure 5. Temporal evolutions of SOA generation from toluene/NOx photooxidation with different 
concentrations of FeSO4 seed aerosols 
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introduced experiments. This is much lower than the H+ concentration in the “non-acid” 
experiment by Cao and Jang (2007). Therefore, we presume the effect of the introduced 
sulfuric acid was negligible and Fe2(SO4)3 seed aerosols did not have obvious effects on SOA 
formation in phooxidation of toluene/NOx. 

 
Figure 4. Variations of generated SOA mass as a function of time from toluene/NOx photooxidation 
with different concentrations of Fe2(SO4)3 seed aerosols 

We also conducted 18 irradiated toluene/NOx experiments with/without FeSO4 seed 
aerosols. The conditions, generated SOA mass (Mo), and SOA yield (Y) are shown in Table 2. 
FeSO4 seed aerosols had no obvious effect on gas phase compounds either, but significantly 
suppressed SOA formation. Figure 5 compares the temporal variation of particle 
concentrations during the 4.2 ppm toluene experiments (Exierments Tol-N3, Tol-FS1, Tol-
FS3, Tol-FS8 and Tol-FS12) conducted under identical initial conditions except seed aerosol 
concentrations. Experiments with the presence of FeSO4 seed aerosol generated less SOA 
than the seed-free experiment. And experiment with a higher FeSO4 seed aerosol 
concentration generated less SOA than experiment with a lower FeSO4 concentration. So the 
inhibited effect of FeSO4 aerosols on SOA yield became stronger at higher concentrations of 
FeSO4 seed aerosols. At other toluene/NOx photooxidation concentrations, we also found 
similar temporal variation of particle concentrations. However, as indicated in Table 2 and 
Figure 5, SOA yields of experiments Tol-FS1 and Tol-FS3 are similar to corresponding seed-
free experiments of Tol-N3. These two seed-introduced experiments (as well as Tol-FS2) 
were conducted at the lowest ratio of FeSO4 seed aerosol mass concentration to initial 
toluene mass concentration (FeSO4/toluene) and did not show obvious effect on SOA 
formation comparing to their corresponding seed-free experiments. In these three 
experiments, the mass ratios of FeSO4/toluene (assuming particle density to be 1.898 g cm-3, 
density of FeSO4·7H2O, because of the lack of the information the amount of hydrate water) 
were calculated to be lower than 4.2×10-4. It is possible that most of the ferrous iron was 
oxidized before significant SOA mass were generated since few FeSO4 seed aerosols were 
introduced and high concentrations of oxidizing substances were generated during the 
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toluene/NOx photooxidation. Besides these three experiments with lowest FeSO4/toluene 
mass ratio, FeSO4 seed aerosols suppressed SOA formation relative to the corresponding 
seed-free experiments. And in our experiments, the suppress ratio could be as high as 60%, 
as calculated from Table 2. 

 

Experiment 
No. 

HC0

ppm
PM0

μm3 cm-3

NO0

ppb
NOx,0-NO0

ppb PM0/ HC0 HC0/NOx,0

ppm ppm-1 
Mo 
μg m-3 

ΔHC 
ppm 

Y 
% 

Tol-N1 1.10 0 50 51 0 11.0 26 0.20 3.8 
Tol-FS4 1.08 1 51 50 5.1×10-4 10.7 17 0.22 2.3 
Tol-FS10 1.07 4 55 47 1.7×10-3 10.6 14 0.20 2.2 
Tol-FS14 1.09 10 48 49 4.4×10-3 11.1 8 0.19 1.7 
Tol-N2 3.30 0 165 160 0 10.2 90 0.48 5.0 
Tol-FS5 3.21 4 160 162 6.1×10-4 10.0 74 0.51 3.9 
Tol-FS7 3.31 6 154 162 8.4×10-4 10.5 72 0.56 3.5 
Tol-FS9 3.19 11 164 157 1.5×10-3 9.9 59 0.47 3.3 
Tol-FS11 3.28 21 158 165 3.0×10-3 10.2 36 0.51 1.9 
Tol-N3 4.12 0 217 210 0 9.7 123 0.57 5.8 
Tol-FS1 4.23 1 208 207 1.4×10-4 10.2 105 0.57 5.0 
Tol-FS3 4.25 4 208 213 4.2×10-4 10.1 115 0.60 5.2 
Tol-FS8 4.25 10 216 209 1.1×10-3 10.0 81 0.55 4.0 
Tol-FS12 4.23 27 213 210 3.0×10-3 10.0 47 0.61 2.1 
Tol-N4 6.10 0 287 293 0 10.5 189 0.96 6.3 
Tol-FS2 6.05 5 295 306 3.5×10-4 10.1 170 0.81 6.5 
Tol-FS6 6.09 10 299 306 7.6×10-4 10.1 140 0.88 4.8 
Tol-FS13 6.03 41 296 310 3.2×10-3 10.0 64 0.82 2.7 

Table 2. Experimental conditions and results in toluene photooxidation: initial toluene concentration (HC0), 
initial FeSO4 seed aerosol concentration (PM0), initial NOx concentrations (NO0 and NOx,0-NO0), ratio of PM0/ 
HC0, ratio of HC0/NOx,0, generated SOA mass (Mo), reacted hydrocarbon (ΔHC) , and SOA yield (Y) 

 
Figure 5. Temporal evolutions of SOA generation from toluene/NOx photooxidation with different 
concentrations of FeSO4 seed aerosols 
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We classified the experiments with FeSO4 seed aerosols introduced into three groups by 
FeSO4/toluene mass ratios to create SOA yield variations as a function of generated SOA 
mass (Figure 6). Experiments with different FeSO4/toluene mass ratios seemed to fall into 
different yield curves. When FeSO4/toluene mass ratio was lower than 4.2×10-4, FeSO4 seed 
aerosols had a negligible effect and SOA yields of these experiments with FeSO4 seed 
aerosols coincide with the yield curve of seed-free experiments. When FeSO4/toluene mass 
ratio was higher than 5.1×10-4, the SOA yield curve indicated  experiments with FeSO4 seed 
aerosols had lower yields than seed-free experiments. Lower yield curves from the 
experiments with higher FeSO4/toluene mass ratio were observed, indicating that a higher 
Fe/C ratio had a greater suppression effect on SOA formation from toluene/NOx 
photooxidation. 

 
Figure 6. SOA yield (Y) variations as a function of generated SOA mass (Mo) from toluene/NOx 
photooxidation with/without FeSO4 seeds 

3.5. Effects of mixed (NH4)2SO4 and FeSO4 aerosols on SOA formation 

Atmospheric aerosol is often a mixture of different components. We tested the effect of 
internal mixed (NH4)2SO4 and FeSO4 seed aerosols on SOA formation in m-xylene/NOx 
photooxidaiton. The experimental conditions, generated SOA mass (Mo), and SOA yield 
(Y) are shown in Table 3. To generate internal mixed (NH4)2SO4 and FeSO4 aerosols, a 
mixed solution of (NH4)2SO4 and FeSO4, in which the mass concentration ratio of 
(NH4)2SO4 to FeSO4 was 5:1, was used in the atomizer. So the approximately 60 μm3 cm-3 
seed aerosols in the three experiments with mixed (NH4)2SO4 and FeSO4 seed aerosols 
(Xyl-FA1~3) contained about 10 μm3 cm-3 FeSO4 seed aerosols and 50 μm3 cm-3 (NH4)2SO4 
seed aerosols. 

As mentioned above, neither (NH4)2SO4 seed aerosols nor FeSO4 seed aerosols had obvious 
effects on gas phase compounds. And in the experiments in this section, we found that 
mixed (NH4)2SO4 and FeSO4 seed aerosols had no obvious effect on gas phase compounds 
either. 
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In Figure 7, after wall deposition correction and deduction of seed aerosols, temporal 
variation of particle concentrations in experiments conducted under identical initial 
conditions except seed aerosol concentrations (the initial concentration of m-xylene is 
1.1ppm, 2.1ppm and 3.2 ppm in picture a, b and c, respectively) were compared.  
 

Experiment 
No. 

HC0

ppm
PM0

μm3 cm-3 
NO0

ppb
NOx,0-NO0

ppb 
HC0/NOx,0

ppm ppm-1 
Mo

μg m-3 
ΔHC 
ppm 

Y 
% 

Xyl-N7 1.08 0 62 62 8.7 21 0.30 1.7 
Xyl-FS1 1.01 7 58 63 8.4 8 0.29 0.7 

Xyl-AS10 1.07 44 63 65 8.3 51 0.32 3.7 
Xyl-FA1 1.05 62 64 69 7.9 30 0.31 2.3 
Xyl-N8 2.07 0 121 120 8.6 57 0.39 3.4 
Xyl-FS2 2.09 9 119 121 8.7 29 0.42 1.6 

Xyl-AS11 2.15 53 121 119 9.2 119 0.52 5.4 
Xyl-FA2 2.09 66 123 125 8.5 56 0.43 3.1 
Xyl-N9 3.21 0 198 180 8.5 145 0.74 4.6 
Xyl-FS3 3.23 11 188 182 8.8 48 0.63 1.8 

Xyl-AS12 3.10 48 182 178 8.5 213 0.71 7.0 
Xyl-FA3 3.16 57 179 186 8.7 117 0.74 3.7 

Table 3. Experimental conditions and results in toluene photooxidation: initial toluene concentration 
(HC0), initial FeSO4 seed aerosol concentration (PM0), initial NOx concentrations (NO0 and NOx,0-NO0), 
ratio of HC0/NOx,0, generated SOA mass (Mo), reacted hydrocarbon (ΔHC) and SOA yield (Y) 

As indicated in Figure 7(a), comparing with the seed-free experiment Xyl-N7, both experiment 
Xyl-AS10 and experiment Xyl-FA1 had higher particle concentrations while experiment Xyl-
FS1 had lower particle concentrations. So, in 1.1ppm m-xylene photooxidation, the presence of 
(NH4)2SO4 aerosols and mixed aerosols (mixed (NH4)2SO4 and FeSO4) both increased SOA 
formation, while the presence of FeSO4 suppressed SOA formation. In Figure 7(b) and Figure 
7(c), the effects of single (NH4)2SO4 seed aerosols (promotion effect) and single FeSO4 seed 
aerosols (suppression effect) on SOA formation were consistent with Figure 7(a). However, the 
mixed aerosols seemed to have different effects on SOA formation in photooxidation systems 
with different initial concentrations of m-xylene. In Figure 7(b), experiment Xyl-FA2 had 
similar temporal variation of particle concentrations with its corresponding seed-free 
experiment Xyl-N8, and in Figure 7(c), experiment Xyl-FA3 had lower temporal variation of 
particle concentrations than its corresponding seed-free experiment Xyl-N9. It must be noted 
that the seed aerosols in experiments Xyl-FA1~3 had similar concentrations and components. 
So, aerosols at the same mixing ratio of (NH4)2SO4 and FeSO4 could either enhance or suppress 
SOA formation depending on the experimental conditions. It seemed that the promotion effect 
of (NH4)2SO4 aerosols and the suppression effect of FeSO4 aerosols competed when both of 
them existed. And the promotion effect of (NH4)2SO4 aerosols was dominant with low initial 
hydrocarbon concentration in the competition, while the reverse was true with high initial 
hydrocarbon concentration. This illustrates that the interplay of different compositions of real 
atmosphere aerosols can lead to complex synergistic effects on SOA formation. 
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We classified the experiments with FeSO4 seed aerosols introduced into three groups by 
FeSO4/toluene mass ratios to create SOA yield variations as a function of generated SOA 
mass (Figure 6). Experiments with different FeSO4/toluene mass ratios seemed to fall into 
different yield curves. When FeSO4/toluene mass ratio was lower than 4.2×10-4, FeSO4 seed 
aerosols had a negligible effect and SOA yields of these experiments with FeSO4 seed 
aerosols coincide with the yield curve of seed-free experiments. When FeSO4/toluene mass 
ratio was higher than 5.1×10-4, the SOA yield curve indicated  experiments with FeSO4 seed 
aerosols had lower yields than seed-free experiments. Lower yield curves from the 
experiments with higher FeSO4/toluene mass ratio were observed, indicating that a higher 
Fe/C ratio had a greater suppression effect on SOA formation from toluene/NOx 
photooxidation. 

 
Figure 6. SOA yield (Y) variations as a function of generated SOA mass (Mo) from toluene/NOx 
photooxidation with/without FeSO4 seeds 

3.5. Effects of mixed (NH4)2SO4 and FeSO4 aerosols on SOA formation 

Atmospheric aerosol is often a mixture of different components. We tested the effect of 
internal mixed (NH4)2SO4 and FeSO4 seed aerosols on SOA formation in m-xylene/NOx 
photooxidaiton. The experimental conditions, generated SOA mass (Mo), and SOA yield 
(Y) are shown in Table 3. To generate internal mixed (NH4)2SO4 and FeSO4 aerosols, a 
mixed solution of (NH4)2SO4 and FeSO4, in which the mass concentration ratio of 
(NH4)2SO4 to FeSO4 was 5:1, was used in the atomizer. So the approximately 60 μm3 cm-3 
seed aerosols in the three experiments with mixed (NH4)2SO4 and FeSO4 seed aerosols 
(Xyl-FA1~3) contained about 10 μm3 cm-3 FeSO4 seed aerosols and 50 μm3 cm-3 (NH4)2SO4 
seed aerosols. 

As mentioned above, neither (NH4)2SO4 seed aerosols nor FeSO4 seed aerosols had obvious 
effects on gas phase compounds. And in the experiments in this section, we found that 
mixed (NH4)2SO4 and FeSO4 seed aerosols had no obvious effect on gas phase compounds 
either. 
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In Figure 7, after wall deposition correction and deduction of seed aerosols, temporal 
variation of particle concentrations in experiments conducted under identical initial 
conditions except seed aerosol concentrations (the initial concentration of m-xylene is 
1.1ppm, 2.1ppm and 3.2 ppm in picture a, b and c, respectively) were compared.  
 

Experiment 
No. 

HC0

ppm
PM0

μm3 cm-3 
NO0

ppb
NOx,0-NO0

ppb 
HC0/NOx,0

ppm ppm-1 
Mo

μg m-3 
ΔHC 
ppm 

Y 
% 

Xyl-N7 1.08 0 62 62 8.7 21 0.30 1.7 
Xyl-FS1 1.01 7 58 63 8.4 8 0.29 0.7 

Xyl-AS10 1.07 44 63 65 8.3 51 0.32 3.7 
Xyl-FA1 1.05 62 64 69 7.9 30 0.31 2.3 
Xyl-N8 2.07 0 121 120 8.6 57 0.39 3.4 
Xyl-FS2 2.09 9 119 121 8.7 29 0.42 1.6 

Xyl-AS11 2.15 53 121 119 9.2 119 0.52 5.4 
Xyl-FA2 2.09 66 123 125 8.5 56 0.43 3.1 
Xyl-N9 3.21 0 198 180 8.5 145 0.74 4.6 
Xyl-FS3 3.23 11 188 182 8.8 48 0.63 1.8 

Xyl-AS12 3.10 48 182 178 8.5 213 0.71 7.0 
Xyl-FA3 3.16 57 179 186 8.7 117 0.74 3.7 

Table 3. Experimental conditions and results in toluene photooxidation: initial toluene concentration 
(HC0), initial FeSO4 seed aerosol concentration (PM0), initial NOx concentrations (NO0 and NOx,0-NO0), 
ratio of HC0/NOx,0, generated SOA mass (Mo), reacted hydrocarbon (ΔHC) and SOA yield (Y) 

As indicated in Figure 7(a), comparing with the seed-free experiment Xyl-N7, both experiment 
Xyl-AS10 and experiment Xyl-FA1 had higher particle concentrations while experiment Xyl-
FS1 had lower particle concentrations. So, in 1.1ppm m-xylene photooxidation, the presence of 
(NH4)2SO4 aerosols and mixed aerosols (mixed (NH4)2SO4 and FeSO4) both increased SOA 
formation, while the presence of FeSO4 suppressed SOA formation. In Figure 7(b) and Figure 
7(c), the effects of single (NH4)2SO4 seed aerosols (promotion effect) and single FeSO4 seed 
aerosols (suppression effect) on SOA formation were consistent with Figure 7(a). However, the 
mixed aerosols seemed to have different effects on SOA formation in photooxidation systems 
with different initial concentrations of m-xylene. In Figure 7(b), experiment Xyl-FA2 had 
similar temporal variation of particle concentrations with its corresponding seed-free 
experiment Xyl-N8, and in Figure 7(c), experiment Xyl-FA3 had lower temporal variation of 
particle concentrations than its corresponding seed-free experiment Xyl-N9. It must be noted 
that the seed aerosols in experiments Xyl-FA1~3 had similar concentrations and components. 
So, aerosols at the same mixing ratio of (NH4)2SO4 and FeSO4 could either enhance or suppress 
SOA formation depending on the experimental conditions. It seemed that the promotion effect 
of (NH4)2SO4 aerosols and the suppression effect of FeSO4 aerosols competed when both of 
them existed. And the promotion effect of (NH4)2SO4 aerosols was dominant with low initial 
hydrocarbon concentration in the competition, while the reverse was true with high initial 
hydrocarbon concentration. This illustrates that the interplay of different compositions of real 
atmosphere aerosols can lead to complex synergistic effects on SOA formation. 
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Figure 7. Temporal evolutions of generated particle concentration in experiments with/without FeSO4, 
(NH4)2SO4 and mixed FeSO4 and (NH4)2SO4 seed aerosols 

According to the composition of the seed aerosols, experiments with inorganic seed aerosols 
introduced were classified into three groups. In Figure 8, SOA yield (Y) variations as a 
function of generated SOA mass (Mo) from m-xylene/NOx photooxidation were plotted. The 
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regression lines for each group were produced by fitting the data of generated SOA mass (Mo) 
and SOA yield (Y) into a one-product partition model. As indicated in Figure 8, experiments 
with the presence of (NH4)2SO4 had a higher SOA yield curve than the seed-free experiments, 
while experiments with the presence of FeSO4 seed aerosols had a lower one, indicating the 
presence of (NH4)2SO4 and FeSO4 seed aerosols increased and decreased SOA yield, 
respectively. For the experiments with mixed seed aerosols, their SOA yield curve was similar 
to or a little higher than the seed-free experiments when the SOA mass load was low, but their 
SOA yield curve was lower than the seed-free experiments when the SOA mass load was high. 

 
Figure 8. SOA yield (Y) variations as a function of generated SOA mass (Mo) from m-xylene/NOx 
photooxidation with/without FeSO4, (NH4)2SO4 and mixed FeSO4 and (NH4)2SO4 seed aerosols 

3.6. Hypothesis for inorganic seed aerosols’ effects 

In our experiment, we observed that FeSO4 seed aerosols suppressed SOA formation while 
Fe2(SO4)3 seed aerosols had no effect on SOA formation. It appears that the inhibiting effect of 
Fe(II) involves its strong reducing properties. Hydrocarbon precursors are oxidized by OH·, 
NO3·, etc. During the gas phase reaction, the oxidized products usually have a lower saturation 
vapor pressure and, as a result, condense to the aerosol phase. When these oxidized 
condensable compounds (CCs) containing carbonyl, hydroxyl, and carboxyl groups (Gao et al., 
2004, Hamilton et al., 2005) contact ferrous iron in the aerosol phase, they may react to produce 
ferric iron and less condensable compounds (LCCs) or incondensable compounds (ICs). The 
ferrous iron may stop some CCs from being further oxidized and forming low-volatility 
products (Hallquist et al., 2009), including oligomers (Gao et al., 2004). The experimental results 
also showed that the presence of neutral CaSO4 seed aerosols seed aerosols have no significant 
effect on photooxidation of aromatic hydrocarbons, while the presence of acid (NH4)2SO4 seed 
aerosols can significantly enhance SOA generation and SOA yield. A possible mechanism is 
shown in Figure 9. Oligomerization is one important step during SOA formation (Nguyen et al., 
2011). As proposed by (Kroll et al., 2007), the effect of (NH4)2SO4 seed aerosols may be attributed 
to acid catalyzed particle-phase reactions, forming high molecular weight, low-volatility 
products (e.g. oligomers). These processes may deplete the semivolatile CCs in the particle 
phase, and enhance SOA formation by shifting the gas-particle equilibrium, which is shown in 
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regression lines for each group were produced by fitting the data of generated SOA mass (Mo) 
and SOA yield (Y) into a one-product partition model. As indicated in Figure 8, experiments 
with the presence of (NH4)2SO4 had a higher SOA yield curve than the seed-free experiments, 
while experiments with the presence of FeSO4 seed aerosols had a lower one, indicating the 
presence of (NH4)2SO4 and FeSO4 seed aerosols increased and decreased SOA yield, 
respectively. For the experiments with mixed seed aerosols, their SOA yield curve was similar 
to or a little higher than the seed-free experiments when the SOA mass load was low, but their 
SOA yield curve was lower than the seed-free experiments when the SOA mass load was high. 

 
Figure 8. SOA yield (Y) variations as a function of generated SOA mass (Mo) from m-xylene/NOx 
photooxidation with/without FeSO4, (NH4)2SO4 and mixed FeSO4 and (NH4)2SO4 seed aerosols 

3.6. Hypothesis for inorganic seed aerosols’ effects 

In our experiment, we observed that FeSO4 seed aerosols suppressed SOA formation while 
Fe2(SO4)3 seed aerosols had no effect on SOA formation. It appears that the inhibiting effect of 
Fe(II) involves its strong reducing properties. Hydrocarbon precursors are oxidized by OH·, 
NO3·, etc. During the gas phase reaction, the oxidized products usually have a lower saturation 
vapor pressure and, as a result, condense to the aerosol phase. When these oxidized 
condensable compounds (CCs) containing carbonyl, hydroxyl, and carboxyl groups (Gao et al., 
2004, Hamilton et al., 2005) contact ferrous iron in the aerosol phase, they may react to produce 
ferric iron and less condensable compounds (LCCs) or incondensable compounds (ICs). The 
ferrous iron may stop some CCs from being further oxidized and forming low-volatility 
products (Hallquist et al., 2009), including oligomers (Gao et al., 2004). The experimental results 
also showed that the presence of neutral CaSO4 seed aerosols seed aerosols have no significant 
effect on photooxidation of aromatic hydrocarbons, while the presence of acid (NH4)2SO4 seed 
aerosols can significantly enhance SOA generation and SOA yield. A possible mechanism is 
shown in Figure 9. Oligomerization is one important step during SOA formation (Nguyen et al., 
2011). As proposed by (Kroll et al., 2007), the effect of (NH4)2SO4 seed aerosols may be attributed 
to acid catalyzed particle-phase reactions, forming high molecular weight, low-volatility 
products (e.g. oligomers). These processes may deplete the semivolatile CCs in the particle 
phase, and enhance SOA formation by shifting the gas-particle equilibrium, which is shown in 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 360 

Figure 9, and, therefore force more CCs condense to aerosol phase. Since (NH4)2SO4 and FeSO4 
seed aerosols may both influence the semivolatile CCs, there is a competition for CCs to form 
higher-volatility products (LCCs or ICs) or low-volatility products (e.g. oligomers).  

 
Figure 9. Hypothesized mechanism for inorganic seed aerosols’ effects on SOA formation: ferrous iron 
Fe (II) reduces or decompose some condensable compounds (CCs), which are oligomer precursors, 
interrupting oligomerization and generating high volatility products (LCCs or ICs); while acid seed 
aerosols catalyze aerosol-phase reactions, generating oligomeric products 

4. Conclusion 
Effects of various inorganic seeds, including neutral inorganic seed CaSO4, acidic seed 
(NH4)2SO4, transition metal contained inorganic seeds FeSO4 and Fe2(SO4)3, and a mixture of 
(NH4)2SO4 and FeSO4, were examined during m-xylene or toluene photooxidation. Our 
results indicate that the presence of CaSO4 seed aerosols and Fe2(SO4)3 seed aerosols have no 
effect on photooxidation of aromatic hydrocarbons, while the presence of (NH4)2SO4 seed 
aerosols and FeSO4 seed aerosols have no effect on gas-phase reactions, but can significantly 
influence SOA generation and SOA yields. (NH4)2SO4 seed aerosols enhance SOA formation 
and increase SOA yield due to acid catalytic effect of (NH4)2SO4 seeds on particle-phase 
surface heterogeneous reactions. While FeSO4 seed aerosols suppress SOA formation and 
decrease SOA yield possibly due to the reduction of some oligomer precursor CCs. These 
results reveal that many inorganic seeds are not inert during photooxidation process and can 
significantly influence SOA formation. These observed effects can be incorporated into air 
quality models to improve their accuracy in predicting SOA and fine particle concentrations. 
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Figure 9, and, therefore force more CCs condense to aerosol phase. Since (NH4)2SO4 and FeSO4 
seed aerosols may both influence the semivolatile CCs, there is a competition for CCs to form 
higher-volatility products (LCCs or ICs) or low-volatility products (e.g. oligomers).  

 
Figure 9. Hypothesized mechanism for inorganic seed aerosols’ effects on SOA formation: ferrous iron 
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interrupting oligomerization and generating high volatility products (LCCs or ICs); while acid seed 
aerosols catalyze aerosol-phase reactions, generating oligomeric products 
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influence SOA generation and SOA yields. (NH4)2SO4 seed aerosols enhance SOA formation 
and increase SOA yield due to acid catalytic effect of (NH4)2SO4 seeds on particle-phase 
surface heterogeneous reactions. While FeSO4 seed aerosols suppress SOA formation and 
decrease SOA yield possibly due to the reduction of some oligomer precursor CCs. These 
results reveal that many inorganic seeds are not inert during photooxidation process and can 
significantly influence SOA formation. These observed effects can be incorporated into air 
quality models to improve their accuracy in predicting SOA and fine particle concentrations. 

Author details 
Biwu Chu, Jingkun Jiang*, Zifeng Lu, Kun Wang, Junhua Li and Jiming Hao 
State Key Laboratory of Environment Simulation and Pollution Control, School of Environment, 
Tsinghua University, Beijing, China 

Acknowledgement 
This work was supported by the National Natural Science Fundation of China (20937004, 
21107060, and 21190054), Toyota Motor Corporation and Toyota Central Research and 
Development Laboratories Inc. 
                                                                 
* Corresponding Author 

 
Effects of Inorganic Seeds on Secondary Organic Aerosol (SOA) Formation 361 

5. References 
Bahreini, R., Keywood, M.D., Ng, N.L., Varutbangkul, V., Gao, S., Flagan, R.C., Seinfeld, 

J.H., Worsnop, D.R., Jimenez, J.L., 2005. Measurements of secondary organic aerosol 
from oxidation of cycloalkenes, terpenes, and m-xylene using an Aerodyne aerosol 
mass spectrometer. Environmental Science & Technology 39, 5674-5688. 

Cao, G., Jang, M., 2007. Effects of particle acidity and UV light on secondary organic aerosol 
formation from oxidation of aromatics in the absence of NOx. Atmospheric 
Environment 41, 7603-7613. 

Cheng, S.-h., Yang, L.-x., Zhou, X.-h., Xue, L.-k., Gao, X.-m., Zhou, Y., Wang, W.-x., 2011. 
Size-fractionated water-soluble ions, situ pH and water content in aerosol on hazy days 
and the influences on visibility impairment in Jinan, China. Atmospheric Environment 
45, 4631-4640. 

Czoschke, N.M., Jang, M., Kamens, R.M., 2003. Effect of acidic seed on biogenic secondary 
organic aerosol growth. Atmospheric Environment 37, 4287-4299. 

Duan, F.K., He, K.B., Ma, Y.L., Jia, Y.T., Yang, F.M., Lei, Y., Tanaka, S., Okuta, T., 2005. 
Characteristics of carbonaceous aerosols in Beijing, China. Chemosphere 60, 355-364. 

Gao, S., Ng, N.L., Keywood, M., Varutbangkul, V., Bahreini, R., Nenes, A., He, J.W., Yoo, 
K.Y., Beauchamp, J.L., Hodyss, R.P., Flagan, R.C., Seinfeld, J.H., 2004. Particle phase 
acidity and oligomer formation in secondary organic aerosol. Environmental Science & 
Technology 38, 6582-6589. 

Hallquist, M., Wenger, J.C., Baltensperger, U., Rudich, Y., Simpson, D., Claeys, M., Dommen, 
J., Donahue, N.M., George, C., Goldstein, A.H., Hamilton, J.F., Herrmann, H., Hoffmann, 
T., Iinuma, Y., Jang, M., Jenkin, M.E., Jimenez, J.L., Kiendler-Scharr, A., Maenhaut, W., 
McFiggans, G., Mentel, T.F., Monod, A., Prevot, A.S.H., Seinfeld, J.H., Surratt, J.D., 
Szmigielski, R., Wildt, J., 2009. The formation, properties and impact of secondary organic 
aerosol: current and emerging issues. Atmospheric Chemistry and Physics 9, 5155-5236. 

Hamilton, J.F., Webb, P.J., Lewis, A.C., Reviejo, M.M., 2005. Quantifying small molecules in 
secondary organic aerosol formed during the photo-oxidation of toluene with hydroxyl 
radicals. Atmospheric Environment 39, 7263-7275. 

He, K.B., Yang, F.M., Ma, Y.L., Zhang, Q., Yao, X.H., Chan, C.K., Cadle, S., Chan, T., 
Mulawa, P., 2001. The characteristics of PM2.5 in Beijing, China. Atmospheric 
Environment 35, 4959-4970. 

Henry, F., Coeur-Tourneur, C., Ledoux, F., Tomas, A., Menu, D., 2008. Secondary organic 
aerosol formation from the gas phase reaction of hydroxyl radicals with m-, o- and p-
cresol. Atmospheric Environment 42, 3035-3045. 

Jang, M.S., Czoschke, N.M., Lee, S., Kamens, R.M., 2002. Heterogeneous atmospheric aerosol 
production by acid-catalyzed particle-phase reactions. Science 298, 814-817. 

Kaiser, J., 2005. How dirty air hurts the heart. Science 307, 1858-1859. 
Kroll, J.H., Chan, A.W.H., Ng, N.L., Flagan, R.C., Seinfeld, J.H., 2007. Reactions of 

semivolatile organics and their effects on secondary organic aerosol formation. 
Environmental Science & Technology 41, 3545-3550. 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 362 

Lewandowski, M., Jaoui, M., Offenberg, J.H., Kleindienst, T.E., Edney, E.O., Sheesley, R.J., 
Schauer, J.J., 2008. Primary and secondary contributions to ambient PM in the 
midwestern United States. Environmental Science & Technology 42, 3303-3309. 

Liggio, J., Li, S.M., 2008. Reversible and irreversible processing of biogenic olefins on acidic 
aerosols. Atmospheric Chemistry and Physics 8, 2039-2055. 

Nguyen, T.B., Roach, P.J., Laskin, J., Laskin, A., Nizkorodov, S.A., 2011. Effect of humidity 
on the composition of isoprene photooxidation secondary organic aerosol. Atmospheric 
Chemistry and Physics 11, 6931-6944. 

Odum, J.R., Hoffmann, T., Bowman, F., Collins, D., Flagan, R.C., Seinfeld, J.H., 1996. 
Gas/particle partitioning and secondary organic aerosol yields. Environmental Science 
& Technology 30, 2580-2585. 

Pandis, S.N., Harley, R.A., Cass, G.R., Seinfeld, J.H., 1992. Secondary organic aerosol 
formation and transport. Atmospheric Environment Part a-General Topics 26, 2269-2282. 

Poulain, L., Wu, Z., Petters, M.D., Wex, H., Hallbauer, E., Wehner, B., Massling, A., 
Kreidenweis, S.M., Stratmann, F., 2010. Towards closing the gap between hygroscopic 
growth and CCN activation for secondary organic aerosols - Part 3: Influence of the 
chemical composition on the hygroscopic properties and volatile fractions of aerosols. 
Atmospheric Chemistry and Physics 10, 3775-3785. 

Qi, L., Nakao, S., Malloy, Q., Warren, B., Cocker, D.R., III, 2010. Can secondary organic 
aerosol formed in an atmospheric simulation chamber continuously age? Atmospheric 
Environment 44,  

Satheesh, S.K., Moorthy, K.K., 2005. Radiative effects of natural aerosols: A review. 
Atmospheric Environment 39, 2089-2110. 

Song, C., Na, K., Warren, B., Malloy, Q., Cocker, D.R., 2007. Secondary organic aerosol formation 
from m-xylene in the absence of NOx. Environmental Science & Technology 41, 7409-7416. 

Takekawa, H., Karasawa, M., Inoue, M., Ogawa, T., Esaki, Y., 2000. Product analysis of the 
aerosol produced by photochemical reaction of α-pinene. Earozoru Kenkyu 15, 35-42. 

Takekawa, H., Minoura, H., Yamazaki, S., 2003. Temperature dependence of secondary 
organic aerosol formation by photo-oxidation of hydrocarbons. Atmospheric 
Environment 37, 3413-3424. 

Verheggen, B., Mozurkewich, M., Caffrey, P., Frick, G., Hoppel, W., Sullivan, W., 2007. 
alpha-Pinene oxidation in the presence of seed aerosol: Estimates of nucleation rates, 
growth rates, and yield. Environmental Science & Technology 41, 6046-6051. 

Volkamer, R., Jimenez, J.L., San Martini, F., Dzepina, K., Zhang, Q., Salcedo, D., Molina, L.T., 
Worsnop, D.R., Molina, M.J., 2006. Secondary organic aerosol formation from anthropogenic 
air pollution: Rapid and higher than expected. Geophysical Research Letters 33, L17811. 

Wu, S., Lu, Z.F., Hao, J.M., Zhao, Z., Li, J.H., Hideto, T., Hiroaki, M., Akio, Y., 2007. 
Construction and characterization of an atmospheric simulation smog chamber. 
Advances in Atmospheric Sciences 24, 250-258. 

Yu, Y., Ezell, M.J., Zelenyuk, A., Imre, D., Alexander, L., Ortega, J., D'Anna, B., Harmon, 
C.W., Johnson, S.N., Finlayson-Pitts, B.J., 2008. Photooxidation of alpha-pinene at high 
relative humidity in the presence of increasing concentrations of NOx. Atmospheric 
Environment 42, 5044-5060. 

Chapter 13 

 

 

 
 

© 2012 Ma licensee InTech. This is an open access chapter distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

Production of Secondary Organic Aerosol  
from Multiphase Monoterpenes 

Shexia Ma 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/48135 

1. Introduction 

Nonmethane volatile organic compounds (NMOCs) represent a key class of chemical 
species governing global tropospheric chemistry and the global carbon cycle (Fehsenfeld et 
al. 1992; Singh and Zimmerman 1992). The most important anthropogenic sources of 
hydrocarbons include fossil fuel combustion, direct release from industry, industrial 
processing of chemicals, and waste. The global estimated anthropogenic hydrocarbon flux is 
1.0 × 1014 gC per year (Singh and Zimmerman 1992). Biological processes in both marine and 
terrestrial environments contribute to biogenic hydrocarbon sources. For the terrestrial 
biosphere, the principal hydrocarbon sources come from vegetation. In regions such as 
eastern North America, biogenic hydrocarbon emission rate estimates exceed anthropogenic 
emissions (Guenther et al. 1994). At the global scale it is estimated that vegetation emits 1.2 × 
1015 gC per year, an amount equivalent to global methane emissions (Guenther et al. 1995). 

Much of the recent work on emissions of biogenic volatile organic compounds (BVOCs) has 
focused on isoprene. However, in regions dominated by coniferous or non-isoprene 
emitting deciduous tree species, monoterpenes may dominate BVOC emissions. 
Monoterpenes comprise a significant portion of BVOC emissions (Guenther et al., 1995; Pio 
and Valente, 1998), and it is important to understand the atmospheric fates of monoterpenes 
and their oxidation products. The emission patterns of the various monoterpenes strongly 
depend on the type of vegetation and on the environmental conditions, however d-limonene 
makes up the majority of monoterpene emissions over orange groves, while α-pinene and β-
pinene dominate over most other kinds of forests, especially those composed of oaks and 
conifers (Pio and Valente, 1998; Christensen et al., 2000). In recent years, the number of 
relevant studies has increased substantially, necessitating the review of this topic, including 
emission fluxes of monoterpenes, the effects of species and nutrient limitation on emissions, 
secondary organic aerosol yields via condensation and nucleation. 
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2. Emission fluxes of monoterpenes 

2.1. Chemical structure of terpenes 

Monoterpenes are organic compounds of biogenic origin whose structure may be divided 
into isoprene units. The more volatile mono- (C10) and sesquiterpenes (C15) are emitted in 
large quantities from the vegetation. The chemists always regard terpenes as alkenes (e.g. β-
pinene, camphene), cycloalkenes (e.g. α-pinene, Δ3-carene), and dienes (e.g. β-phellandrene, 
α-terpinene) or as a combination of these classes (e.g. limonene, ocimene). Figure 1 shows 
the chemical structure of monoterpenes. Of the 14 most commonly occurring monoterpenes 
(α-pinene, β-pinene, Δ(3)-carene, d-limonene, camphene, myrcene, α-terpinene, β-
phellandrene, sabinene, ρ-cymene, ocimene, α-thujene, terpinolene, and γ-terpinene), the 
first six are usually found to be most abundant. 

 
Figure 1. The chemical structures and names of monoterpenes 

2.2. Biogenic sources 

The biogenic volatile organic compounds (BVOCs) emitted from plants are a myriad of 
hydrocarbons and oxygenated and other organic compounds. These emissions occur during 
various stages of plant growth, plant injury and plant decay, and they are a significant 
source of volatile organic compounds (VOCs) in the atmosphere. Globally, emissions from 
BVOCs account for approximately 86% of the total of VOCs emitted while anthropogenic 
VOCs make up the rest (Guenther et al., 1995). BVOC emissions from trees and woody 
shrubs have been extensively studied (Scholes et al., 2003). The dominant compounds 
emitted under unperturbed conditions are isoprene, monoterpenes, sesquiterpenes and 
methanol. There are episodic emissions of C6 aldehydes, esters and alcohols associated with 
plant injuries, and episodic emissions of ethanol and acetaldehyde associated with 
waterlogging (Scholes et al., 2003).  

 
Production of Secondary Organic Aerosol from Multiphase Monoterpenes 365 

Natural sources of VOC emissions to the atmosphere also include marine and fresh water, 
soil and sediments, microbial decomposition of organic material, geological hydrocarbon 
reservoirs, plant foliage and woody material. In addition, there are human influenced 
natural sources from harvesting or burning plant material. We have estimated emissions o f 
VOC only from oceans and plant foliage. VOC emissions from other sources are very 
uncertain but probably represent less than a few percent of total global emissions 
(Zimmerman, 1979; Lamb et al, 1987; Janson, 1992; Eichstaedter et al., 1992).  

2.3. Emission fluxes 

Estimated monoterpene emissions are dominated by α-pinene (35~70% of total) and β-
pinene (15~40%). Secondary compounds of significance are d-limonene (5~20%) and β-
myrcene (2~20%). Monoterpene emissions in this region are largely controlled by 
Liquidambar styraciyua, the southern pine group which includes Pinus taeda, echinata, elliotti, 
palustris, virginiana, and to a lesser extent species in the Acer (maple), Magnolia, and Carya 
(hickory) genera. The Pacific Coast forests and sparse coniferous forests of the Nevada Great 
Basin also emit primarily α-pinene. However, in eastern Montana, the western Dakotas, the 
Rocky Mountain Front Range of Colorado and Wyoming, the Columbia Plateau of Eastern 
Oregon and Washington, the Sierra Nevada Range of California, and parts of the western 
Great Basin, β-pinene and Δ3-carene emissions equal or exceed those of α-pinene, due to the 
abundance of Pinus contorta, monticola, ponderosa, and their subspecies. These regions and 
hourly summer total monoterpene flux from forests at 30oC are illustrated in Figure 2. The 
regions dominated by coniferous forests have the highest monoterpene flux estimates. The 
northern coniferous and Alaskan forests are interesting in that less than 25% of estimated 
monoterpene emissions are accounted for by α-pinene. The west coast, interior west, and the 
southern pine regions of the Piedmont and coastal southeast also have estimated fluxes 
which exceed 200 μg carbon m-2 h-1. α- pinene composes over half of the emissions from 
these regions except for parts of the western US. Northern mixed, midwestern, Appalachian, 
and Ozarks forests have a higher hardwood component and have emission rates of 
approximately 150 μg carbon m-2 h-1. The great plains and agricultural midwest have 
sparsely scattered woodlands and low emission rates (100μg carbon m-2 h-1). These rates are 
rather low in comparison to those of isoprene which can exceed 10,000μg carbon m-2 h-1 
from oak forests under these conditions (Geron et al., 1994; Guenther et al., 1994). 
Uncertainties for fluxes of these individual terpenes are difficult to estimate given analytical 
difficulties and gaps in knowledge of basal emission factors (EFs) and 
environmental/physiological controls. Current models (Guenther et al., 1994) assume ±50% 
uncertainty in basal EFs and roughly ±40% uncertainty in biomass and landuse accuracy 
(Lamb et al., 1987). An assessment of the uncertainty in monoterpene composition (MC) 
indicates that ±30-50% is a reasonable estimate for the six major compounds, and likely more 
for the eight minor compounds. This results in estimates of roughly ±150-200% for 
uncertainty in fluxes of individual compounds at 30oC. Canopy environment models and 
temperature correction algorithms can add 50-100% uncertainty to model estimates. The 
estimates shown here can be adjusted to ambient temperature using the exponential 
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equations previously published (Guenther et al., 1993). However, the trees species 
composition and resulting flux estimates can vary significantly within these regions. 

 
Figure 2. Regions and regional average total monoterpene flux (μg carbon m-2 h-1). The numbers 
indicate region number follow by the average regional flux at 30oC. 

2.4. Emission factors 

The best-known environmental control on biogenic hydrocarbon emissions is temperature. 
For compounds such as monoterpenes that are released from resin ducts or glands, 
temperature is the dominant control factor (Figure 3). The increasing vapor pressure of these 
compounds with temperature explains the temperature response of emissions. In contrast, 
isoprene and some plant monoterpene emissions do not come from preexisting pools. In 
these cases the temperature response of emission is caused by the impact of temperature on 
the underlying metabolism (Monson et al. 1994). This effect can be described by calculating 
an activation energy.  

Some monoterpene emissions are also dependent upon light. The light dependence is often 
similar to that of photosynthesis. Water and nitrogen content affect hydrocarbon emission 
primarily through their influences on enzyme activity of leaves. Another critical factor 
controlling hydrocarbon fluxes from leaves is the leaf developmental state. Monoterpene-
emitting foliage shows its highest emission rates when the leaves are youngest (Lerdau 
1993). This high emission rate from young leaves results from the role monoterpenes serve 
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as defensive compounds; young leaves are most at risk from pests and pathogens so they 
have the highest concentrations of defensive compounds (Lerdau et al. 1994). The manner in 
which monoterpenes and several of the oxygenated hydrocarbons (e.g., methyl chavicol) are 
stored within leaves and wood leads to a large effect of tissue damage upon flux rate. These 
compounds are stored in specialized ducts, canals, or cavities. When herbivores partially 
consume tissue and expose these cavities to the atmosphere, flux rates increase by several 
orders of magnitude. This increase stems from the change in the resistance term in Fick’s 
law of diffusion describing the gas flux (Lerdau 1991).  

 
Figure 3. Variation of monoterpene emissions as function of temperature. The line represents the best 
fit to the data points. The emission rates are expressed per unit dry biomass weight. 

2.5. Temporal and spatial distribution 

Due to natural variability and analytical difficulties, monoterpene emission rates and 
composition are subject to considerable uncertainty. For instance, in one study 20 
monoterpenes were identified using vegetation enclosures, but only eight were found in 
ambient air in the proximity of similar vegetation (Khalil and Rasmussen, 1992). Rough 
handling of vegetation during enclosure sampling has been suspected to result in artificially 
high emission rates (Juuti et al., 1990; Guenther et al., 1994). Summertime Pinus taeda 
monoterpene emissions were found to be 5~20 times higher following “grabbing” of foliage 



 
Atmospheric Aerosols – Regional Characteristics – Chemistry and Physics 366 

equations previously published (Guenther et al., 1993). However, the trees species 
composition and resulting flux estimates can vary significantly within these regions. 
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compared to normal experiments when rough handling was minimized (Kim et al., 1995). 
However, there was no effect of rough handling in the late fall. It was concluded that a film 
of monoterpene compounds was present on the outer surface of the foliage during summer 
months, but not at other times of the year. Sampling of monoterpenes from Picea marianna 
seed cones in situ versus ex situ was found to drastically affect both the emission rate as well 
as the monoterpene composition (Turgeon et al., 1998). Temporal and spatial factors can 
affect MC of a given tree species. Emissions and needle oil concentrations of Δ3-carene were 
lower relative to other monoterpenes in the summer but were substantially higher in the 
spring and fall (Janson, 1993; Lerdau et al., 1995). It was concluded that the high springtime 
emissions ofΔ3-carene from Pinus ponderosa were due to the MC of the oleoresin in that 
species (Flyckt, 1979). Picea sitchensis (Bong.) basal emission rate (in μg carbon g-1 h-1 at leaf 
temperature =30oC, referred to as emission factor or EF) and MC were found to change 
somewhat with the season (Street et al., 1996). Conversely, the oil composition of Picea glauca 
leaves and twigs remained nearly constant from summer through winter, while the oil 
composition of buds changed significantly during fall and winter (von Rudloff, 1972). 
However, it seems more typical that foliage MC remains fairly stable during most of the 
growing season (Hall and Langenheim, 1986; Winer et al., 1992; Street et al., 1997b; Bertin et 
al., 1997). This is confirmed by measurements in ambient air (Roberts et al., 1985). Diurnal 
variation has not been examined extensively, but was found to be negligible in Juniperus 
scopulorum (Adams and Hagerman, 1976). Likewise, little diurnal variation was found in the 
monoterpene composition of ambient (near canopy) air near forests in Colorado (Roberts et 
al., 1985), where nighttime versus daytime relative abundance of β-pinene, α-pinene, Δ3-
carene, camphene, and d-limonene changed by 0~4%, although nighttime total monoterpene 
concentration was over a factor of 2 greater due to lower dispersion. Greater seasonal and 
diurnal variability in light-dependent emissions of ocimene, linalool, and 1,8-cineole was 
found relative to the more temperature-dependent emissions of α-pinene and d-limonene, 
which varied little temporally from Pinus pinea (Staudt et al., 1997). Tree age effects have 
also been found for MC within this species (Adams and Hagerman, 1976) as well as for 
Eucalyptus (Street et al., 1997a) and Picea sitchensis (Street et al., 1996). Basal EFs were also 
found to decrease with tree age in these latter three studies and in Pinus elliotti (Kim et al., 
1995). An increase in basal EFs and changes in MC of emissions following wetting of foliage 
have been noted (Janson, 1993; Lamb et al., 1984). Humidity has also been found to increase 
monoterpene emission rates at the leaf (Guenther et al., 1991) and canopy (Schade et al., 
1999) levels. 

3. Secondary organic aerosol formation 

Most of monoterpenes are photochemically reactive in the atmosphere because of their 
alkenyl bonds and other properties of their structure (Seinfeld and Pandis, 1998). Two key 
products of the photochemical reactions of these compounds in the atmosphere are gas-
phase oxidants (including ozone) and secondary organic aerosols. These gas-phase 
oxidants and secondary organic aerosol can have significant effects on human health when 
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present in high concentrations in near surface air and are climatically active in the global 
atmosphere. 

Gas-phase monoterpenes readily react with the major atmospheric oxidants such as ozone 
(O3), hydroxyl radical (OH), and nitrate radical (NO3). During the day, their concentrations 
are controlled by OH and O3, and at night they are controlled by NO3, with monoterpene 
lifetimes on the order of a few hours in both cased. Regardless of the initial oxidant, gas-
phase oxidation of monoterpenes results in a wide variety of polyfunctional carboxylic 
acids, ketones, aldehydes, peroxides, and alcohols (Kavouras et al., 1998; Yu et al., 1999; 
Claeys et al., 2007; Presto et al., 2005; Gao et al., 2004; Dalton et al., 2005; Glasius et al., 1999; 
Hakola et al., 1994; Jaoui et al., 2005; Leungsakul et al., 2005 ). Many of these species have 
sufficiently low vapor pressure to partition into pre-existing particulate matter. In addition, 
monoterpenes can partition into aqueous particles or cloud droplets by wet deposition and 
undergo oxidation via aqueous chemistry, with droplets subsequently drying out into 
organic particles. 

SOAs are formed by chemical reactions from the condensation and gas/particle partitioning 
of semivolatile products of hydrocarbon oxidation by OH, O3 and NO3. It is currently 
believed that approximately 85-90% of SOAs are produced by oxidation of biogenic 
emissions, which corresponds to 12.2 Tg SOA/yr and 1150 TgC/yr (Kanakidou et al., 2005; 
Stavrakou et al.,2009; Tsigaridis et al., 2007). Some authors suggest that 91% of SOAs are 
considered to be caused by O3 and OH oxidation (Chung et al., 2002), while others consider 
that ozonolysis dominates in SOA production compared to OH and NOx oxidation 
(Kanakidou et al., 2005). 78% of SOAs are specifically products of monoterpene oxidation 
(Chung et al., 2002). Monoterpenes α-pinene and b-pinene are expected to be the major 
sources of SOAs (Kleindienst et al., 2007; Yu et al., 1999). 

3.1. Chamber experiments 

A number of laboratory experiments have been carried out to study SOA formation by 
oxidation of monoterpenes (e.g. α-pinene, β-pinene, d-limonene, Δ3-carene, sabinene) with 
NOx, O3 and OH (Lee et al., 2004; Jonsson et al., 2008; Northcross and Jang, 2007; Czoschke 
et al., 2003; Spittler et al., 2003; Colville et al., 2004; Seinfeld et al., 2001). The formation of 
SOA in the presence of NOx has been studied for several monoterpenes: α-pinene, β-pinene, 
limonene, Δ3-carene, myrcene, β-ocimene, sabinene, α-terpinene, α-terpinolene (Pandis et 
al., 1991; Hoffmann et al., 1997; Griffin et al., 1999; Klinedinst and Currie, 1999; Presto et al., 
2005; Lee et al., 2006; Zhang et al., 2006). The complexity of the dependence of NOx 
concentration on monoterpene SOA yields was first noted by Pandis et al. (1991) who found 
that the SOA yield from the photooxidation of α-pinene increased with increasing 
VOC/NOx ratio and maximized at 8% for 10–20 ppbC:ppb NOx. The SOA yield was found 
to decrease for VOC/NOx ratios greater than 20. More recently, Presto et al. (2005) showed 
that SOA yields from ozonolysis of α-pinene are lower under high- NOx (<15 ppbC:ppb 
NOx) than low-NOx conditions. The reduction of the SOA yields was attributed to the 
formation of higher volatility products under high NOx, including evidence of nitrate-
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compared to normal experiments when rough handling was minimized (Kim et al., 1995). 
However, there was no effect of rough handling in the late fall. It was concluded that a film 
of monoterpene compounds was present on the outer surface of the foliage during summer 
months, but not at other times of the year. Sampling of monoterpenes from Picea marianna 
seed cones in situ versus ex situ was found to drastically affect both the emission rate as well 
as the monoterpene composition (Turgeon et al., 1998). Temporal and spatial factors can 
affect MC of a given tree species. Emissions and needle oil concentrations of Δ3-carene were 
lower relative to other monoterpenes in the summer but were substantially higher in the 
spring and fall (Janson, 1993; Lerdau et al., 1995). It was concluded that the high springtime 
emissions ofΔ3-carene from Pinus ponderosa were due to the MC of the oleoresin in that 
species (Flyckt, 1979). Picea sitchensis (Bong.) basal emission rate (in μg carbon g-1 h-1 at leaf 
temperature =30oC, referred to as emission factor or EF) and MC were found to change 
somewhat with the season (Street et al., 1996). Conversely, the oil composition of Picea glauca 
leaves and twigs remained nearly constant from summer through winter, while the oil 
composition of buds changed significantly during fall and winter (von Rudloff, 1972). 
However, it seems more typical that foliage MC remains fairly stable during most of the 
growing season (Hall and Langenheim, 1986; Winer et al., 1992; Street et al., 1997b; Bertin et 
al., 1997). This is confirmed by measurements in ambient air (Roberts et al., 1985). Diurnal 
variation has not been examined extensively, but was found to be negligible in Juniperus 
scopulorum (Adams and Hagerman, 1976). Likewise, little diurnal variation was found in the 
monoterpene composition of ambient (near canopy) air near forests in Colorado (Roberts et 
al., 1985), where nighttime versus daytime relative abundance of β-pinene, α-pinene, Δ3-
carene, camphene, and d-limonene changed by 0~4%, although nighttime total monoterpene 
concentration was over a factor of 2 greater due to lower dispersion. Greater seasonal and 
diurnal variability in light-dependent emissions of ocimene, linalool, and 1,8-cineole was 
found relative to the more temperature-dependent emissions of α-pinene and d-limonene, 
which varied little temporally from Pinus pinea (Staudt et al., 1997). Tree age effects have 
also been found for MC within this species (Adams and Hagerman, 1976) as well as for 
Eucalyptus (Street et al., 1997a) and Picea sitchensis (Street et al., 1996). Basal EFs were also 
found to decrease with tree age in these latter three studies and in Pinus elliotti (Kim et al., 
1995). An increase in basal EFs and changes in MC of emissions following wetting of foliage 
have been noted (Janson, 1993; Lamb et al., 1984). Humidity has also been found to increase 
monoterpene emission rates at the leaf (Guenther et al., 1991) and canopy (Schade et al., 
1999) levels. 

3. Secondary organic aerosol formation 

Most of monoterpenes are photochemically reactive in the atmosphere because of their 
alkenyl bonds and other properties of their structure (Seinfeld and Pandis, 1998). Two key 
products of the photochemical reactions of these compounds in the atmosphere are gas-
phase oxidants (including ozone) and secondary organic aerosols. These gas-phase 
oxidants and secondary organic aerosol can have significant effects on human health when 
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present in high concentrations in near surface air and are climatically active in the global 
atmosphere. 

Gas-phase monoterpenes readily react with the major atmospheric oxidants such as ozone 
(O3), hydroxyl radical (OH), and nitrate radical (NO3). During the day, their concentrations 
are controlled by OH and O3, and at night they are controlled by NO3, with monoterpene 
lifetimes on the order of a few hours in both cased. Regardless of the initial oxidant, gas-
phase oxidation of monoterpenes results in a wide variety of polyfunctional carboxylic 
acids, ketones, aldehydes, peroxides, and alcohols (Kavouras et al., 1998; Yu et al., 1999; 
Claeys et al., 2007; Presto et al., 2005; Gao et al., 2004; Dalton et al., 2005; Glasius et al., 1999; 
Hakola et al., 1994; Jaoui et al., 2005; Leungsakul et al., 2005 ). Many of these species have 
sufficiently low vapor pressure to partition into pre-existing particulate matter. In addition, 
monoterpenes can partition into aqueous particles or cloud droplets by wet deposition and 
undergo oxidation via aqueous chemistry, with droplets subsequently drying out into 
organic particles. 

SOAs are formed by chemical reactions from the condensation and gas/particle partitioning 
of semivolatile products of hydrocarbon oxidation by OH, O3 and NO3. It is currently 
believed that approximately 85-90% of SOAs are produced by oxidation of biogenic 
emissions, which corresponds to 12.2 Tg SOA/yr and 1150 TgC/yr (Kanakidou et al., 2005; 
Stavrakou et al.,2009; Tsigaridis et al., 2007). Some authors suggest that 91% of SOAs are 
considered to be caused by O3 and OH oxidation (Chung et al., 2002), while others consider 
that ozonolysis dominates in SOA production compared to OH and NOx oxidation 
(Kanakidou et al., 2005). 78% of SOAs are specifically products of monoterpene oxidation 
(Chung et al., 2002). Monoterpenes α-pinene and b-pinene are expected to be the major 
sources of SOAs (Kleindienst et al., 2007; Yu et al., 1999). 

3.1. Chamber experiments 

A number of laboratory experiments have been carried out to study SOA formation by 
oxidation of monoterpenes (e.g. α-pinene, β-pinene, d-limonene, Δ3-carene, sabinene) with 
NOx, O3 and OH (Lee et al., 2004; Jonsson et al., 2008; Northcross and Jang, 2007; Czoschke 
et al., 2003; Spittler et al., 2003; Colville et al., 2004; Seinfeld et al., 2001). The formation of 
SOA in the presence of NOx has been studied for several monoterpenes: α-pinene, β-pinene, 
limonene, Δ3-carene, myrcene, β-ocimene, sabinene, α-terpinene, α-terpinolene (Pandis et 
al., 1991; Hoffmann et al., 1997; Griffin et al., 1999; Klinedinst and Currie, 1999; Presto et al., 
2005; Lee et al., 2006; Zhang et al., 2006). The complexity of the dependence of NOx 
concentration on monoterpene SOA yields was first noted by Pandis et al. (1991) who found 
that the SOA yield from the photooxidation of α-pinene increased with increasing 
VOC/NOx ratio and maximized at 8% for 10–20 ppbC:ppb NOx. The SOA yield was found 
to decrease for VOC/NOx ratios greater than 20. More recently, Presto et al. (2005) showed 
that SOA yields from ozonolysis of α-pinene are lower under high- NOx (<15 ppbC:ppb 
NOx) than low-NOx conditions. The reduction of the SOA yields was attributed to the 
formation of higher volatility products under high NOx, including evidence of nitrate-
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containing organic species. The NOx dependence becomes increasingly complex when the 
monoterpene consists of two double bonds with differing reactivity, as is the case for 
limonene. Zhang et al. (2006) indicated that two competing effects contribute to the NOx 
dependence of the SOA yield: reactive uptake by the aerosol and gas-phase oxidation. In the 
presence of ozone and at low NOx, heterogeneous ozonolysis of the exo double bond 
generates condensed-phase secondary generation oxidation products. However, at high 
NOx, gas-phase oxidation of the double bond becomes the dominant process for aerosol 
product generation.The yield dependence on NOx is complicated when oxidation by ozone 
or hydroxyl radicals takes place in the presence of NOx. The primary reason is thought to be 
that under high NOx conditions, organo-peroxy radicals (RO2) react with NO and NO2 
instead of with peroxy radicals (RO2 or HO2). A number of different critical values 
(VOC/NOx) have been suggested (e.g. 10–15:1, Pandis et al., 1991, 8:1, Presto et al., 2005, 3–
10:1, Lane et al., 2008) for the point of 50:50 branching between the two reaction paths. As 
the OH/O3 ratio also depends on the VOC/NOx ratio, it is difficult to separate changes in 
yield due to changes in concentrations of OH and O3 from changes in product distribution 
due to the presence of NOx (Presto et al., 2005). However, the approach adopted by Lane et 
al. (2008) is to identify product yields for each fundamental pathway (i.e., high-NOx 
dominated by RO2 + NO, low-NOx by RO2 +HO2) and then to assume that SOA yields can 
be calculated by a linear combination of the “pure” mass yields scaled by the strength of 
each reaction pathway. Clearly, anthropogenic processes that perturb these branching ratios 
from their background values will influence overall SOA formation. 

3.2. Field studies 

The high abundant vegetation in Amazonia make this region a global hotspot for the 
emission of various biogenic volatile organic compounds (e.g. Keller et al., 2009). 
Previously it was thought that the vast emissions of VOC in the Amazon area would 
deplete the oxidative potential of the atmosphere (Lelieveld et al., 2002) and thus constrain 
the BSOA production. However, there have been strong indications that HOx chemistry 
remains substantially more vigorous under low-NOx conditions than standard 
mechanisms predict (Thornton et al., 2002). This was confirmed by a more recent study by 
Lelieveld et al. (2008) showing that the oxidative potential in the pristine rainforest is 
maintained through the recycling of OH via organic peroxy radical reactions under low 
NOx conditions. Most attempts to estimate Amazonian BSOA production (e.g. Penner et 
al., 2001; Kanakidou et al., 2005) with global models have considered only monoterpenes as 
precursors. More recent efforts (e.g. Heald et al., 2008) have included isoprene, which has 
been shown to be a significant SOA precursor (Claeys et al., 2004), but still omit some 
potentially significant precursors such as the highly reactive sesquiterpenes which have 
very high BSOA yields. Both observational and modelling studies have concluded that 80% 
of the aerosol mass in the Amazon forest is of biogenic origin (Artaxo et al., 1990; Artaxo 
and Hansson, 1995; Heald et al., 2008; Chen et al., 2009) either due to primary or secondary 
sources (Kanakidou et al., 2005), however there is a large uncertainty in this number. One 
has to keep in mind that unless we have an accurate knowledge of the emissions of 
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primary aerosols, it will be difficult to assess the relative importance of the SOA. 
Measurements made during the Amazonian Aerosol Characterization Experiment 2008 
(AMAZE-08), under near pristine conditions, show that the submicrometer aerosol is 
mostly composed of BSOA, while supermicron particles consist mainly of primary organic 
matter (Pöschl et al., 2010). While the submicrometer fraction was found to account for 
more than 99% of the ca. 200 cm-3 particles observed, approximately 70% of the ca. 2μg m-3 
total particle mass was made up by the supermicron particles. The ongoing development of 
the Amazon is resulting in an enhanced anthropogenic influence on regional atmospheric 
composition. Changes in anthropogenic pollutants (particularly NOx and SO2) can alter the 
SOA formation potential (Kroll et al., 2005; Ng et al., 2007) and the relative roles of 
different oxidation pathways. It is typically assumed that more SOA is formed from 
monoterpenes under low-NOx conditions, such as prevail in the Amazon. Therefore a 
change in the amount of NOx due to anthropogenic emissions would lead to a change in 
the amount of SOA. The magnitude and the sign of this change depend on the 
predominant VOC species.  

3.3. Modeling 

Current BVOC emission and air quality models aggregate all monoterpene (C10H16) 
compounds, assuming that their fate in the atmosphere is similar. However, studies have 
shown that individual monoterpene compounds may react quite differently (Hoffmann et 
al., 1997; Atkinson et al., 1992; Atkinson, 1990; Yokouchi and Ambe, 1985). Reaction rates 
with O3, OH, and NO3 radicals can vary by an order of magnitude between these 
compounds. Aerosol yields can likewise vary significantly. Monoterpenes with exocyclic 
double bonds, such as b-pinene and sabinene, tend to form more aerosols following 
ozonolysis compared to those with endocyclic double bonds, such as α-pinene and Δ3-
carene (Hatakeyama et al., 1989). Those with two double bonds can react to produce even 
higher aerosol yields, depending on the vapor pressure of the reaction products. Open-chain 
monoterpenes, such as myrcene, linalool, and ocimene (Hoffmann et al., 1997), tend to 
produce lower aerosol yields under most circumstances. It was recently concluded that it is 
not possible to use generalized descriptions of terpene chemistry in models (Hallquist et al., 
1999). Aerosol forming potentials of terpenes discussed here could be partially explained by 
their structural characteristics (Griffin et al., 1999). It was concluded that most biogenic 
hydrocarbons would have to be accounted for individually when modeling atmospheric 
aerosol formation. 
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containing organic species. The NOx dependence becomes increasingly complex when the 
monoterpene consists of two double bonds with differing reactivity, as is the case for 
limonene. Zhang et al. (2006) indicated that two competing effects contribute to the NOx 
dependence of the SOA yield: reactive uptake by the aerosol and gas-phase oxidation. In the 
presence of ozone and at low NOx, heterogeneous ozonolysis of the exo double bond 
generates condensed-phase secondary generation oxidation products. However, at high 
NOx, gas-phase oxidation of the double bond becomes the dominant process for aerosol 
product generation.The yield dependence on NOx is complicated when oxidation by ozone 
or hydroxyl radicals takes place in the presence of NOx. The primary reason is thought to be 
that under high NOx conditions, organo-peroxy radicals (RO2) react with NO and NO2 
instead of with peroxy radicals (RO2 or HO2). A number of different critical values 
(VOC/NOx) have been suggested (e.g. 10–15:1, Pandis et al., 1991, 8:1, Presto et al., 2005, 3–
10:1, Lane et al., 2008) for the point of 50:50 branching between the two reaction paths. As 
the OH/O3 ratio also depends on the VOC/NOx ratio, it is difficult to separate changes in 
yield due to changes in concentrations of OH and O3 from changes in product distribution 
due to the presence of NOx (Presto et al., 2005). However, the approach adopted by Lane et 
al. (2008) is to identify product yields for each fundamental pathway (i.e., high-NOx 
dominated by RO2 + NO, low-NOx by RO2 +HO2) and then to assume that SOA yields can 
be calculated by a linear combination of the “pure” mass yields scaled by the strength of 
each reaction pathway. Clearly, anthropogenic processes that perturb these branching ratios 
from their background values will influence overall SOA formation. 

3.2. Field studies 

The high abundant vegetation in Amazonia make this region a global hotspot for the 
emission of various biogenic volatile organic compounds (e.g. Keller et al., 2009). 
Previously it was thought that the vast emissions of VOC in the Amazon area would 
deplete the oxidative potential of the atmosphere (Lelieveld et al., 2002) and thus constrain 
the BSOA production. However, there have been strong indications that HOx chemistry 
remains substantially more vigorous under low-NOx conditions than standard 
mechanisms predict (Thornton et al., 2002). This was confirmed by a more recent study by 
Lelieveld et al. (2008) showing that the oxidative potential in the pristine rainforest is 
maintained through the recycling of OH via organic peroxy radical reactions under low 
NOx conditions. Most attempts to estimate Amazonian BSOA production (e.g. Penner et 
al., 2001; Kanakidou et al., 2005) with global models have considered only monoterpenes as 
precursors. More recent efforts (e.g. Heald et al., 2008) have included isoprene, which has 
been shown to be a significant SOA precursor (Claeys et al., 2004), but still omit some 
potentially significant precursors such as the highly reactive sesquiterpenes which have 
very high BSOA yields. Both observational and modelling studies have concluded that 80% 
of the aerosol mass in the Amazon forest is of biogenic origin (Artaxo et al., 1990; Artaxo 
and Hansson, 1995; Heald et al., 2008; Chen et al., 2009) either due to primary or secondary 
sources (Kanakidou et al., 2005), however there is a large uncertainty in this number. One 
has to keep in mind that unless we have an accurate knowledge of the emissions of 
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primary aerosols, it will be difficult to assess the relative importance of the SOA. 
Measurements made during the Amazonian Aerosol Characterization Experiment 2008 
(AMAZE-08), under near pristine conditions, show that the submicrometer aerosol is 
mostly composed of BSOA, while supermicron particles consist mainly of primary organic 
matter (Pöschl et al., 2010). While the submicrometer fraction was found to account for 
more than 99% of the ca. 200 cm-3 particles observed, approximately 70% of the ca. 2μg m-3 
total particle mass was made up by the supermicron particles. The ongoing development of 
the Amazon is resulting in an enhanced anthropogenic influence on regional atmospheric 
composition. Changes in anthropogenic pollutants (particularly NOx and SO2) can alter the 
SOA formation potential (Kroll et al., 2005; Ng et al., 2007) and the relative roles of 
different oxidation pathways. It is typically assumed that more SOA is formed from 
monoterpenes under low-NOx conditions, such as prevail in the Amazon. Therefore a 
change in the amount of NOx due to anthropogenic emissions would lead to a change in 
the amount of SOA. The magnitude and the sign of this change depend on the 
predominant VOC species.  

3.3. Modeling 

Current BVOC emission and air quality models aggregate all monoterpene (C10H16) 
compounds, assuming that their fate in the atmosphere is similar. However, studies have 
shown that individual monoterpene compounds may react quite differently (Hoffmann et 
al., 1997; Atkinson et al., 1992; Atkinson, 1990; Yokouchi and Ambe, 1985). Reaction rates 
with O3, OH, and NO3 radicals can vary by an order of magnitude between these 
compounds. Aerosol yields can likewise vary significantly. Monoterpenes with exocyclic 
double bonds, such as b-pinene and sabinene, tend to form more aerosols following 
ozonolysis compared to those with endocyclic double bonds, such as α-pinene and Δ3-
carene (Hatakeyama et al., 1989). Those with two double bonds can react to produce even 
higher aerosol yields, depending on the vapor pressure of the reaction products. Open-chain 
monoterpenes, such as myrcene, linalool, and ocimene (Hoffmann et al., 1997), tend to 
produce lower aerosol yields under most circumstances. It was recently concluded that it is 
not possible to use generalized descriptions of terpene chemistry in models (Hallquist et al., 
1999). Aerosol forming potentials of terpenes discussed here could be partially explained by 
their structural characteristics (Griffin et al., 1999). It was concluded that most biogenic 
hydrocarbons would have to be accounted for individually when modeling atmospheric 
aerosol formation. 
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1. Introduction 
Aerosols affect climate in multiple ways. Aerosol absorbs or scatters radiation in the 
atmosphere (so-called direct effect). Aerosols, except dust, interfere mainly with solar 
radiation. Some aerosols act as cloud condensation nuclei (CCN), thus affecting cloud 
albedo and lifetime (so-called indirect effect). Dark color aerosols can be deposited on sea 
ice, snow packs and glaciers, thus darkening the snow and ice surfaces, and enhancing the 
absorption of sunlight (so-called surface darkening effect). Some of the aerosols can absorb 
sunlight efficiently and heat the atmosphere. This heating can burn cloud (so-called semi-
direct effect). Here, I offer an overview of the aerosol direct effect on solar radiation. 

The effect of aerosols on climate is normally quantified in terms of aerosol radiative forcing. 
Aerosol radiative forcing is defined as the effect of anthropogenic aerosols on the radiative 
fluxes at the top of the atmosphere (TOA) and at the surface and on the absorption of 
radiation within the atmosphere. The effect of the total (anthropogenic + natural) aerosols is 
called aerosol radiative effect or total aerosol forcing. In this chapter, I discuss various 
parameters that affect aerosol direct radiative effect or aerosol direct radiative forcing. 

 
τ AOD Aerosol Optical Depth 
τa AAOD Absorption Aerosol Optical Depth; = (1−SSA)×AOD 
α AE Ångström Exponent for Extinction 
β AAE Absorption Ångström Exponent 
 SSA Single Scattering Albedo 
 ASY Asymmetry parameter 

Table 1. Summary of acronyms and symbols. 

Aerosol direct forcing can be, and has been, estimated purely from observations alone, but 
the estimation has been done predominantly by a radiation model. A variety of radiation 
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called aerosol radiative effect or total aerosol forcing. In this chapter, I discuss various 
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models have been used for estimating aerosol direct forcing and all of them have common 
input variables such as AOD (or extinction coefficient), SSA (Single Scattering Albedo), ASY 
(Asymmetry Parameter). These input variables have been obtained by aerosol simulation 
models or by aerosol observations. I review the input variables and also give an estimate of 
aerosol direct radiative effect. 

2. Aerosol optical properties 

2.1. Aerosol Optical Depth (AOD) 

When a beam of light is attenuated, we call this attenuation extinction. Extinction is a result 
of scattering plus absorption. Aerosols can scatter and absorb light, and the attenuation due 
to aerosol is called aerosol extinction. Aerosol extinction will weaken the light intensity from 
Iλ to Iλ + dIλ after traversing a thickness ds in the direction of its propagation. λ represents 
wavelength. Then, the following equation holds: 

 d Iλ = −kλρIλ ds   (1) 

where ρ is the density of the material, and kλ denotes the mass extinction cross section (in 
units of area per mass). kλρ is referred to as the aerosol extinction coefficient, whose units are 
given in terms of length (typically, cm−1). The aerosol extinction coefficient is the sum of the 
aerosol scattering coefficient and the aerosol absorption coefficient. Over the globe, the 
aerosol extinction coefficient is a function of space (X-Y-Z), time (T) and wavelength. The 
aerosol optical depth τ is a vertical integral of the aerosol extinction coefficient from the 
earth surface (Sfc) to the top of the atmosphere (TOA), as follows: 

 τ� � � k�ρdz���
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AOD is not a function of height. AOD is the sum of AAOD (Absorption Aerosol Optical 
Depth) and SAOD (Scattering Aerosol Optical Depth). AAOD (τa) is the vertical integral of 
the aerosol absorption coefficient. 

Another way to understand AOD is that it describes column-integrated aerosol amount in 
an optical sense. When aerosol mass amount is doubled, AOD should also be doubled. 
Aerosol mass amount, however, is not directly related to aerosol forcing, as AOD is. 
Furthermore, satellite observations can be used to infer AOD, not aerosol mass amount. For 
these collective reasons, AOD is the most fundamental variable for aerosol-climate 
interaction. AOD is also called AOT (Aerosol Optical Thickness). Combining Eq. 1 and Eq. 2, 
we find that Iλ(Sfc) = Iλ(TOA)×exp(−AOD). Thus, aerosols with AOD of 1.0 reduce the light 
beam (i.e., direct radiation) by e−1. e−1 is 0.368. In this case, the sun will appear largely hidden 
by aerosols at the surface. AOD of 1.0 represents a very dense aerosol layer. 

AOD is a function of wavelength. The community generally uses the 550 nm value for the 
standard AOD. Fig. 1 shows how aerosol forcing changes with respect to AOD. When AOD 
is small (say, < 0.3), doubling AOD leads to doubled forcing. When AOD becomes large, 
added AOD translates into a smaller increase in forcing. 
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Figure 1. Annual-mean clear-sky aerosol forcing as a function of AOD at 550 nm. The simulation is 
made with a Monte-Carlo radiation model as in Chung et al. (2005), which only considered solar 
radiation. Specified parameters are SSA=0.19 at all the wavelengths, ASY=0.7 at 550 nm, α=1.4, and land 
surface albedo of 0.15 at a latitude of 21N. 

2.2. Single Scattering Albedo (SSA) 

When photons hit an aerosol particle, some photons will be scattered while the other will be 
absorbed. The SSA is defined as the ratio of the scattering to the extinction. Extinction is the 
sum of scattering and absorption. When photons are scattered, the wavelength remains 
unchanged. SSA is a function of wavelength. 
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SSA can be computed in case of a single particle, aerosol layer or column integrated 
aerosols. For a single particle, the number of scattered/absorbed photons can be counted to 
calculate the SSA, or the scattering/extinction cross section can be measured/calculated. For 
a single particle, its SSA depends on particle size, particle shape and material refractive 
index. For an aerosol layer, the aerosol extinction/scattering coefficient can be used to 
compute the SSA. For column-integrated aerosols, AOD and SAOD can be used to compute 
the column-integrated SSA. For a group of aerosols, aerosol size distribution will affect the 
SSA. 

 
Figure 2. Annual-mean clear-sky aerosol forcing as a function of SSA. SSA is prescribed to be 
wavelength independent here. AOD at 550 nm is 0.1, and the rest parameters are as in Fig. 1. 
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Fig. 2 shows how aerosol forcing changes with respect to SSA. It is very important to note 
that the forcing at the TOA depends crucially on SSA. When SSA is low, the TOA forcing is 
positive. Conversely, the TOA forcing becomes negative with high SSAs. Aerosol forcing 
typically refers to the TOA forcing. Another important feature is that the surface forcing 
becomes larger (more negative) with lower SSA given a fixed AOD. In other words, 
absorbing aerosols are more effective surface dimmers. 

SSA is one of the aerosol intrinsic properties. Aerosols can be classified in terms of aerosol 
species, the most common of which are BC (black carbon), OM (organic matter), dust, 
sulfate, sea salt and nitrate. Sea salt, sulfate and nitrate are known to have close to 1.0 in 
SSA. OM was in the past treated as 100% scattering (Myhre et al., 2007; Stier et al., 2007), but 
is now widely accepted to have significant absorption due to brown carbon (Andreae & 
Gelencsér, 2006) (BrC) component. It appears that there are large differences in the 
estimated magnitude of BrC absorption (Alexander et al., 2008; Chakrabarty et al., 2010; 
Hoffer et al., 2006). Magi (2009, 2011) analyzed air-craft data over the southern Africa and 
concluded that OM SSA is 0.85±0.05 at 550 nm. There is a possibility that OM SSA over the 
southern Africa might differ from that over other regions. 

Magi (2009, 2011) also gives BC SSA. According to his field study, BC SSA is 0.19±0.05 at 550 
nm. BC SSA of 0.19 is very close to 0.185 from a theoretical calculation of BC aggregates by 
Chung et al. (2011) and also close to 0.18 from a laboratory study by Schnaiter et al. (2005). 
Many studies use a very high BC SSA (typically near 0.3), and this high BC SSA results from 
an assumption that BC is a spherical particle. BC has a cluster structure consisting of many 
monomers, and Chung et al. (2011) considered the cluster structure to derive the BC SSA. 
When BC is assumed to be spherical, Chung et al. (2011) found BC SSA to be 0.32. 

Dust SSA has been estimated to be about 0.9 by Müller et al. (2010) and 0.92 by Eck et al. 
(2010) at 550 nm. When dust is transported over polluted areas, non-dust particles such as 
BC are often attached to dust. These two field studies (Müller et al., 2010; Eck et al., 2010) 
probably reported polluted dust SSA. Pure dust SSA is likely to be greater than 0.92. The 
combination of different aerosols will determine the aerosol SSA. When aerosols are BC rich, 
e.g., the SSA will be low thanks to the BC component. Thus, aerosol SSA is indicative of the 
relative abundance of each aerosol species. 

2.3. Asymmetry Parameter (ASY) 

When aerosols scatter light, the phase function describes the angular distribution of 
scattered energy. The phase function P(cosΘ) is a normalized function, such that 

   (3) 

where Θ refers to the angle between the direction of incoming light and that of the scattered 
light. When Θ < π/2, the scattering is called forward scattering, while the scattering is 
backward when Θ > π/2. 

The asymmetry parameter, or asymmetry factor, g is defined as follows:  
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where Θ refers to the angle between the direction of incoming light and that of the scattered 
light. When Θ < π/2, the scattering is called forward scattering, while the scattering is 
backward when Θ > π/2. 

The asymmetry parameter, or asymmetry factor, g is defined as follows:  
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When the forward scattering is as much as the backward scattering, ASY becomes zero. ASY 
increases as the forward scattering dominates over the backward scattering. Larges particles 
have higher ASY. In the atmosphere, monthly-mean aerosol ASY ranges from 0.6 to 0.82 
(from AERONET data analysis). AERONET (Holben et al., 2001) is a ground-based network 
of sun photometers located at over hundreds of stations around the world. 

 
Figure 3. Annual-mean clear-sky aerosol forcing as a function of 550 nm ASY. AOD is 0.1, and the rest 
parameters are as in Fig. 1. 
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ASY has large impacts on aerosol forcing at the TOA but have little impacts on the 
atmospheric aerosol forcing (Fig. 3). This is because ASY does not change aerosol absorption 
which dominates the atmospheric forcing. Large ASYs are associated with large aerosol 
forcing at the TOA because aerosols with large ASY less scatter the solar radiation back to 
the space.  

2.4. Ångström exponent (α) 

α describes the wavelength dependence of AOD (or the aerosol extinction coefficient). In 
case of AOD Ångström exponent, the definition is as follows: 
 
 

 AOD�λ� � AOD�λ��� ����
��  (5) 

λR is the reference wavelength, and is typically 550 nm. α cannot be negative, and can be as 
high as 4.0. Lower α means that aerosol extinction is more independent of wavelength, 
which is the case for larger particles. Large particles are associated with lower α and higher 
ASY. 

Fig. 4 shows the effect of increasing α on aerosol forcing. As α increases, the total aerosol 
extinction of broad-band solar radiation decreases. Thus, large α is associated with slightly 
less aerosol forcing. 

3. Other factors controlling aerosol forcing 
In Section 2, I gave an overview of aerosol optical properties and explained how these 
properties affect aerosol forcing. Aerosol forcing is also influenced by non-aerosol 
properties, notably the surface albedo and low-level cloudiness. 

The surface plays an important role in case of absorbing aerosols (i.e., aerosols with low 
SSA). As Fig. 5 shows, higher albedo (i.e., more reflection at the surface) increases aerosol 
absorption and thus aerosol forcing at the TOA as well as in the atmosphere. Higher albedo 
increases aerosol absorption because absorbing aerosols absorb not just the downward solar 
radiation but also the reflected upward radiation. Higher albedo also decreases aerosol 
scattering back to the space, further contributing to higher aerosol forcing at TOA. Ice, snow 
and desert have high surface albedo. 

Low-level cloud reflects solar radiation effectively, and so absorbing aerosols above low 
cloud have more absorption, as demonstrated by Podgorny and Ramanathan (2001). Thus, 
absorbing aerosols above low cloud enhance aerosol forcing, just like absorbing aerosols 
over reflective surfaces. The difference between low cloud and highly-reflective surface is 
that aerosols can be located below or above low cloud. Zarzycki and Bond (2010) studied 
absorbing aerosol forcing with respect to low cloud. They found that BC aerosols above low 
clouds explain about 20% of the global burden but 50% of the forcing. 
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Figure 4. Annual-mean clear-sky aerosol forcing as a function of α. AOD at 550 nm is 0.1, and the rest 
parameters are as in Fig. 1. 

4. Global distribution of aerosol optical properties 
Here, I present observationally-constrained estimates of aerosol optical properties over the 
globe. The principal observation used here is AERONET (Aerosol Robotic NETwork), which 
is a ground-based network of measuring aerosol optical properties (Holben et al., 2001) as 
mentioned earlier. There are hundreds of AERONET sites worldwide, and all the sites are 
located over the land or an island. I use the monthly Level 2.0 from Version 2 product for 
the period 2001–2009. In this dataset, values are pre- and post-field calibrated, cloud 
screened and quality assured. AERONET offers AOD, SSA and ASY at multiple 
wavelengths. Where necessary, I logarithmically interpolated AOD and linearly interpolated 
SSA/ASY to the desired wavelength. 
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Figure 5. Figure 5. Annual-mean clear-sky aerosol forcing as a function of land surface albedo. AOD is 
0.1, and the rest parameters are as in Fig. 1. 

4.1. AOD at 550 nm 

AERONET offers world-wide but sparsely-located AODs. To get globally gridded AOD, I 
use satellite observations from MODIS (MODerate resolution Imaging Spectro-radiometer) 
and MISR (Multi-angle Imaging Spectro-Radiometer). MODIS is a satellite sensor on board 
Terra satellite and Aqua satellite. I downloaded Collection 5.1 Aqua and Collection 5.0 Terra 
M3 AODs at 550 nm. Terra AOD and Aqua AOD on the 1º×1º resolution were converted to 
monthly combined AOD on the T42 resolution using following algorithm: If there are at 
least 5 values from either satellite in each T42 gridbox, a median is calculated in order to 
remove outliers. Then, 2001−2009 climatology for each calendar month is computed. As for 
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MISR AOD, I downloaded the CGAS MIL3MAE.4 product. Processing MISR AOD is similar 
to that of MODIS AOD. 

I put together AERONET, MODIS and MISR AODs at 550 nm in the following. 1) I fill the 
gaps in MODIS AOD with MISR AOD using the iterative difference-successive correction 
method developed by Cressman (1959). MODIS does not give AOD over desert areas where 
MISR offers AOD. 2) The remaining gaps in MODIS+MISR AOD are filled with GOCART 
AOD again using Cressman(1959)’s method. 3) The spatial pattern in 
MODIS+MISR+GOCART AOD is coupled with the sparsely-distributed AERONET AOD 
values, using Chung et al. (2005)’s technique, as below. 

 
4

4

,
,_ _

_ ,
,

i

i

AERONETj i
dj iN AODj MMG AODj

MMG AODj i
dj i

 



 (6) 

Where N_AODj is the adjusted new value of the AOD at grid j, AERONETj,i is an 
AERONET_ AOD at station location i nearby the grid j, dj,i is the distance between j and i, 
and MMG_AODj,i is the MODIS+MISR+GOCART_AOD at the grid of AERONETj,i. Eq. 6 is 
applied for each calendar month. In this assimilation method, the order of influence is 
AERONET > MODIS > MISR > GOCART.  

Fig. 6 visualizes the assimilated AOD. AOD is large over deserts such as the Sahara and the 
Gobi and their downstream areas. AOD is also large over biomass burning and fossil fuel 
combustion areas such as East Asia, South Asia, southern Africa and Amazon.  

4.2. SSA at 550 nm 

To get global SSA, I put together AERONET data and GOCART simulation as follows. First, 
GOCART SSA is computed using GOCART AODs as follows: 

 SSA�λ�� � ������ � ����λ�� � ����� � ���λ�� �� ������λ������λ��.   (7) 

CA represents carbonaceous aerosols. D represents dust. 0.957 is dust SSA. This number 
comes from AERONET SSA over the sites that give AAE around 2.41 ~2.42. CA SSA of 0.741 
is chosen to minimize the global/annual mean difference between GOCART SSA and 
AERONET SSA. 

Then, these GOCART SSAs are further adjusted by AERONET SSA as below.  
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Like Eq. 6, Eq. 8 maximizes the influence of AERONET data. By applying Eq. 8, the final 
SSA has observational constraint on regional scales. 
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Figure 6. 2001−2009 Aerosol Optical Depth (AOD) at 550 nm, as derived by AERONET, MODIS and 
MISR observations. 

Fig. 7 shows global aerosol SSA at 550 nm. Low SSA means absorbing aerosols. Typically, 
aerosols with SSA < 0.9 are considered absorbing. As the figure shows, heavy biomass 
burning areas such as the southern Africa show lowest SSA. This is because these areas emit 
large amounts of BC and relatively smaller amounts of scattering aerosols such as sulfate. 
Over much of the ocean, dominant aerosols are sea salt which has close to 1.0 in SSA. 

4.3. ASY at 550 nm 

To get global ASY, I put together AERONET data and GOCART simulation as follows. First, 
GOCART ASY is computed using GOCART SAODs as follows.  

 ASY�λ�� � ����� � SA�����λ�� � ���� � SA������λ�� � ���� � SA����λ��   (9) 

������ � SA�����λ�� �� ���� � SA�����λ����SA���λ��. 
SAODsul(λR) refers to SAOD at 550 nm for sulfate. “fs” refers to fine sea salt, and “cs” refers 
to coarse sea salt. The numbers 0.62, 0.69 and 0.66 are chosen to match AERONET ASY. The 
numbers 0.778 and 0.85 came from the OPAC (Optical Properties of Aerosols and Clouds) 
data (Hess et al., 1998). GOCART SAOD is computed from AOD and SSA, where SSA is 
assigned in the following: 0.19 for BC, 0.85 for OM, 0.96 for dust and 1.0 for the rest. See 
section 2.2 for these numbers.  
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method developed by Cressman (1959). MODIS does not give AOD over desert areas where 
MISR offers AOD. 2) The remaining gaps in MODIS+MISR AOD are filled with GOCART 
AOD again using Cressman(1959)’s method. 3) The spatial pattern in 
MODIS+MISR+GOCART AOD is coupled with the sparsely-distributed AERONET AOD 
values, using Chung et al. (2005)’s technique, as below. 

 
4

4

,
,_ _

_ ,
,

i

i

AERONETj i
dj iN AODj MMG AODj

MMG AODj i
dj i

 



 (6) 

Where N_AODj is the adjusted new value of the AOD at grid j, AERONETj,i is an 
AERONET_ AOD at station location i nearby the grid j, dj,i is the distance between j and i, 
and MMG_AODj,i is the MODIS+MISR+GOCART_AOD at the grid of AERONETj,i. Eq. 6 is 
applied for each calendar month. In this assimilation method, the order of influence is 
AERONET > MODIS > MISR > GOCART.  

Fig. 6 visualizes the assimilated AOD. AOD is large over deserts such as the Sahara and the 
Gobi and their downstream areas. AOD is also large over biomass burning and fossil fuel 
combustion areas such as East Asia, South Asia, southern Africa and Amazon.  

4.2. SSA at 550 nm 

To get global SSA, I put together AERONET data and GOCART simulation as follows. First, 
GOCART SSA is computed using GOCART AODs as follows: 

 SSA�λ�� � ������ � ����λ�� � ����� � ���λ�� �� ������λ������λ��.   (7) 

CA represents carbonaceous aerosols. D represents dust. 0.957 is dust SSA. This number 
comes from AERONET SSA over the sites that give AAE around 2.41 ~2.42. CA SSA of 0.741 
is chosen to minimize the global/annual mean difference between GOCART SSA and 
AERONET SSA. 

Then, these GOCART SSAs are further adjusted by AERONET SSA as below.  

    
4

4

1 ,
,1 N _ SSAj  1 _

1 _ ,
,

i

i

AERONETj i
dj iG SSAj

G SSAj i
dj i



   





 (8) 

Like Eq. 6, Eq. 8 maximizes the influence of AERONET data. By applying Eq. 8, the final 
SSA has observational constraint on regional scales. 
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Figure 6. 2001−2009 Aerosol Optical Depth (AOD) at 550 nm, as derived by AERONET, MODIS and 
MISR observations. 

Fig. 7 shows global aerosol SSA at 550 nm. Low SSA means absorbing aerosols. Typically, 
aerosols with SSA < 0.9 are considered absorbing. As the figure shows, heavy biomass 
burning areas such as the southern Africa show lowest SSA. This is because these areas emit 
large amounts of BC and relatively smaller amounts of scattering aerosols such as sulfate. 
Over much of the ocean, dominant aerosols are sea salt which has close to 1.0 in SSA. 

4.3. ASY at 550 nm 

To get global ASY, I put together AERONET data and GOCART simulation as follows. First, 
GOCART ASY is computed using GOCART SAODs as follows.  

 ASY�λ�� � ����� � SA�����λ�� � ���� � SA������λ�� � ���� � SA����λ��   (9) 

������ � SA�����λ�� �� ���� � SA�����λ����SA���λ��. 
SAODsul(λR) refers to SAOD at 550 nm for sulfate. “fs” refers to fine sea salt, and “cs” refers 
to coarse sea salt. The numbers 0.62, 0.69 and 0.66 are chosen to match AERONET ASY. The 
numbers 0.778 and 0.85 came from the OPAC (Optical Properties of Aerosols and Clouds) 
data (Hess et al., 1998). GOCART SAOD is computed from AOD and SSA, where SSA is 
assigned in the following: 0.19 for BC, 0.85 for OM, 0.96 for dust and 1.0 for the rest. See 
section 2.2 for these numbers.  
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Figure 7. 2001−2009 Single Scattering Albedo (SSA) at 550 nm, as derived by AERONET and GOCART 
simulation. 

Finally, these GOCART ASYs are adjusted by AERONET ASYs as below.  
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By applying Eq. 10, the final ASY has observational constraint on regional scales. Fig. 8 
shows global ASY at 550 nm. Again, low ASY is associated with small particles. As 
demonstrated in Fig. 8, biomass burning areas tend to show low ASY. This is because 
biomass burning aerosols consist mainly of BC and OM and these two aerosol species are 
the smallest species. Since BC merely scatters, biomass burning aerosol ASY largely 
represents OM ASY. Fossil fuel combustion areas also show relatively low ASY. Large ASY 
values are seen over deserts and their downstream areas as well as over the ocean, because 
dust and sea salt are the biggest aerosols. 

5. Global aerosol forcing 
In section 4, I presented observationally-constrained AOD, SSA and ASY at 550 nm. In a 
method similar to the ASY assimilation, I generate observationally-constrained α and co-
albedo Ångström exponent. Co-albedo is 1−SSA. Now, I have all the aerosol input 
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parameters needed to compute aerosol forcing except its vertical profile. The vertical profile 
and the radiation model are as in Chung et al. (2005), where the Monte-Carlo Aerosol Cloud 
Radiation (MACR) model was adopted with the observed cloud effects from the ISCCP 
(International Satellite Cloud Climatology Project). All the calculations are for solar 
radiation and for direct effects. 
 

 
Figure 8. 2001−2009 asymmetry parameter (ASY) at 550 nm, as derived by AERONET and GOCART 
simulation. 

Fig. 9 shows the total (natural + anthropogenic) aerosol forcing over the globe. The forcing is 
mostly negative, and large negative values tend to be associated with high AOD, i.e., large 
aerosol burden in the atmosphere. Some areas have significantly positive forcing instead. 
For example, the aerosols over the eastern tropical Atlantic (between Eq. and 20ºS) have 
huge positive forcing. This positive forcing is aided by low level cloud. To be sure, we 
repeated the radiation calculation without cloud (Fig. 10). The clear-sky forcing eliminates 
this positive-forcing feature. The remaining positive forcing in Fig. 10 is all over highly 
reflective surfaces such as deserts, ice. In the absence of high sulfate albedo and low cloud, 
the aerosol forcing is negative everywhere. 

Near-zero forcing in Fig. 9 is usually associated with very little aerosol. However, the 
near-zero forcing that occurs between significantly positive and significantly negative 
forcings has a sizable amount of aerosols. Although these aerosols have near-zero forcing 
at the TOA, they always have large positive forcing in the atmosphere or large negative 
forcing at the surface. The cancellation between the surface forcing and the atmosphere 
forcing occurs makes the zero forcing at the TOA. This cancellation occurs when the 
aerosol SSA is within a certain range associated with certain surface albedo and the 
presence of low clouds. 
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Figure 7. 2001−2009 Single Scattering Albedo (SSA) at 550 nm, as derived by AERONET and GOCART 
simulation. 

Finally, these GOCART ASYs are adjusted by AERONET ASYs as below.  

 
4

4

, _ ,
,N _ ASYj  G _ ASYj 
1
,

i

i

AERONETi j G ASYj i
dj i

dj i



 



 (10) 

By applying Eq. 10, the final ASY has observational constraint on regional scales. Fig. 8 
shows global ASY at 550 nm. Again, low ASY is associated with small particles. As 
demonstrated in Fig. 8, biomass burning areas tend to show low ASY. This is because 
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values are seen over deserts and their downstream areas as well as over the ocean, because 
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parameters needed to compute aerosol forcing except its vertical profile. The vertical profile 
and the radiation model are as in Chung et al. (2005), where the Monte-Carlo Aerosol Cloud 
Radiation (MACR) model was adopted with the observed cloud effects from the ISCCP 
(International Satellite Cloud Climatology Project). All the calculations are for solar 
radiation and for direct effects. 
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Fig. 9 shows the total (natural + anthropogenic) aerosol forcing over the globe. The forcing is 
mostly negative, and large negative values tend to be associated with high AOD, i.e., large 
aerosol burden in the atmosphere. Some areas have significantly positive forcing instead. 
For example, the aerosols over the eastern tropical Atlantic (between Eq. and 20ºS) have 
huge positive forcing. This positive forcing is aided by low level cloud. To be sure, we 
repeated the radiation calculation without cloud (Fig. 10). The clear-sky forcing eliminates 
this positive-forcing feature. The remaining positive forcing in Fig. 10 is all over highly 
reflective surfaces such as deserts, ice. In the absence of high sulfate albedo and low cloud, 
the aerosol forcing is negative everywhere. 

Near-zero forcing in Fig. 9 is usually associated with very little aerosol. However, the 
near-zero forcing that occurs between significantly positive and significantly negative 
forcings has a sizable amount of aerosols. Although these aerosols have near-zero forcing 
at the TOA, they always have large positive forcing in the atmosphere or large negative 
forcing at the surface. The cancellation between the surface forcing and the atmosphere 
forcing occurs makes the zero forcing at the TOA. This cancellation occurs when the 
aerosol SSA is within a certain range associated with certain surface albedo and the 
presence of low clouds. 
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Figure 9. 2001−2009 aerosol forcing (natural + anthropogenic) estimate at the TOA. Cloud effects are 
included here. 

 
Figure 10. 2001−2009 aerosol forcing (natural + anthropogenic) estimate at the TOA. Cloud effects are 
not included here. 
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Global average aerosol forcing is summarized in Table 2. As clear in Table 2, cloud increases 
aerosol forcing significantly from −4.3 Wm−2 to −2.0 Wm−2. Surprisingly, cloud decreases the 
atmosphere forcing slightly, indicating that the forcing enhancement by low cloud is not as 
much as the forcing reduction by mid or high cloud. However, this result (i.e., cloud effects on 
the atmosphere forcing) is sensitive to the aerosol vertical profile, and currently there is a lot of 
uncertainty in aerosol vertical profile. Chung et al. (2005) used an idealized profile. 
 

 All sky Clear sky 
TOA forcing −2.0 Wm−2 −4.3 Wm−2 
Atmosphere forcing +4.7 Wm−2 +5.5 Wm−2 
Surface forcing −6.8 Wm−2 −9.7 Wm−2 

Table 2. Global average total (natural + anthropogenic) aerosol forcing estimates. 

6. Conclusion 
Thus far, I have discussed fundamental aerosol optical properties and their influences on 
aerosol forcing, and given an observation-constrained estimate of global aerosol forcing. 
Although some important topics are not discussed here, the presented material here is a 
good starting point in studying the science of aerosol radiative forcing in my opinion.  
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Global average aerosol forcing is summarized in Table 2. As clear in Table 2, cloud increases 
aerosol forcing significantly from −4.3 Wm−2 to −2.0 Wm−2. Surprisingly, cloud decreases the 
atmosphere forcing slightly, indicating that the forcing enhancement by low cloud is not as 
much as the forcing reduction by mid or high cloud. However, this result (i.e., cloud effects on 
the atmosphere forcing) is sensitive to the aerosol vertical profile, and currently there is a lot of 
uncertainty in aerosol vertical profile. Chung et al. (2005) used an idealized profile. 
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1. Introduction 

Aerosol particle shape is a key parameter affecting its physical characters, especially 
scattering properties[1]. The information of shape reveals important application in such fields 
as atmospheric radiation and remote sensing, climate research, radar meteorology[2]. The 
convenient availability and simplicity of the Lorenz-Mie theory has resulted in a widespread 
practice of treating non-spherical particles as if they were spheres to which Lorenz-Mie 
results are applicable. However, the assumption of sphere is rarely made after first having 
studied the effects of non-sphere and concluded that they are negligible but is usually based 
on a perceived lack of practical alternatives[3]. 

In a variety of occupational, environmental and industrial scenarios, particles within the size 
range from a few tenths of a micrometer to a few hundred micrometers play an important 
role[4]. Since the majority of aerosol particles are to some extent non-spherical and indicating 
relation with their origins, the knowledge of particles’ shape may be used to judge the 
source of those particles and hence facilitate more effective contamination control and to 
reduce inadvertent particle generation. For example, fibrous particles are often 
corresponding to textile industry, flake-like particles corresponding to papermaking 
industry, etc. 

The scattering profile of light scattered by any particle is determined by its size parameter, 
its shape, and its orientation with respect to the incident illumination[4]. The spatial intensity 
distribution of scattered light thus contains information by which the particle may often be 
classified or even identified. The light scattering suits to be used for deducing shape of 
aerosol particles by detecting scattering information, which is rapid and non-contact[5-7]. By 
analyzing pairs of signal from opposite detectors, Diehl differentiate bluffly the shape of 
suspending particles[8]. Bartholdi reflected majority of scattering light onto a circular 
photodiodes array, and gained more abundant information about particle shape[9]. Kaye 
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aerosol particles by detecting scattering information, which is rapid and non-contact[5-7]. By 
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assessed the feasibility of classifying individual aerosol particles on the basis of size and 
shape parameters, which determined by measurement and analysis of the spatial intensity 
distribution of laser radiation scattered by the particle shown in Fig.1[10,11]. 
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Figure 1. Schematic diagram of the aerosol shape analyzer 

The laser beam is directed onto the particle flow by a small 45o mirror supported by an 
optical window. Particle-laden air is drawn in through the scattering chamber in laminar 
flow and is ensheathed by filtered air drawn in through ports simultaneously[12]. Individual 
particles in the sample air transverse the laser beam and produce pulses of scattered light. 
Three miniature photomultipliers are incorporated an arrangement to allow measurement 
of variations in azimuthal scattering from individual airborne particles between 28 o and 141  
to the beam incident direction upon an ellipsoidal reflector whose primary focus is 
coincident with the scattering volume. The output of detector E4 measures the forwards 
scattering used in estimation of the particle size. The first developments to achieve this are 
incorporated in Biral’s ASAS TM technology and has been developed by the UK armed forces. 
The instrument allows airborne particles in the sub-10 m  size range to be classified into 
size and shape classes in real-time at rates of up to about 10000 particles per second. 

Although the instruments described above are able to differentiate between spherical and 
non-spherical particles, also provide some crude indication of particle shape, the full 
potential of spatial intensity scattering analysis for non-spherical particle characterization 
should only be realized by the detailed analysis both of azimuthal and of polar scattered 
intensity variations. 

To observe micro-particle, the microscopy is often preferred instrument, which represents 
an excellent technique for directly examining target[13]. However, for manual microscopy, 
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elaborate sample preparation is necessary and only a few particles can be examined 
resulting in very low statistical relevance of the data. Recently, a faster evaluation of 
activated sludge floc properties became possible by connecting the microscope to automated 
image analysis software[14], see Fig.2. 
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Figure 2. Sketch map of the microscope CCD system 

The light of a pulsed light source is expanded by a beam expansion unit, which creates a 
parallel beam. The dispersed particle flow is illuminated and finally imaged by an CCD via 
microscope. The particles show arbitrary orientation and the number of overlapping 
particles are lost. The light source creates stable visible light pulses about 1 ns at power of 
about 0.15 nJ/pulse. The repetition rate is adjustable from 1 to 500 Hz meeting the 
specifications of the high speed CMOS camera. One image is composed out of 1024 1024  
pixels of 10 10m m   area with 256 gray levels. Imaging objectives for different 
magnifications are mounted on a carousel for simple selection of a measuring range by 
software. 

Light scattering and imaging by CCD via microscope are routine two methods for detecting 
aerosol particle shape. CCD video microscope is volume-based, and light scattering is 
number -based[15- 17]. If a number distribution fits a log-normal distribution, then its 
transformation to volume distribution will result in another log-normal distribution, 
characterized by[18]: 

 2ln ln 3lng g gx V x N      (1) 

gx is the geometric mean of the distribution, g is the geometric standard deviation, V is 
volume based distribution and N  is number based distribution. 

The angular scattered light intensity largely depends on the optical properties of the 
particles. For small particles whose radiuses lower than 10 m , the refractive index 
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assessed the feasibility of classifying individual aerosol particles on the basis of size and 
shape parameters, which determined by measurement and analysis of the spatial intensity 
distribution of laser radiation scattered by the particle shown in Fig.1[10,11]. 
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Figure 1. Schematic diagram of the aerosol shape analyzer 
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incorporated in Biral’s ASAS TM technology and has been developed by the UK armed forces. 
The instrument allows airborne particles in the sub-10 m  size range to be classified into 
size and shape classes in real-time at rates of up to about 10000 particles per second. 

Although the instruments described above are able to differentiate between spherical and 
non-spherical particles, also provide some crude indication of particle shape, the full 
potential of spatial intensity scattering analysis for non-spherical particle characterization 
should only be realized by the detailed analysis both of azimuthal and of polar scattered 
intensity variations. 

To observe micro-particle, the microscopy is often preferred instrument, which represents 
an excellent technique for directly examining target[13]. However, for manual microscopy, 
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elaborate sample preparation is necessary and only a few particles can be examined 
resulting in very low statistical relevance of the data. Recently, a faster evaluation of 
activated sludge floc properties became possible by connecting the microscope to automated 
image analysis software[14], see Fig.2. 
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Light scattering and imaging by CCD via microscope are routine two methods for detecting 
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number -based[15- 17]. If a number distribution fits a log-normal distribution, then its 
transformation to volume distribution will result in another log-normal distribution, 
characterized by[18]: 

 2ln ln 3lng g gx V x N      (1) 

gx is the geometric mean of the distribution, g is the geometric standard deviation, V is 
volume based distribution and N  is number based distribution. 

The angular scattered light intensity largely depends on the optical properties of the 
particles. For small particles whose radiuses lower than 10 m , the refractive index 
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dependence becomes significant because at such small sizes the light irradiated onto the 
particle is not completely absorbed and can emerge as a refracted ray. In this case, the Mie 
theory should be used instead of the Fraunhofer theory, which does not take into account 
the optical properties of the particles. When examining the activated sludge floc size, the 
optical poly-disperse properties are difficult to be characterized and the Fraunhofer theory 
has to be used. The section from Mie to Fraunhofer needs to be revised by other method, 
beyond all question, the image technique is good approach. 

The techniques based on laser light scattering are more suited to follow the fast changes that 
may occur in floc size during the process. Since the light scattering method doesn’t usually 
offer visual information, coupling it to an image analysis system allows a direct visual 
inspection of the process evolution. If combine light scattering and CCD video microscope, 
not only the classification of particle shape can be realized, also the comparison and analysis 
of results between experiment and calculation by corresponding shape can bring more 
information which impossible received by individual method. The chapter describes a new 
instrument, aerosol particle shape and scattering analyzer based on imaging. By analyzing 
scattering intensity coefficient and polarization of fibre cotton and calculation from wave 
theory, the affecting factors are pointed out. 

2. Description of the instrument 

Figure 3 shows the experimental apparatus to measure the shape and scattering properties 
of aerosol particles in analog manner at the semiconductor laser wavelength of 0.65um. The 
instrument realizes the combination of imaging and light scattering[19]. The scattering 
chamber, a homocentric hollow black sphere showed in Fig.3, is the core portion of the 
analyzer based on imaging. The hollow black sphere is composed by two symmetrical 
hollow hemispheres, which fabricated of aluminium considering hardness and weight. The 
interior wall of the hollow sphere is made coarse elaborately to reduce the influence from its 
scattering and reflection. The chamber inner diameter is 48mm, and the outer diameter is 
76mm. There is a large aperture at top and bottom on the vertical radial line of the chamber, 
aerosol particle inlet and aerosol particle outlet respectively. The apertures at front and back 
on the horizontal radial line are respectively for assembling semiconductor laser and CCD 
video microscope. Without saturation of CCD, there is a filter corresponding laser 
wavelength in front of microscope. 36 small apertures for optical fibre that are positioned to 
measure the light from the horizontal and vertical scattering angles between 30o and   150o in 
15o increments. The diameter of each aperture is 3.02mm, which is slightly greater than 
diameter of optical fibre. The laser plane of polarization is set perpendicular to the 
horizontal plane. The inner diameter of the aperture port near the interior wall of scattering 
chamber, whose thickness is 1mm, is a little smaller than outer diameter of optical fibre, and 
the all ports for collecting scattering light can be strictly same distance from the centre of the 
chamber. The axeses of all apertures are directing the centre of the scattering chamber. The 
respective horizontal and vertical 18 small apertures are symmetrical about horizontal radial 
line. Each optical fibre collects the scattering light with an acceptance angle of 1.5o  since 
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assembled a convex lens with 2.5mm diameter. Unfortunately, the small apertures on the 
vertical radial line happen to be concurrent with sample pipe and waste pipe.  
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Figure 3. Simplified schematic map of aerosol particle shape and scattering analyzer 

The scattering chamber must be puffed by clean air to eliminate the influence from the 
impurity. Single aerosol particle stream vertical to the laser beam is drawn in through the 
scattering chamber along the axes of aerosol particle inlet and outlet, and is ensheathed by 
filtered air drawn in through ports simultaneously. A set of filters and regulators introduce 
aerosol particles entrained in a fine laminar stream through the center of the chamber and 
intersecting the laser beam one particle at a time. Individual particles in the stream produce 
pulses of scattered light, which are amplified by photomultiplier tube detectors connected to 
a corresponding optical fibre bundles.  

Aerosol
particles

CCD via microscope

Scattering
light to

optical fiber
PMT

Shape and
scattering

signal
theory

 
Figure 4. Working process of aerosol particle shape and scattering analyzer 

The whole working process is described as Fig 4. The integration time of CCD is slightly less 
than 0.005s. During experiment, the laser beam diameter is 1.5mm, and wavelength is 
650nm. When single particle stream passing chamber center, the image is immediately 
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dependence becomes significant because at such small sizes the light irradiated onto the 
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of results between experiment and calculation by corresponding shape can bring more 
information which impossible received by individual method. The chapter describes a new 
instrument, aerosol particle shape and scattering analyzer based on imaging. By analyzing 
scattering intensity coefficient and polarization of fibre cotton and calculation from wave 
theory, the affecting factors are pointed out. 

2. Description of the instrument 

Figure 3 shows the experimental apparatus to measure the shape and scattering properties 
of aerosol particles in analog manner at the semiconductor laser wavelength of 0.65um. The 
instrument realizes the combination of imaging and light scattering[19]. The scattering 
chamber, a homocentric hollow black sphere showed in Fig.3, is the core portion of the 
analyzer based on imaging. The hollow black sphere is composed by two symmetrical 
hollow hemispheres, which fabricated of aluminium considering hardness and weight. The 
interior wall of the hollow sphere is made coarse elaborately to reduce the influence from its 
scattering and reflection. The chamber inner diameter is 48mm, and the outer diameter is 
76mm. There is a large aperture at top and bottom on the vertical radial line of the chamber, 
aerosol particle inlet and aerosol particle outlet respectively. The apertures at front and back 
on the horizontal radial line are respectively for assembling semiconductor laser and CCD 
video microscope. Without saturation of CCD, there is a filter corresponding laser 
wavelength in front of microscope. 36 small apertures for optical fibre that are positioned to 
measure the light from the horizontal and vertical scattering angles between 30o and   150o in 
15o increments. The diameter of each aperture is 3.02mm, which is slightly greater than 
diameter of optical fibre. The laser plane of polarization is set perpendicular to the 
horizontal plane. The inner diameter of the aperture port near the interior wall of scattering 
chamber, whose thickness is 1mm, is a little smaller than outer diameter of optical fibre, and 
the all ports for collecting scattering light can be strictly same distance from the centre of the 
chamber. The axeses of all apertures are directing the centre of the scattering chamber. The 
respective horizontal and vertical 18 small apertures are symmetrical about horizontal radial 
line. Each optical fibre collects the scattering light with an acceptance angle of 1.5o  since 
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assembled a convex lens with 2.5mm diameter. Unfortunately, the small apertures on the 
vertical radial line happen to be concurrent with sample pipe and waste pipe.  
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The scattering chamber must be puffed by clean air to eliminate the influence from the 
impurity. Single aerosol particle stream vertical to the laser beam is drawn in through the 
scattering chamber along the axes of aerosol particle inlet and outlet, and is ensheathed by 
filtered air drawn in through ports simultaneously. A set of filters and regulators introduce 
aerosol particles entrained in a fine laminar stream through the center of the chamber and 
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a corresponding optical fibre bundles.  
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Figure 4. Working process of aerosol particle shape and scattering analyzer 

The whole working process is described as Fig 4. The integration time of CCD is slightly less 
than 0.005s. During experiment, the laser beam diameter is 1.5mm, and wavelength is 
650nm. When single particle stream passing chamber center, the image is immediately 
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acquired by the CCD video microscope, at the same time, the scattering light of 
corresponding particle is collected by optical fibers and transmitted to PMT. The speeds of 
aerosol particles are controlled by pressure difference of inner and outer hollow sphere. By 
adjusting the pressure difference, the particle speeds can be restrained less than 0.4 /m s  for 
effective diameter higher than 1 m .  

Since scattering light contains the information about shape of particle, more significant 
conclusion can be obtained by comparing experimental results and calculation from theory. 
The shapes of aerosol particles can be deduced through scattering light distribution, and the 
result will be Verified by corresponding images from CCD. So the data library of scattering 
and image about aerosol particles is gradually built, moreover, the aerosol particles are 
classified according to relevant shape and size. 

3. Result and discussion 

When the aspect radio exceeds 10, fiber particle, a common shape sort in aerosol, can be 
considered infinitely long cylinder. Generally, particles with effective radius less than 10um 
are inhaled[20]. However, in 1990, the U.S. National Institute for Occupational Safety and 
Health stated “no evidence for a threshold or ‘save’ level of asbestos exposure[21]. Flying 
particles are inclined to keep their long axes consistent with axes of carried gas, which 
ensures scattering light relatively steady. 

3.1. Wave theory for infinitely long cylinder 

The scattering geometry of infinitely long cylinder is shown in Fig.5. The z  axis of the 
cylindrical coordinates  , ,r z  is defined along the central axis of the cylinder. The angle 
between the incident ray and the negative z  axis is denoted as  .   is defined as an 
oblique incident angle which is the complement angle of  . The x  axis is defined in the 
plane containing the direction of the incident ray and the z  axis. This plane defines the 
angles 0   and   . The coordinate r  is then contained on the xy  plane such that 
the cylinder occupies the region r a , where a  is the cross-section radius of the 
cylinder[22,23]. To illustrate the scattering geometry, a cylinder whose diameter is larger 
than the incident wavelength   so that the geometric optics will be used. The rays 
externally reflected, refracted, and internally reflected on the surface of the cylinder 
follow the Snell laws. 

The scattering angle  , which is defined as the angle between the direction of the incident 
wave and the scattered wave, is obtained: 

 2 2cos sin cos cos      (2) 

  is defined as an observation angle to distinguish it from the scattering angle.   and   
are equal only at normal incidence. In all other cases, the values of   are always more than 
that of  . So there is no true backscattering for an infinitely long cylinder. Starting from 
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Maxwell equations, after complex algebraic operations, the scattering coefficients na and nb
are deduced as below: 
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If 0o  , then 1 2 0n na b  . It should be noted that these coefficients depend on the 
refractive index, the size parameter and the oblique incident angle. 
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Figure 5. Geometry for light scattered by an infinitely long cylinder 

Now we shall consider two simple cases separately. First, the electric vector E


 is parallel to 
the incident plane. This is sometimes called the TM mode. For the second case, the electric 
vector E


 is perpendicular to the incident plane and called the TE mode. The intensities of 

the scattered light in any direction are: 
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acquired by the CCD video microscope, at the same time, the scattering light of 
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and image about aerosol particles is gradually built, moreover, the aerosol particles are 
classified according to relevant shape and size. 

3. Result and discussion 
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are inhaled[20]. However, in 1990, the U.S. National Institute for Occupational Safety and 
Health stated “no evidence for a threshold or ‘save’ level of asbestos exposure[21]. Flying 
particles are inclined to keep their long axes consistent with axes of carried gas, which 
ensures scattering light relatively steady. 

3.1. Wave theory for infinitely long cylinder 

The scattering geometry of infinitely long cylinder is shown in Fig.5. The z  axis of the 
cylindrical coordinates  , ,r z  is defined along the central axis of the cylinder. The angle 
between the incident ray and the negative z  axis is denoted as  .   is defined as an 
oblique incident angle which is the complement angle of  . The x  axis is defined in the 
plane containing the direction of the incident ray and the z  axis. This plane defines the 
angles 0   and   . The coordinate r  is then contained on the xy  plane such that 
the cylinder occupies the region r a , where a  is the cross-section radius of the 
cylinder[22,23]. To illustrate the scattering geometry, a cylinder whose diameter is larger 
than the incident wavelength   so that the geometric optics will be used. The rays 
externally reflected, refracted, and internally reflected on the surface of the cylinder 
follow the Snell laws. 

The scattering angle  , which is defined as the angle between the direction of the incident 
wave and the scattered wave, is obtained: 
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  is defined as an observation angle to distinguish it from the scattering angle.   and   
are equal only at normal incidence. In all other cases, the values of   are always more than 
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Maxwell equations, after complex algebraic operations, the scattering coefficients na and nb
are deduced as below: 
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Figure 5. Geometry for light scattered by an infinitely long cylinder 

Now we shall consider two simple cases separately. First, the electric vector E


 is parallel to 
the incident plane. This is sometimes called the TM mode. For the second case, the electric 
vector E


 is perpendicular to the incident plane and called the TE mode. The intensities of 

the scattered light in any direction are: 
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The intensity coefficients for above two cases are defined as: 
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where 1na , 2nb , 02a  and 01b  are scattering coefficients. 11i  and 22i  are the scattered 
intensities that lies in the same plane as the incident intensities, while 12i and 21i  are the 
cross-polarized scattered intensities that have directions perpendicular to the incident 
intensities, what’s more, 12 21i i . 

The polarization of scattering light is defined as[24]: 
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Figure 6. Schematic of programming wave theory 

LabVIEW is a graphical programming language which has its roots in data acquisition and 
automation control. Its graphical representation, similar to a process flow diagram was created 
to provide an intuitive programming environment for users[25]. The language has matured 
over the last twenty years to become a general purpose programming environment. With 
LabVIEW, we have self-programmed wave theory as a part of the whole measuring system. 
The programming structure is demonstrated partly in Fig.6. The program consists of 3 relevant 
parts, which are similar at format. The calculation data, which is function of incident angle, 
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refractive index, incident wavelength and cylinder diameter, is saved in form of .txt. The data 
will be more analysed through Origin software and compared with information from structure 
according to shape given by CCD via microscope. 

 
Figure 7. Interface of programming wave theory 

The interface of the program for calculation is shown in Fig.7, which contains input 
parameter area and display windows of calculating results. The display windows contain 11i , 

22i  and 12i , also their logarithmic format. The input parameters include refractive index, 
laser wavelength, incident angle and radius of cylinder. In a general way, the whole process 
for calculation is shorter than 30s. With the increase of incident angle, the calculation time 
will be extended slightly. 

3.2. Analysis of experiment and calculation 

The effective radius of selected fiber cotton particles for experiment are about 10um, compared 
to 1mm laser beam, the condition of infinitely long for irradiated cotton is satisfied. The incident 
laser with 0.65um wavelength is transformed to linear polarized light by Glan-Talyor lens. 
When electric vector E


 is parallel to the incident plane, the refractive index of fibre cotton is 

1.573-1.581, we choose the middle number 1.577 for calculation. When the electric vector E


 
perpendicular to the incident plane, the corresponding refractive index is 1.524-1.534, we also 
choose the middle number 1.529 for calculation. In experiment, the angle between cotton and 
axes of carried gas is about 5o. 

The “left, right, up and down” in figure 4 refer to figure 1.It can be concluded that the 
tendency of experiment data keeps uniform with calculation of the infinitely long cylinder 
for scattering intensity and polarization. A pair of experimental signal lack in polarization 
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where 1na , 2nb , 02a  and 01b  are scattering coefficients. 11i  and 22i  are the scattered 
intensities that lies in the same plane as the incident intensities, while 12i and 21i  are the 
cross-polarized scattered intensities that have directions perpendicular to the incident 
intensities, what’s more, 12 21i i . 

The polarization of scattering light is defined as[24]: 
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automation control. Its graphical representation, similar to a process flow diagram was created 
to provide an intuitive programming environment for users[25]. The language has matured 
over the last twenty years to become a general purpose programming environment. With 
LabVIEW, we have self-programmed wave theory as a part of the whole measuring system. 
The programming structure is demonstrated partly in Fig.6. The program consists of 3 relevant 
parts, which are similar at format. The calculation data, which is function of incident angle, 
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refractive index, incident wavelength and cylinder diameter, is saved in form of .txt. The data 
will be more analysed through Origin software and compared with information from structure 
according to shape given by CCD via microscope. 

 
Figure 7. Interface of programming wave theory 

The interface of the program for calculation is shown in Fig.7, which contains input 
parameter area and display windows of calculating results. The display windows contain 11i , 

22i  and 12i , also their logarithmic format. The input parameters include refractive index, 
laser wavelength, incident angle and radius of cylinder. In a general way, the whole process 
for calculation is shorter than 30s. With the increase of incident angle, the calculation time 
will be extended slightly. 

3.2. Analysis of experiment and calculation 

The effective radius of selected fiber cotton particles for experiment are about 10um, compared 
to 1mm laser beam, the condition of infinitely long for irradiated cotton is satisfied. The incident 
laser with 0.65um wavelength is transformed to linear polarized light by Glan-Talyor lens. 
When electric vector E


 is parallel to the incident plane, the refractive index of fibre cotton is 

1.573-1.581, we choose the middle number 1.577 for calculation. When the electric vector E


 
perpendicular to the incident plane, the corresponding refractive index is 1.524-1.534, we also 
choose the middle number 1.529 for calculation. In experiment, the angle between cotton and 
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The “left, right, up and down” in figure 4 refer to figure 1.It can be concluded that the 
tendency of experiment data keeps uniform with calculation of the infinitely long cylinder 
for scattering intensity and polarization. A pair of experimental signal lack in polarization 
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P11 and P22, since up aperture and aerosol particle inlet with a same positions, similarly to 
bottom aperture and aerosol particle outlet, too. i11 and P11are more close to calculation than 
i22 and P22, which might be caused by different outline of fibre cotton particles. Clearly, the 
difference between cotton fibre in image A and infinitely long cylinder is smaller than that 
between image B and infinitely long cylinder. The experiment is cursory in describing 
trendy of scattering intensity and polarization restricted by the number of optical fibre for 
collecting scattering light; on the one hand, the angle increments between apertures for 
optical fibre are limited in manufacturing process; on the other hand, the cone angle of 
receiving plane for every optical fibre is 3o, unlike the elements of calculation, the integral 
photometric characteristics are much less dependent on particle shape. 
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4. Conclusion 
An experimental apparatus has been built to measure the images and light scattering 
characteristics of aerosol particles simultaneously. The core portion of the analyzer is a 
homocentric hollow black chamber. Images, corresponding scattering intensity and 
polarization of fiber cottons are received. Wave theory for infinitely long cylinder has been 
compiled with LabVIEW. By comparison of experimental data and calculation, the affecting 
factors to results are pointed out, which provides a good foundation to further study.  
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1. Introduction 
 

Our poor representation of aerosol and cloud interactions in the climate models have led to 
the largest uncertainty in predicting climate change. Studies have shown that CN can 
influence climate by changing the properties of clouds. Aerosol particles that act as CN can 
be broadly classified based on their source into two categories: natural and anthropogenic 
aerosol. The global source strength of natural aerosol is higher than anthropogenic aerosol; 
however, certain specific anthropogenic constituents can amplify the aerosol effect on 
clouds. In addition, the atmospheric trace amounts of soluble gases and organic substances 
can alter the aerosol properties from both of the sources.  

Recent studies have shown that various aerosol properties (size, surface chemistry 
[hygroscopicity and wettability] and active sites) as a function of temperature and humidity 
can determine the CN efficiency of aerosol. Atmospheric scientists are working towards 
finding a relationship between these properties to parameterize the observations in the 
climate models. But without an adequate knowledge of CN properties this representation 
cannot be improved further.  

The technique of CN separation from the interstitial aerosol has the advantage that by 
measuring the specific properties of CN, simplifies the model representation task. For 
example, laboratory and in-situ techniques can be used to differentiate the CN in CCN 
and/or IN measurements and their properties can be measured. Therefore, the modelers can 
narrow down the physicochemical properties of CN to be incorporated into the 
representation task. Further, the information of the aerosol chemistry helps to determine 
aerosol source: natural versus anthropogenic. 
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2. Separation techniques 
The separation of CN from interstitial aerosol technique is based on the particle’s inertia. 
The instrument that employs this technique is called counterflow virtual impactor (CVI). 
The separation is achieved by stopping and removing the gas phase and small particles but 
capturing large particles with sufficient inertia to cross gas streamlines. Particles with 
insufficient inertia to be captured follow the deflected streamlines and are removed from the 
system. Higher inertia particles are injected into a typically clean, dry, and warm 
counterflow carrier gas that causes evaporation of condensed phase water. This technique 
has the advantage that a broad cut size range can be achieved by varying the flow rates 
associated with the CVI without changing the physical dimensions of the instrument.  

The CVI used in the laboratory set up is called pumped CVI (PCVI) and the CVIs used for 
in-situ measurements are called airborne CVI (ACVI). The flow schematics of these designs 
are shown in Figure 1 a) and b), respectively. In PCVI design the aerosol particles are pulled 
inside the instrument and undergo inertial separation, while in ACVI the aircraft velocity 
imparts motion for aerosol particles that are again separated based on the inertia. Both 
designs are widely used and their performance characteristics are documented.  

3. Design considerations 
The CVI’s performance is characterized by a particle collection efficiency curve. In an ideal 
environment, the separation between the CN and interstitial particles should be perfectly 
sharp. However, due to the non-idealistic flow behavior within the CVI, the true efficiency is 
hardly achieved.  

Figure 2 shows the particle transmission efficiency (TE) of ammonium sulfate particles as a 
function of its size [1]. Three different flow configurations were used, implying the 
importance of relationship between the flows. It can be observed that by varying the flows, 
different sizes of particles can be sampled, but, as mentioned above, due to  non-idealistic 
flow behavior, the TE do not reach 100%: imperfect TE and also sharp TE are  not observed. 
It was suggested that imperfect TE is caused because the particles near the wall surface are 
trapped in the recirculation zone and do not join the sample flow. Also, because the flow 
within the counterflow region is not well-developed. This flow heterogeneity allows the 
small particles to penetrate the counterflow region and join the sample flow, even though 
they should be rejected. 

The particle TE can be theoretically calculated based on the following equation [2], 

 � � �� �� ���� � ���
� �� � �� �� �	�� � 	�� (1) 

Where, 

� � 	 ���������� �⁄ � ��� �⁄ �� � � � � �
�	,  � is the stopping distance, � is a constant (= 5.3075), � 

is the radius of the particle, �� is the density of the particle, �� is the density of the flow media, 
�� is the Reynolds number, and � is a constant (= 0.158). For the desired flow configuration, if 
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the distance between the tip of the CVI nozzle till the beginning of the sample flow is larger 
than the particle stopping distance, then the particle joins the sample flow and is transmitted. 
Figure 3 shows the relationship between the droplet diameters to the stopping distance for 
different flows. The flow can be varied either by increasing the input flow, while keeping other 
flows constant, or by varying the CVI geometry. The former option is always desired. 

 
Figure 1. a: Flow schematics within the pumped counterflow virtual impactor (PCVI). Input flow 
carries the condensation nuclei and interstitial particles (non-activated aerosol particles). The large 
particles that have sufficient inertia to cross the streamlines enter the counterflow; these particles that 
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the distance between the tip of the CVI nozzle till the beginning of the sample flow is larger 
than the particle stopping distance, then the particle joins the sample flow and is transmitted. 
Figure 3 shows the relationship between the droplet diameters to the stopping distance for 
different flows. The flow can be varied either by increasing the input flow, while keeping other 
flows constant, or by varying the CVI geometry. The former option is always desired. 

 
Figure 1. a: Flow schematics within the pumped counterflow virtual impactor (PCVI). Input flow 
carries the condensation nuclei and interstitial particles (non-activated aerosol particles). The large 
particles that have sufficient inertia to cross the streamlines enter the counterflow; these particles that 
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can overcome the counterflow, join the sample flow. The remaining particles join the rejected flow. The 
sampled condensation nuclei (CN) are then forwarded to the respective analytical tools. The add flow 
consists of dry and particulate-free gas that splits into counterflow and sample flow. The counterflow 
then joins the input flow to become the rejected flow. In normal PCVI operation, the sample flow is 
maintained constant while the counterflow is varied to sample various CN sizes. b: Flow schematics 
within the airborne counterflow virtual impactor (ACVI). The motion to the CN and interstitial particles 
is given by the motion of the aircraft. This induces the input flow and therefore, indirectly, the inertia to 
the particles. Similar to the PCVI operation, the counterflow rejects the particles that do not have 
sufficient inertia to overcome the counterflow; the particles having sufficient inertia join the sample 
flow. The sample particles are then forwarded to the desired analysis tools. Again, similar to the PCVI, 
the add flow splits into counterflow and sample flow, and thus, by varying the add flow, various sizes 
of CN can be sampled (assuming sample flow is maintained constant).  

 
 
 
 
 
 

 
 
 
 
 
 
Figure 2. Particle transmission efficiency (TE) of ammonium sulfate particles. Experimental (Expt) TE 
are compared to computational fluid dynamics (CFD) predicted TE for various cases where PCVI flow 
configuration was varied [1]. 
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Figure 3. Stopping distance of various-size water droplets as a function of their relative velocity with 
respect to flow media when exiting the nozzle (in PCVI) or entering the counterflow region (in ACVI). If 
the physical dimensions of the CVI are known, then these relationships can be used to determine the 
theoretical TE of the particles.  

4. Operational challenges 
As discussed above, the PCVI performance characteristics depend upon flow behavior and 
geometrical design. Recently, limitations and uncertainties associated with the CVI’s have 
been identified [1]. They include particle losses at walls, imperfect transmission efficiencies 
of CN, limited size range of transmitted particles, turbulence effect on the droplet breakup 
and shattering, and narrow range of measurement flow rates. To understand the artifacts 
and improve further the designs, CFD simulations were carried out. For example, fluid flow 
characteristics of PCVI are analyzed to understand the performance characteristics and 
associated artifacts, as shown in Figure 4.  

The white colored particle deposition on the walls can be observed (Fig. 4 top panel). The 
particle deposition losses occur at various eddies and vortices shown in the bottom panel of 
Fig. 4. The magnified CFD image shows eddies and recirculation vortices generated as a 
result of the flow boundary conditions and the PCVI design geometry. Such CFD 
simulations are necessary to improve the design to reduce the particle losses.  

Under the influence of flow turbulence within the CVI instrument, it is possible that when 
sampling cloud, hydrometeors (liquid droplet and ice crystals) can break or shatter leading 
to numerous small particles. This is undesirable as the particle TE will be reduced and might 
lead to non-conclusive results. It has also been observed that at high airspeeds (in airborne 
CVI), large drops and ice crystals can impact on the probe inlet and break; this also happens 
within the counterflow region (because of shock). Droplet breakup criterion is usually 
calculated using Weber number: We = (Vg-Vdrop)2.ρg.ddrop/σ, where V is the velocity of the gas 
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can overcome the counterflow, join the sample flow. The remaining particles join the rejected flow. The 
sampled condensation nuclei (CN) are then forwarded to the respective analytical tools. The add flow 
consists of dry and particulate-free gas that splits into counterflow and sample flow. The counterflow 
then joins the input flow to become the rejected flow. In normal PCVI operation, the sample flow is 
maintained constant while the counterflow is varied to sample various CN sizes. b: Flow schematics 
within the airborne counterflow virtual impactor (ACVI). The motion to the CN and interstitial particles 
is given by the motion of the aircraft. This induces the input flow and therefore, indirectly, the inertia to 
the particles. Similar to the PCVI operation, the counterflow rejects the particles that do not have 
sufficient inertia to overcome the counterflow; the particles having sufficient inertia join the sample 
flow. The sample particles are then forwarded to the desired analysis tools. Again, similar to the PCVI, 
the add flow splits into counterflow and sample flow, and thus, by varying the add flow, various sizes 
of CN can be sampled (assuming sample flow is maintained constant).  

 
 
 
 
 
 

 
 
 
 
 
 
Figure 2. Particle transmission efficiency (TE) of ammonium sulfate particles. Experimental (Expt) TE 
are compared to computational fluid dynamics (CFD) predicted TE for various cases where PCVI flow 
configuration was varied [1]. 
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Figure 3. Stopping distance of various-size water droplets as a function of their relative velocity with 
respect to flow media when exiting the nozzle (in PCVI) or entering the counterflow region (in ACVI). If 
the physical dimensions of the CVI are known, then these relationships can be used to determine the 
theoretical TE of the particles.  
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(g) and droplet (d; drop). The droplet breaks when the We number is greater than 12. These 
estimates can be validated by combining the observations and CFD simulations.  

 
Figure 4. Interior surfaces of the PCVI instrument showing (upper panel) the particle deposition 
regions. These regions are indicated within CFD predicted velocity pathlines (bottom panel). See text 
for details [3]. 
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Another feature that might be important, which is not well-documented, is the scavenging 
of the interstitial aerosols when sampling cloud droplets. Due to the mass differences 
between these two types of particles, the relative velocity could become significant and 
could lead to collision between the droplet and interstitial aerosol. If the droplet collides 
with the interstitial particles, then these particles might get trapped within the droplet and if 
this droplet gets transmitted, that will yield undesired results. As of now, non-activated 
aerosol particles (interstitial aerosol) are being characterized as activated aerosol particles, 
but this is not correct. Systematic studies are required where water droplets and interstitial 
aerosols should be generated and their collision efficiency should be investigated.  

5. Summary 
In this chapter, a technique that separates the cloud forming nuclei from the interstitial 
aerosols is briefly discussed. The technique is based on the inertia of the particle. Cloud 
forming nuclei are the residual particles of the droplets and ice crystals. These cloud 
hydrometeors have high inertia compared to the interstitial aerosols and therefore penetrate 
the counterflow region of the CVI to be sampled. Two types of CVI instruments are based 
on this technique: PCVI and ACVI. PCVI is generally used in the laboratory set-up where 
the particle velocity is achieved by pumping the input flow; whereas, in the ACVI, the 
particle velocity is generated by aircraft flight.  

Transmission efficiency of the particles that are sampled can be theoretically calculated, and 
it was observed that as particle velocity and/or its diameter increases the efficiency also 
increases. Several artifacts of the cloud separation technique are described. They include 
particle losses and imperfect transmission efficiencies, flow turbulence effects on the droplet 
breakup and shattering, and possibility of scavenging of interstitial aerosols (this needs 
further investigation). However, many studies have quantified these artifacts and the cloud 
separation technique is now considered as a must have measurement platform for most of 
the laboratory and field studies.  
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1. Introduction 

The general public is well aware of harmful effects of solid contaminants in the atmosphere. 
The harmful effects depend on both the size and composition and origin of the particles. 
Solid particles greater than 100 micrometers remain in the air only very shortly and settle as 
dust. Smaller particles remain in the air substantially longer and may be transported 
through space. Particles smaller than 5 micrometers demonstrate aerosol properties and 
remain suspended in the air. 

The inhalation of aerosols made of micro- and nanoparticles results in their deposition in the 
human respiratory system. It is expected that, depending on their diameter, surface, chemical 
composition of the surface etc., they are subsequently transported to other terminal organs. 

There are many epidemiological studies that have identified the negative effects of these 
particles on respiratory and cardiovascular systems in sensitive members of the population 
[1]. A particularly serious effect on the cardiovascular system has been identified for inhaled 
ultrafine (nano) particles.  

The main sources of dust, micro and nanoparticles that exceed natural background levels 
are anthropogenic activities, e.g. heavy industry, operations that involve metalworking and 
woodworking, milling, grinding, general dusty operations, etc. [2]. This has also been one of 
the main reasons for our measurements. The first part of the chapter presents the results of 
pilot and orientation measurements of means of transport in Prague, of an office building in 
the center of Prague, the influence of a Diesel engine type on the quantity of nanoparticles 
released into the atmosphere, and particles released during fire, welding, the burning of 
entertainment pyrotechnics, and the shooting of police weapons.  

The second part of the chapter presents the results of systematic and long-term 
measurements of the quantities and distribution of nanoparticles at the platform of the 
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busiest subway station in Prague, in a cabinet-maker workshop during processing of exotic 
woods, and in steelworks processing raw iron using the converter method. 

Nonetheless, the results of the above-mentioned experiments should be viewed as results 
obtained at a particular time and place. The conclusions may be associated only with the 
specific situation. It is nearly impossible to obtain reproducible results, which is one of the 
main obstacles to the standardization of nanoparticle quantity in connection with their 
impact on human health (toxicity) and the environment. 

2. Part I - Results of quantity and distribution measurements of aerosol 
nanoparticles at selected anthropogenic sources 

2.1. The course of the experiments 

2.1.1. Type experiment I – Prague subway  

The measurement of nanoparticles was conducted inside a Prague subway train travelling 
on the C line during its regular operation with passengers and from the terminal station 
Letňany to the terminal station Háje and back. The measuring technology was situated in 
the 2nd (or the 4th) car of the train, on a seat in the outer part of the car. 

2.1.2. Type experiment II – City bus  

The measurement of nanoparticles was conducted in Prague in a city bus on line No. 189, 
travelling from the terminal station Sídliště Lhotka to the terminal station Kačerov, and after 
a break the bus travelled back to the station Sídliště Lhotka. The traffic level was 2-3 (i.e. 
partly traffic jams). The bus model was a Karosa B941 with a Liaz ML 636 engine. In the 
course of the measurement the occupancy rate of the bus fluctuated and reached a 
maximum of 60% of the bus capacity. The measuring technology was situated on a back 
seat. 

2.1.3. Type experiment III – Car  

The measurement of nanoparticles was conducted in a car that travelled essentially the same 
route as in experiment II and used various ventilation regimes. The car was a Skoda Octavia 
1.6 with a gasoline engine, and the measuring technology was situated at the back of the car 
on the floor; there were 3 people travelling in the car. 

2.1.4. Type experiment IV – Office building 

In this case the measurement of nanoparticles was conducted in an office building in the 
center of Prague, situated at the corner of Dlážděná Street and the Senovážné Náměstí 
square. The measurements were conducted in several rooms in various locations on the 
building's layout, at various vertical levels, and for various types of operations. 
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2.1.5. Type experiment V – Simulated fires  

The measurements of nanoparticles were conducted at simulated fires with various 
compositions of burning components in an open area.  

Compositions of the burning pile were: 

a. 3 straw mattresses, feather blanket, bed sheets, electric cable ca. 2 m, polystyrene ca. 1 
m2 , dry wood from pruning natural seeding greenery; 

b. 2 tires, polystyrene ca. 1 m2, rubber hoses ca. 2 m, spent engine oil 10 l, Diesel oil 5 l, 
penetration paint 5 l, wood edgings. 

The measuring technology for experiment V was situated 5 m from the fire edge. The 
aerosol samples were taken 0.5 m above ground level. 

2.1.6. Type experiment VI – Diesel engines  

Measurements of nanoparticles were performed for a Diesel engine and for a modern, 
environment-friendly Diesel engine.  

a. The measured engine type was a Z 7701 Zetor Brno, 1600 rev., stroke volume 3922 cm3, 
used in old tractor technology, mining engines, etc. The engine was put into operation 
in a testing room for combustion engines in DIMO Kamenná (Figure 1) and the 
measurements were performed at the outlet in front of the building. The distance of the 
measuring device from the outlet was 3 m.  

b. The measured engine type was a part of a FORD –TRANSIT type FDG6 with the engine 
type PGFA, stroke volume 2198 cm3, year of manufacture 2009. The measurements were 
performed with the engine running in neutral gear. The measuring device was situated 
3 m and subsequently 7 m from the exhaust pipe. 

2.1.7. Type experiment VII – Entertainment pyrotechnics 

The measurements of nanoparticles were conducted at a simulated fireworks event that 
used various entertainment pyrotechnics available (mega cracker, fire hornet, sparklers, 
Bengal light, mega California, fire fountains, etc.) on a free area (street, square, etc.). The 
measuring technology was situated 12 m from the area where the entertainment 
pyrotechnics was gradually ignited. 

2.1.8. Type experiment VIII – Welding in a workshop  

The measurements of nanoparticles were conducted in a non-ventilated maintenance 
workshop (ca. 70 m3). The welded product was a steel T-section 25 x 350 mm, welded with 
electrodes E-B 121, E 7018, SF 026126. The measuring device was situated 2.5 m from the 
welding location. 

After the welding was completed (ca. 5 min.) the workshop was left without any activities, 
then the coagulation and sedimentation of particles was measured. 
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2.1.9. Type experiment IX – Shooting products  

The measurements of nanoparticles in shooting products were conducted for weapons used 
by the Czech Republic Police (handgun CZ 75 D COMPACT, machine gun H&K MP5 KA4, 
shotgun Beneli M2, revolver King Cobra) at an open shooting range under real conditions. 
The gun muzzle was situated 0.5 – 0.7 m from the measuring device; the sample collection 
point and the gun muzzle were situated at the same height (Figure 2).  

 
Figure 1. Tested Diesel engine type ZETOR 

 
Figure 2. Measurement of handgun shooting  

2.2. Results of the measurements and discussion  

We have formulated the following conclusions from the obtained results: 
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- It is not possible to positively define a small increase in the quantity of nanoparticles 
depending on the occupancy rate of a subway car. This may be also affected by the 
surface locations of the stations and the subway route which may be situated close to an 
arterial road with busy traffic (ventilation shafts); see Figure 3 A) and 3 B). 

- Passengers on the city bus line 189 were exposed to concentrations of nanoparticles 
higher by one order of magnitude than passengers on the subway line C (max. 36.7.103 
N/cm3 in the subway, 260.103 N/cm3 on the bus). However, even in this case it is 
impossible to prove a positive influence of the number of passengers on the 
concentration of nanoparticles; the effect of traffic density and traffic composition has 
been considered a more likely factor. 

- The effect of traffic density has been demonstrated by measurements in the car, where 
the quantity of particles increased in the proximity of a slip road to the Prague ring and 
the highway D1 (location Kačerov). 

- A certain protection of persons against nanoparticles in a driving car may be ensured by 
the reduction of ventilation and a pollen dust filter. 

- Probably the most risky particles are those with a size up to 50 nm, as they are able to 
penetrate a protective cell barrier. Particles of that size were primarily identified in the 
proximity of the Kačerov location, which is again in the proximity of the slip road to the 
Prague ring and the highway D1. In the subway, the most exposed section (although 
the levels were much lower than on the bus) was in the center of Prague near the main 
arterial road (stations Pankrác – Florenc). 

- Quite alarming was the finding that particles smaller than 40 nm were the most 
abundantly ascertained by the measurement on the city bus.  

- The number of nanoparticles in the working premises of the office building occupied by 
non-smokers and used for standard office activities was slightly lower than in the 
building surroundings (ca. units .103 N/cm3). 

- Measurements performed in working premises on the individual floors in the building 
wing in the Dlážděná indicated no relationship between the quantity of nanoparticles 
and the floor altitude. 

- An extreme increase of the number of nanoparticles was found in working premises 
where smoking was regular. For 3 people smoking at the same time, the number of 
nanoparticles increased by up to two orders of magnitude (although the levels were 
comparable with those on the city bus). 

- Increase of the number of nanoparticles has been also demonstrated in a regular 
maintenance workshop. 

- During fires, and during their extinguishing, the number of aerosol particles with nano 
dimensions strongly increased depending on the composition of the burning items (the 
measuring device was overloaded with fire products of mostly oil origin). The chemical 
composition of nanoparticles formed as burning products can be only speculated on [2]. 

- The increase of the overall quantity of aerosol nanoparticles for the classic Diesel engine 
was higher than that for the modern one, but the modern Diesel engine demonstrated 
an increase of nanoparticles in the dimensions that represent higher risks for human 
health and the environment (for comparison see Figures 4 and 5). 
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Figure 2. Measurement of handgun shooting  

2.2. Results of the measurements and discussion  

We have formulated the following conclusions from the obtained results: 
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- It is not possible to positively define a small increase in the quantity of nanoparticles 
depending on the occupancy rate of a subway car. This may be also affected by the 
surface locations of the stations and the subway route which may be situated close to an 
arterial road with busy traffic (ventilation shafts); see Figure 3 A) and 3 B). 

- Passengers on the city bus line 189 were exposed to concentrations of nanoparticles 
higher by one order of magnitude than passengers on the subway line C (max. 36.7.103 
N/cm3 in the subway, 260.103 N/cm3 on the bus). However, even in this case it is 
impossible to prove a positive influence of the number of passengers on the 
concentration of nanoparticles; the effect of traffic density and traffic composition has 
been considered a more likely factor. 

- The effect of traffic density has been demonstrated by measurements in the car, where 
the quantity of particles increased in the proximity of a slip road to the Prague ring and 
the highway D1 (location Kačerov). 

- A certain protection of persons against nanoparticles in a driving car may be ensured by 
the reduction of ventilation and a pollen dust filter. 

- Probably the most risky particles are those with a size up to 50 nm, as they are able to 
penetrate a protective cell barrier. Particles of that size were primarily identified in the 
proximity of the Kačerov location, which is again in the proximity of the slip road to the 
Prague ring and the highway D1. In the subway, the most exposed section (although 
the levels were much lower than on the bus) was in the center of Prague near the main 
arterial road (stations Pankrác – Florenc). 

- Quite alarming was the finding that particles smaller than 40 nm were the most 
abundantly ascertained by the measurement on the city bus.  

- The number of nanoparticles in the working premises of the office building occupied by 
non-smokers and used for standard office activities was slightly lower than in the 
building surroundings (ca. units .103 N/cm3). 

- Measurements performed in working premises on the individual floors in the building 
wing in the Dlážděná indicated no relationship between the quantity of nanoparticles 
and the floor altitude. 

- An extreme increase of the number of nanoparticles was found in working premises 
where smoking was regular. For 3 people smoking at the same time, the number of 
nanoparticles increased by up to two orders of magnitude (although the levels were 
comparable with those on the city bus). 

- Increase of the number of nanoparticles has been also demonstrated in a regular 
maintenance workshop. 

- During fires, and during their extinguishing, the number of aerosol particles with nano 
dimensions strongly increased depending on the composition of the burning items (the 
measuring device was overloaded with fire products of mostly oil origin). The chemical 
composition of nanoparticles formed as burning products can be only speculated on [2]. 

- The increase of the overall quantity of aerosol nanoparticles for the classic Diesel engine 
was higher than that for the modern one, but the modern Diesel engine demonstrated 
an increase of nanoparticles in the dimensions that represent higher risks for human 
health and the environment (for comparison see Figures 4 and 5). 
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Figure 3. A) Graphic rendering of the number of nanoparticles in a subway car 

 
Figure 3. B) Graphic rendering of the depending on the location and number of passengers 

- We have demonstrated that the concentration and size of nanoparticles change 
depending on the distance from their sources (see Figure 5). This is caused by 
dispersion and, particularly, by the coagulation of the particles (aggregation, 
agglomeration and adsorption of nanoparticles on microparticles, etc.). 

- High-risk nanoparticles, in terms of size, have also been found for the classic engine 
before the engine was heated to the operating temperature (see Figure 4). 

- Firefighters in action are threatened not only by particles generated by the fire and its 
extinguishing, but also by nanoparticles potentially generated by the firefighting 
technology, specifically the vehicles, Diesel aggregates, etc. (see Figure 6). 
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Figure 4. Distribution of particles measured at the Diesel engine made by ZETOR, exp. VI.a) 

 

 
Figure 5. Distribution of aerosol particles measured at the exhaust pipe FORD TRANSIT exp. VI.b) 

- The increase of nanoparticles after the ignition of entertainment pyrotechnics is two 
orders of magnitude higher than the background levels (see Figure 7, Table 1). 

- The size of the nanoparticles from burning entertainment pyrotechnics was greater than 
100 nm, while the dimensions were measured relatively far from the source. The time 
dependence of coagulation was also visible here; see the comparison of spectrums 2 and 
3 in Figure 7. 
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Figure 4. Distribution of particles measured at the Diesel engine made by ZETOR, exp. VI.a) 

 

 
Figure 5. Distribution of aerosol particles measured at the exhaust pipe FORD TRANSIT exp. VI.b) 

- The increase of nanoparticles after the ignition of entertainment pyrotechnics is two 
orders of magnitude higher than the background levels (see Figure 7, Table 1). 

- The size of the nanoparticles from burning entertainment pyrotechnics was greater than 
100 nm, while the dimensions were measured relatively far from the source. The time 
dependence of coagulation was also visible here; see the comparison of spectrums 2 and 
3 in Figure 7. 
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Figure 6. Distribution of particles exp. V.a 

- During shooting, the overall concentration of aerosol particles per cm2 increased, up to 
200x in comparison with the initial background before shooting. Shooting products 
were released into the environment mainly from the weapon, the cartridge chamber, 
and ejected cartridge cases, and they spread in the shooting direction, to the sides and 
backwards. 

- The highest concentration of aerosol particles after the shootings, more than double in 
comparison with the other weapons, was measured for the King Cobra revolver, while 
the spectrum had a pulsating character – see Figure 10 – and we have explained the 
high level of concentration of nanoparticles in after-shooting products also by the 
release of the products between the bullet and the muzzle. 

- Dangerous nanoparticles smaller than 100 nm were generated immediately during 
welding, and they subsequently coagulated (see Figure 8). 

- The speed of coagulation and sedimentation of particles during welding is obvious 
from the curve (see Figure 9, Table 2). It took essentially 3 hours before the background 
in the workshop dropped to the level before the welding. 

The presented results of the performed experiments have only the character of basic 
measurements. It is very difficult to measure the number of nanoparticles, and the results 
are influenced by many factors (e.g. air flow, temperature, humidity, distance from the 
source etc.), as explained in the introductory section. It is practically impossible to get 
reproducible results of measurements, and this is one of the main problems of 
standardization of nanoparticles in respect to their impact on human health (toxicity) and 
the environment [3]. For these reasons, the conclusions provided herein may be associated 
only with the specific situations.  
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Table 1. The physical values of nanoparticles measured during entertainment pyrotechnics 
experiments 

  
 

Figure 7. Spectra describing distribution of nanoparticles during entertainment pyrotechnics 
experiments. (Axis y: concentration of particles/cm3; axis x: diameter of particles [nm]) 

 Spectrum 
identification  

Concentration 
of particles/cm3 

Total 
weight of 
particles 

Total 
volume of 
particles 

Total 
surface of 
particles 

 µg/m3 nm3/cm3 nm2/cm3 
Background  1 1530 6.44 5.37 x 109 1.18 x 108 

Application of 
pyrotechnics 

2 212000 1.27 x 103 1.06 x 1012 2.77 x 1010 

Application of 
pyrotechnics 3 124000 1.79 x 103 1.49 x 1012 2.56 x 1010 

No 
pyrotechnics 4 3290 15.5 1.3 x 1010 2.77 x 108 
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Spectrum No. 3 (spectrum identification see Table 1)
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Table 2. The physical values of nanoparticles measured during welding experiments 

 

 
 

Figure 8. Spectra describing distribution of nanoparticles during welding experiments. (Axis y: 
concentration of particles/cm3; axis x: diameter of particles [nm]) 

 Spectrum 
identification  

Concentration of 
particles/cm3 

Total 
weight of 
particles 

Total 
volume of 
particles 

Total 
surface of 
particles 

 µg/m3 nm3/cm3 nm2/cm3 
background 1 4620 14 1.17 x 1010 2.9 x 108 

welding 2 256000 7240 6.03 x 1012 8.4 x 1010 

coagulation 3 333000 9910 8.26 x 1012 1.21 x 1011 

coagulation 4 166000 5580 4.65 x 1012 6.65 x 1010 

coagulation 5 98800 3570 2.98 x 1012 4.18 x 1010 

coagulation 6 68900 2680 2.24 x 1012 3.08 x 1010 
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Figure 9. Rate of coagulation and deposition of nanoparticles in a workshop after welding plotted 
against time  

 
Figure 10. Revolver type weapon (King Cobra), two magazines were shot out with 6 bullets each 

It was fairly alarming to find out that particles smaller than 50 nm were essentially most 
frequently present at a fire, extinguishing, welding, at an outlet from the modern Diesel 
engine and from a non-heated classic Diesel engine, and in large quantities after shooting. 

Results for the Diesel engines are in agreement with the discussion and with the statement 
[4] that the improved combustion in modern Diesel engines extremely reduces the fraction 
of large particles; however, this is counterbalanced by the generation of extremely small 
particles: “No smoke coming from the exhaust pipe is reassuring to the eye, but the problem 
is in just that which cannot be seen.“  
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Table 2. The physical values of nanoparticles measured during welding experiments 
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3. Part II – Results of systematic measurements  

3.1. Concentration and distribution of aerosol nanoparticles in the Prague 
subway station Muzeum C 

In March 2011 an experiment was organized with the objective of measuring the distribution 
of size and concentration of aerosol particles in a very busy (changing) subway station in 
Prague. The location of the measurements was the station Muzeum C for a period of twelve 
hours (the data from the meteorological station were collected from 7:15 to 0:15, the 
measurements were performed from 7:40 to 0:28). 

The measuring technology was situated in the middle of the platform (see Figure 11). The 
instrument enabled measurement in the range from 14.1 to 791 nm with a sampling interval 
of 5 minutes.  

The trains on the line C are M1 (engine power 141.5 kW). The basic data about the platform 
dimensions are provided in Table 3.  

 
Figure 11. Location of the measuring technology on a platform of the subway station Muzeum C 

Length of the station 194 m 
Depth of the platform center under the ground level  10 m 
Platform width  10 m 
Platform height  4.3 – 5 m 

Table 3. Dimensions of the subway station Muzeum C  

The temperature at the platform during the measurements was 12 – 13 C, after 21:00 hours 
the temperature dropped by 1.5 – 2 C, and the air flow at the measuring device had a 
pulsating character – see Figure 12. 
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Figure 12. Air flow speed in the proximity of the measuring technology  

The temperature outdoors in the morning hours was -4 C, in the afternoon 2 C, and in the 
evening 0 C. The air flow on the surface was from 2 m.s-1 to 7 m.s-1 (the maximum was 
reached between 13:00 and 14:00 hours).  

3.2. Results of the measurements and discussion  

The basic results of measurements of the overall concentration of aerosol particles during 
subway operation are shown in the diagram in Figure 13. The diagram of the concentrations 
of aerosol particles is completed with the intervals of subway trains passing through the 
station.  

 
Figure 13. Overall concentration of aerosol particles during the subway operation  
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The diagram shown above indicates that the concentration of aerosol particles in the subway 
station is significantly affected by the frequency of trains passing through the station. 

This fact has been confirmed by the following Figure 14, which presents a graphic rendering 
of the dependence of the overall concentration of aerosol particles on the number of trains 
passing through the subway station in both directions per hour. In theory, the diagram 
suggests that if there were no trains passing through the station the overall concentration of 
aerosols would be ca. 3400 particles per cm3. 

 
Figure 14. Comparison of the overall concentration of particles with the number of passing trains 

The summary of average concentrations of aerosol particles for the monitored period is 
shown in Table 4. As a curiosity, we have provided also the measured concentration of 
aerosol particles in the environment during passage of a servicing Diesel locomotive MUV – 
72 (engine TATRA T 928 – 2 with engine power 130 kW) after the passenger traffic in the 
station was closed. 

 N.cm-3 Standard deviation  
Overall average (without the locomotive) 8200 ±1800 
Morning rush hour (745 - 945) 10800 ± 950 
Morning low (1130 - 1430) 7200 ± 420 
Afternoon rush hours (1730 - 1930) 9980 ± 700 
Night low ( 2200 - 030) 5520 ± 600 
Maximum during the passage of the 
servicing locomotive  

35500 - 

Table 4. Average concentrations of aerosol particles during the monitored period 
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Figures 15 and 16 are graphic renderings of distribution of the particles during the morning 
and afternoon rush hours and during the traffic lows.  

 
Figure 15. Distribution of particles during the morning and afternoon rush hours 

 
Figure 16. Distribution of particles during the morning low 

Figure 17 is a graphic rendering of the distribution of particles during the passage of the 
servicing locomotive that passed through the station after it was closed for passenger traffic. 
The diagram indicates a distribution shift to smaller, i.e. more dangerous dimensions of the 
particles. 
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Maximum during the passage of the 
servicing locomotive  

35500 - 

Table 4. Average concentrations of aerosol particles during the monitored period 
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Figures 15 and 16 are graphic renderings of distribution of the particles during the morning 
and afternoon rush hours and during the traffic lows.  

 
Figure 15. Distribution of particles during the morning and afternoon rush hours 

 
Figure 16. Distribution of particles during the morning low 

Figure 17 is a graphic rendering of the distribution of particles during the passage of the 
servicing locomotive that passed through the station after it was closed for passenger traffic. 
The diagram indicates a distribution shift to smaller, i.e. more dangerous dimensions of the 
particles. 
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Figure 17. Distribution of particles during the passage of the servicing locomotive 

What are the supposed sources of nanoparticles on the subway station platform?  

a. Supply of the outdoor air via a vent shaft (see Figure 18) into the tunnel premises in the 
platform proximity: In winter the ventilation air is supplied into the subway from the 
ground level into the tunnel premises via a vent shaft. In this case the vent shaft is 
situated in a very close proximity to a busy road (Prague arterial road), where the level 
of traffic is a “slow moving traffic jam“. The traffic on the arterial road probably 
influences the quantity of nanoparticles on the subway platform. 

b. Release of previously deposited nanoparticles from the tunnel premises: The increased 
concentration of nanoparticles is probably also influenced by pressure waves caused by 
passing trains in the narrowed premises of the tunnels. These may be e.g. nanoparticles 
generated by wear of the tunnel lining (usually reinforced concrete), wear of the rails, 
crossties, subbase and by technical operations (servicing technology). 

c. Braking of the trains: Another factor that may influence the measured quantity of 
nanoparticles is braking of the trains. The weight of a subway train is ca. 130 t and it 
brakes for several seconds. This braking results in the wear of wheels, brakes, rails, 
etc. 

d. Influence of passengers: During the experiment we attempted to limit this influence to 
the maximum extent by placing the measuring technology at the end of the platform, 
but we still anticipate that the measured values might have been influenced by the 
changing numbers of persons in the station.  

We anticipate that the mostly tunnel character of the subway line is the source of aerosol 
nanoparticles of various origin. Their spread (release) is probably caused by pressure and 
impulse waves created by the running subway trains. 
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Figure 18. The subway vent shaft structure on the ground level near the busy road  

This assumption has been confirmed by a comparison of the quantity of measured 
nanoparticles inside a train car on the subway platform on the line C with the quantity 
measured in a subway train car during its trip on the line C (see part I). The concentration of 
nanoparticles in the travelling train car was higher than at the same place measured on the 
platform. This is probably caused by the ventilation system of the cars which takes in the air 
from the tunnel premises, plus by the higher concentration of passengers per area unit. 

3.3. Aerosol and dust particles generated during processing of selected exotic 
woods 

The objective of the measurements was to measure quantities and distribution of aerosol 
micro and nanoparticles generated by individual technological steps during processing of 
various types of tropic woods used on the market in the Czech Republic. At the same time, 
we also focused on the microstructure of the wood dust in the deposits and difference in the 
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chemical composition of the individual woods; this may play a negative role after they get 
into the respiratory system or into contact with skin or eye mucosa. We focused on tropical 
woods due their wide variety and the dramatic increase of their import to the processing 
market in the Czech Republic. 

Wood processing generates wood dust which may, depending on the size of the particles, 
form an aerosol or settle directly. The wood dust contains chemical substances that form the 
wood (polysaccharides, such as cellulose and hemicellulose, aromatic substances, such as 
lignin and tannins, resin terpenes, lipids, nitrogenous substances, inorganic substances etc.) 
depending on the wood condition, while it is impossible to exclude the presence of 
biological organisms, fungi, mildews or bacteria [5].  

A negative effect of the wood dust on the human organism may occur in case of contact 
with skin or eye mucosa or inhalation by the respiratory tract. There is a general rule that 
the with decreasing size of the particles their respirability increases as well as their ability to 
bind with other substances (by sorption or condensation). Dusts from biologically highly 
aggressive woods may cause dermatitis, respiratory diseases, allergic respiratory problems 
(asthma) and carcinogenic effects (adenocarcinoma of nasal cavity and paranasal cavity). 
The chemical composition of wood opens a number of possibilities in contact with the 
biological system [6]. 

The measurements were conducted in the course of full operation in a production hall (area 
700 m2, volume 3 500 m3) equipped with a state-of-the art filter and extraction system made 
by Cipres Filtr with the power output 37 kW, with a box filter CARM situated outside the 
hall. Despite this after a time the overall concentration of nanoparticles in the production 
hall increased to 4–5 x 105 N/cm3. The difference from the initial level before the shift 
beginning is shown in the diagram in Figure 19. 

 
Figure 19. Comparison of the distribution of aerosol particles in the production hall during the 
operation and before the beginning of the operation 
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This has caused problems with identification of the technological process that generates the 
highest quantity of micro and nano aerosols. Despite those difficulties, we have identified 
the operation of the belt grinding machine as the main source of pollution in the production 
hall. The next experiment was conducted during the night, only with the technological 
operation of wood surface grinding with a grinding belt (belt grinding machine HOUFEK, 
PBH 300 B BASSEL, belt speed 17 m/s, grinding belt roughness AA 80, AA 100). 

The temperature and humidity in the production hall: 24-25oC, 55%. 

Tested woods: Ipé, Jatoba, Massaranduba, Merbau, Bangkirai, Faveira, Garapa, Teak, Bilinga. 

The basic information on the tested tropic woods and on their processability and toxicity 
reported in literature is provided in Table 5. 

Trade name of 
wood species 

Latin name of 
wood species  

Occurrence  Note about the wood 
processing [6] 

Note about the toxicity [6] 

Ipé Tabebuia spp. Central and South 
America 

Planing is difficult, 
high-performance 
machinery is needed, 
very strong material, 
highly durable  

Sawdust and grinding 
dust contain lapachol – 
as the dyestuff, it is 
irritating, may damage 
mucosa and cause 
dermal problems  

Jatoba Hymenaea spp. Central and South 
America 

Sawing – high-
performance 
machinery is needed 

Risk of mucosa and skin 
damage  

Massaranduba Manilkara spp. South and tropical 
America (Brazil, 
Columbia) 

Sawing – high-
performance 
machinery is needed  

Sawdust may be irritant, 
wood dust may irritate 
mucosa and skin 

Merbau Intsia bakerie 
Prain 

Southeast Asia 
(Indonesia, 
Malaysia) 

dulls the tools, difficult 
processing – special 
tools are needed 

Chemical reaction with 
iron  

Balau, Yellow 
(Bangkirai) 

Shorea argentea Southeast Asia 
(Malaysia, 
Indonesia) 

Difficult processing Not detected 

Faveira Porkia spp. Tropical South 
America (Brazil, 
Columbia) 

Easy sawing, 
processing without 
difficulties  

Poor resistance against 
fungi and insects  

Garapa* 
 

Apuleia Leiocarpa South America 
(Brazil) 

Not detected Allergenic and toxic 

Teak 
 

Tectona 
Grandis 

Southeast Asia 
(Indonesia, Burma, 
Laos) 

Sawing not completely 
easy, makes the tools 
blunt 

Wood dust irritates skin, 
contains oily resins, 
resists decay  

Bilinga  
(Opepe) 
 

Vaucle and 
Diderrichii 

West Africa (Sierra 
Leone, Nigeria, 
Cameroon) 

Sawing requires high-
performance 
machinery  

Resistant against 
termites, the bark 
contains alkaloid 

Table 5. Basic data about the tested woods 

The layout of the measuring technology is shown in Figure 20. 
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The layout of the measuring technology is shown in Figure 20. 
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Figure 20. Layout of the measuring technology in respect to the belt grinding machine: 

a. measurements of FIT factors, 
b. measurements of distribution of aerosol particles (micro),  
c. measurements of distribution of aerosol (nano) particles, d) cascade impactor. 

In addition to the measurements of quantities and distribution of nano and micro aerosol 
particles we also measured the FIT factor to verify protective capacities of the respirators 
and collected samples of sedimented dust (sawdust).  

3.4. Results and discussion 

3.4.1. Determination of quantities of grinded-off wood  

The weighted samples (mostly with the same area sizes) of exotic woods were grinded 
under the same conditions for 5 minutes on a belt grinding machine (see Figure 20). After 
the grinding was completed, the samples were weighed and the weight loss was converted 
into the area per 1 cm2. The results shown in Table 6 indicate that the highest weight loss 
was found for the wood Garapa, while the values for Massaranduba, Ipé and Teak were 
comparable. The wood most durable against the employed grinding method was Merbau. 
We also compared the quantities of ground-off wood material depending on the grit size of 
the grinding belts and we found out that finer surface resulted in a higher weight of the 
ground-off material by up to 20-25% . 
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Wood  
(wood species) 

Ground area (cm2) Ground-off 
quantity (g) 

Ground-off quantity  
per cm2 (g) 

Massaranduba 371 246 0.66 
Ipé 371 261 0.70 
Garapa 371 308 0.83 
Teak 331 266 0.80 
Bilinga 466 182 0.39 
Jatoba 371 167 0.45 
Faveira 371 157 0.42 
Bangkirai 308 195 0.63 
Merbau 371 78 0.21 

Table 6. Determination of quantities of ground-off woods 

3.4.2. Distribution of nanoparticles released during grinding of exotic woods  

Examples of measured values of concentrations and distributions of aerosol particles in the 
range 15 – 750 nm generated by grinding of exotic woods after subtraction of the 
background are shown in the Figure 21. 

The comparison of the above-presented diagrams of the distribution of nanoparticles in the 
range 7 – 100 nm has shown a detailed distribution of aerosol particles of the Ipé, Jatoba and 
Massaranduba woods (that belong to the category of harder materials), with the maximum 
at ca. 40 nm, while for the Merbau, Bangkirai and Faveira woods the maximum value 
shifted towards lower values. 

The diagrams presented below (Figures 22 and 23) document that if we replace the grinding 
belt with a finer one the quantity of nanoparticles released into the atmosphere will increase, 
and the sizes of the particles will shift to lower values. 

3.4.3. Analysis of sedimented dust: 

The collected samples of sedimented dust after the wood grinding were subject to IR 
analysis, a microscopic study of the wood material and their thermal stability. The IR 
analysis sought to find a certain correlation between characteristic vibrations that may be 
related to the toxicity of the wood dust. The achieved microstructure of the dust was 
expected to provide information about the level of degradation of the wood structure by 
mechanical means (grinding). The thermal stability of the sedimented dust was expected to 
indicate the fire risks to be expected for the individual woods, while those results will be 
published separately. 

Infrared spectroscopy is one of the few non-destructive methods for investigating the 
chemistry and physics of wood. Gradually, absorption bands with wave numbers have been 
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defined that characterize the dominant building elements of the woods, such as cellulose, 
hemicellulose and lignin. We have also used the FT-IR (Fourier Transform Infrared) 
technology to measure infrared spectrums of the collected samples of sedimented dusts. 
Based on the published spectrums of similar woods and catalogue values of vibrations for 
the specific bonds and groups [7-10], we have made assignments to the individual 
absorption bands. As an example, we have made assignments to the measured values of the 
Massaranduba wood spectrum; see Table 7 and Figure 24.  

 

 
Figure 21. Distribution of aerosol particles of the woods Ipé, Jatoba, Massaranduba, Merbau, Bangkirai 
and Faveira, released during their grinding 
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                                              a)                                                                                       b) 

Figure 22. Distribution of aerosol particles of the Massaranduba wood a) grain size 80, b) grain size 100 
(Axis y: concentration of particles/cm3; axis x: diameter of particles [nm]) 

 
                                             a)                                                                                           b) 

Figure 23. Distribution of aerosol particles of the Ipé wood a) grain size 80, b) grain size 100 

Vibrations (cm-1) Assignment of the functional group or skeleton
3343 O-H valence bond
2921 C-H valence bond in methyl group
1731 C=O ketone and in ester group 
1593 Aromatic skeleton, valence bond C=O
1504 Aromatic skeleton, valence bond C=O
1454 C-H deformation asymmetric -CH3 and –CH2–
1422 Vibration in the aromatic skeleton by combination with the 

deformation vibration in the C-H plane
1368 C-H deformation vibration in cellulose and hemicelluloses 
1317 C-H vibration in cellulose and C-O vibration in syringyl derivatives 
1232 Syringyla) skeleton and bond vibration C= in lignin and xylanb) 

1155 C-O-C vibration in cellulose and hemicelluloses
1023 Aromatic C-H deformation in the plane, C-OH, C-O deformation 
894 Glycoside bonds 
814 Planar vibration of the mannose ring

Table 7. Assignment of the wave numbers of absorption belts to specific groups or skeleton of the 
Massaranduba wood material. a) As a part of lignin, b) As a part of hemicellulose 
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Figure 22. Distribution of aerosol particles of the Massaranduba wood a) grain size 80, b) grain size 100 
(Axis y: concentration of particles/cm3; axis x: diameter of particles [nm]) 
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Figure 23. Distribution of aerosol particles of the Ipé wood a) grain size 80, b) grain size 100 
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Figure 24. IR Spectrum of sedimented dust from Massaranduba wood 

The comparison of the measured spectrums has shown a relative identity, particularly 
outside the fingerprint area of the molecule. 

The variance in the wave number of C-OH vibrations is 15 cm-1 between the individual 
woods (the highest wave number 3350 cm-1 is for Ipé and Jatoba, the lowest is 3335 cm-1 for 
Bankirai). The variance of the valence bond vibration C-H is 72 cm-1 (the highest wave 
number is 2921 cm-1 for Massaranduba, the lowest is 2849 cm-1 for Bangkirai). The vibration 
shifts are probably caused by intermolecular hydrogen bonds that affect the wood density. 

In the molecule fingerprint area, we focused on the identification of characteristic vibrations 
for various lignin skeletons and chinoid bonds (lapachol). The differences between the 
spectrums of the individual woods were demonstrated by absorbance values. Before the 
microscopic examination of the samples of sedimented dust (we will hereinafter use the 
term sawdust to refer to its method of origin) we described some of its external macroscopic 
properties and they were later confirmed at microscopic magnification by the factor of 40; 
they may be briefly described as follows:  

- Ipé: fine sawdust with minimum dustiness  
- Jatoba: sawdust of the same size as Ipé but, unlike Ipé, with significant dustiness 
- Massaranduba: coarse sawdust with a structure similar to oak 
- Merbau: the finest sawdust structure, with the highest dustiness 
- Bangkirai: medium sawdust with a significant representation of finer particles 
- Faveira: similar structure and distribution of fractions as Bangkirai 
- Garapa: fine sawdust with medium dustiness and good powderiness 
- Teak: sawdust with coarse structure and minimum dustiness, caused by cohesiveness 

or aggregation of sawdust 
- Bilinga: coarse structure of sawdust with medium values of dustiness and powderiness 
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A summary overview of identifiable macroscopic properties is shown in Table 8 

 Dustiness Inherent 
cohesiveness 

Powderiness Size of 
particles 

Structure 

Ipé + ++ + ++ Coarse  
Jatoba ++ + ++ ++ Coarse  
Massaranduba ++ +++ ++ +++ Coarse  
Merbau +++ + +++ + Fine  
Bangkirai + ++ ++ ++ Medium 

coarse 
Faveira + +++ + ++ Medium 

fine  
Garapa ++ + ++ + Coarse 
Teak + +++ + +++ Coarse 
Bilinga ++ ++ ++ ++ Coarse 

Table 8. Description of macroscopic properties of sedimented particles 

We were interested in the shape of the particles, which will probably play a role in their 
fixation in the respiratory tract, so we made microscopic pictures. As an example shown 
below, we have provided microscopic pictures magnified 200 times, while the line segment 
on the pictures represents 100 micrometers; see Figure 25. 

Other risks of nano-, micro- and dust particles are physicochemical, i.e. risk of fire, 
explosion, uncontrolled and undesired reaction. For this reason, the samples of sedimented 
dust were subject to thermal gravimetric analysis. For all samples of sedimented dust 
generated by coarse grinding, the thermal decomposition resulted in two separate 
exothermic processes T1 in the range 279-333 °C (the lowest for Merbau) and T2 in the range 
402 -437 °C (the lowest for Garapa). After summarizing thermal processes during thermal 
decomposition of dusts of our woods, the highest thermal effects were found for the woods 
Jatoba (5904 kJ/kg) and Garapa (5506 kJ/kg), while the lowest value was found for the wood 
Teak (2210 kJ/kg ). 

Another finding with a safety impact was that if we use finer grains for the grinding of some 
woods, e.g. Massaranduba, the exothermic effect is much less significant – see the diagrams 
in Figure 26. 

We can thus conclude that, despite a modern extraction system that was installed in the 
workshop, the content of aerosol nanoparticles was two orders of magnitude higher than 
before the production works started, and the concentrations of dust particles in the 
immediate proximity of the grinder were several times higher than values permitted by 
Czech legislation. The sizes of aerosol nanoparticles, based on the determined distribution, 
mean that they can pass through protective barriers of the respiratory system up to the 
alveoli. Here the question remains on the role played in the toxicity by the concentration, 
chemical composition, surface and shape of the nanoparticles. 
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Figure 25. Microscopic pictures of sedimented dust after woods grinding 

Apart from the dominant polymeric components of the woods (cellulose, hemicellulose, 
lignin), the woods also contain low-molecular substances. Those substances are sometimes 
classified as so-called extractable components, and they can be extracted from the wood 
material by various combinations of extraction agents. 

Many of those substances, such as terpenoids, phenols, tannins, chinons, stylbens, 
flavonoids, alkaloids, etc., feature biological activity, both positive and negative. The 
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disruption of wood matter by technological operations means that one can anticipate 
different distributions of dominant wood components as well as low-molecular substances 
on the surfaces of nanoparticles (microparticles). 

 
a) 

 
b) 

Figure 26. Thermal gravimetric analysis of sedimented dust generated with the grinding belt grain size 
80 (a) and 100 (b) 

The differences in the size, shape, and certain physical properties of the particles of 
sedimented dust from the wood grinding have been described above. We can only speculate 
about the extent to which the shape of particles may influence their toxic effects. Sharp 
particles may behave in the organism similarly as has been described for asbestos 
(pulmonary fibrosis) or chronic tracheitis. 

The size of the particles influences their shape, which we have illustrated with the shapes of 
particles generated by grinding Massaranduba and Jatoba woods. Figure 27 shows a 
comparison of microscopic pictures of particles with the size of hundreds of µm and 
particles with the size of units of µm, made by electron microscope, using particles trapped 
between the levels A and B in the cascade impactor. 
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Figure 28 shows electron microscope images of particles generated by grinding the 
Massaranduba wood trapped between A-C sorting levels in the cascade impactor for the 
Jatoba wood. 
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Figure 27. Comparison of the shape and size of Massaranduba wood particles  

A general conclusion can be drawn that the world´s major occupational health agencies only 
provide warnings about the risks in their reports for selected individual types of wood, and 
they request better protection of particular body parts (skin, eye mucosa, respiratory tract). 

Our measurements have led to a recommendation that the selection of safety measures to 
protect the health of the employees during some technological operations with woods 
should take into account the character (type) of the processed wood.  
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provide warnings about the risks in their reports for selected individual types of wood, and 
they request better protection of particular body parts (skin, eye mucosa, respiratory tract). 
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should take into account the character (type) of the processed wood.  
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Figure 28. Electron microscope pictures of Jatoba wood particles generated by grinding. 

Based on the available toxicological information about a particular wood, or based on 
measurements similar to those we have made for the anticipated technological operation, it 
will be necessary to specify or to expand the preventive measures with the objective of 
minimizing the contact of workers with particles generated by the processing. The measures 
may include technical (e.g. wetting system) and organizational measures (e.g. shorter 
exposure, alternation of workers), personal protective equipment (e.g. HEPA respirators: 
our measurements have demonstrated their 93-97% effectiveness) or health related 
measures (e.g. shortened intervals between medical checkups). 

3.5. Measurements of quantities and distribution of aerosol nanoparticles in 
some steelworks operations  

Metallurgic operations rank among the biggest producers of wastes of all types and 
categories. They include e.g. production wastes, slag, waste sludge, wastewater and 
emissions of heavy metals, associated with high-temperature processes of metal vapours 
formation and their condensation or potential chemical transformation.  
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Thanks to the pro-active approach of the company EVRAZ Vítkovice Steel, a.s. to the 
environment and safety of their employees, we were able to perform measurements of 
quantities and distribution of aerosols during the operation in various parts of the 
steelworks that utilize oxygen steelmaking. 

The basis of the oxygen steelmaking (i.e. oxidation) is the removal of undesired impurities 
from the raw iron melt. The key elements that are converted into oxides in the process are 
carbon, silicon, manganese, phosphor and sulphur.  

The oxygen steelmaking process is discontinuous and may be divided into the following 
steps: 

a. Preparation and storage of metal melt 
b. Pre-treatment of the metal melt (desulfurization of the melt by introduction of calcium 

carbide, magnesium and lime) 
c. Oxidation in the oxygen converter 
d. Secondary metallurgy (i.e. vacuum metallurgy) 
e. Casting (slab casting) 

Before the experimental measurement, we attempted to identify locations with the expected 
increased emission levels, specifically:  

- at the converter gas,  
- during the desulfurization process, 
- during handling of scraps and iron ore, 
- during slag removal,  
- during casting, pourover of raw iron or steel. 

Meanwhile, we had to consider the safety of the workers performing the measurements and 
sensitivity of the employed technology to the environment in which it operates, e.g. high 
temperature, explosive environment, etc. 

The selected locations in the premises of continual steel casting and in the converter hall of 
the steelworks represented the resulting compromise. 

3.6. Experimental part  

Measurements were conducted under regular operation of the steelworks. For safety 
reasons, measuring instruments to measure quantities and distribution of aerosol 
nanoparticles were situated only in the following locations: 

a. at the equipment for continual casting, ca. 3 m from the slab, which had been already in 
the horizontal position and in the area of the so-called secondary cooling, ca. 6 m from 
the flame-cutting machine (Figure 29). 

b. in the steelworks dispatching section, ca. 3 m from the scarfing machine, where the 
cooled slab was parted crosswise (Figure 30). 
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Figure 29. Measuring point at the slab continual casting  

 
Figure 30. Measuring point in the steelworks dispatching section (at the scarfing machine) 

Measurements of particles trapped in personal cascade impactors were performed in the 
convertor hall of the steelworks in 2 selected locations under the technological conditions 
described below. 
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3.7. Distribution of nanoparticles in the premises of the continual casting 
equipment  

3.7.1. Measuring point a) 

The average flow rate in the first location was 0.12 m·s-1 (determined with TESTO 445 with a 
thermal probe). 6 spectrums were measured in total with the distribution of size of aerosol 
particles ranging from 14 to 736 nm. The distribution of the size of aerosol particles obtained 
by averaging the collected spectrums is shown in the diagram in Figure 31, Table 9. 

 
Figure 31. Distribution of aerosol particles in the measuring location a) 

The mode of the collected spectrum is around 20 nm. The presented spectrums indicated 
presence of particles under 10 nm, which may be estimated from the size distribution  

Measuring 
point a) 

Overall 
concentration 

(N·cm-3) 

Total surface of 
the particles 

(nm2·cm-3) 

Total volume 
of the particles

(nm3·cm-3) 

Total weight of 
the particles 

(µg·m-3) 

Average values 3.57 . 104 6.46 . 108 2.33 . 1010 28 

Table 9. Measured physical values of nanoparticles – point a) 

3.7.2. Measuring point b) 

The average flow rate in the location was 0.27 m·s-1. The distribution of size of aerosol particles 
obtained in this measurement location is shown in the diagram in Figure 32, Table 10.  

The higher flow rate has probably also affected the uneven distribution of the size of aerosol 
particles. The different technological development of the operation during which the 
measurement was performed also played a role.  
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Figure 32. Distribution of aerosol particles in the measuring point b) 

The maximum peak of the doublet shape in the area around 20 nm corresponds to the 
distribution measured in the measuring point a) but the concentration of the particles was 
higher. Another area with an increased number of particles is around 120 nm, while this 
phenomenon was not observed in the previous case. The overall concentration of particles in 
the nano area is by one order of magnitude higher, the weight of the particles 5x higher than 
in the previous case.  

Measuring point b) Overall 
concentration 

(N·cm-3) 

Total surface of 
the particles 

(nm2·cm-3) 

Total volume of 
the particles 

(nm3·cm-3) 

Total weight 
of the particles 

(µg·m-3) 

Average values 1.4 . 105 4.03 . 109 1.38 . 1011 166 

Table 10. Measured physical values of nanoparticles – point b) 

3.8. Measurements of the weight of trapped aerosol particles in selected 
locations of the steelworks convertor hall 

During the performed technological operations in the steelworks convertor section, the 
following measuring points were selected: 

- during the pourover of pre-treated raw iron into the converter after desulfurization, 
- during the pourover of pre-treated raw iron from the railway carriage at the blast 

furnace into the ladle, 

with impactors for collection of aerosol particles sorted in agreement with the specified 
sorting levels (Table 11). The table contains the subsequently weighed particles by fractions 
and conversions into volume concentrations in the proximity of the technology operation. 
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Sampling point Sorting level (µm) Trapped particles a)

(mg) 
Conversion into 

volume concentration 
(mg/m3) 

Pourover into the 
pre-treated melt 

A 2.5 0.12 2.40 
B 1.0 0.15 3.00 
C 0.5 0.09 1.80 

D 0.25 0.12 2.40 
< 0.25 0.18 3.60 
Total 0.66 13.20 

Pourover of raw 
iron 

A 2.5 0.38 7.60 
B 1.0 0.35 7.00 
C 0.5 0.45 9.00 

D 0.25 0.33 6.60 
< 0.25 0.38 7.60 
Total 1.89 37.80 

a) air flow rate 10l/min. for a period of 5 minutes. 

Table 11. Individual trapped fractions of aerosols in the first impactor 

Samples of trapped particles at the pourover of raw iron were submitted for electron 
microscope analysis. The images made by the electron microscope based on the particles 
trapped in the filter by sorting levels are shown in Figures 33 and 34. 

Pictures made by a scanning electron microscope show visible particles from several 
hundreds of nanometers to ca. 5µm. The evaluation of the sizes of the observed particles has 
made it possible to estimate that the most numerous particles were in the range from 1 to 
2µm. The prevailing majority of trapped particles in fine atmospheric aerosols were 
spherical; see Figure 33. In agreement with the generally accepted theory, particles of the 
size of units of micrometers are formed directly by the solidification of finely dispersed 
liquid aerosol of liquid iron. If the cooling rate is sufficient, round particles with some signs 
of crystalline structure of atoms on the surface appear instead of crystalline formations. On 
the contrary, if the conditions for a transition into a solid state are different, particularly in 
terms of the cooling rate, then fairly interesting crystalline formations can be found between 
the particles, as shown in Figure 34. The resulting product is actually an aggregate of very 
small crystals which came into immediate contact in the atmosphere. 

The entire process of formation of the fine aerosol is accompanied by a chemical reaction in 
which melted iron particles are in a thermodynamic imbalance with oxygen from the 
atmosphere, and therefore an intense exothermic chemical reaction occurs on the surface of 
the particles which produces oxidation products of iron. The resulting formations are shown 
in the pictures. A chemical analysis of particles with EDS has confirmed the variable values 
of the Fe/O ratio. In some cases the atomic ratio Fe/O was > 3/2, which may be explained by 
the presence of non-reacted iron in the particle core.  
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the particles, as shown in Figure 34. The resulting product is actually an aggregate of very 
small crystals which came into immediate contact in the atmosphere. 

The entire process of formation of the fine aerosol is accompanied by a chemical reaction in 
which melted iron particles are in a thermodynamic imbalance with oxygen from the 
atmosphere, and therefore an intense exothermic chemical reaction occurs on the surface of 
the particles which produces oxidation products of iron. The resulting formations are shown 
in the pictures. A chemical analysis of particles with EDS has confirmed the variable values 
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Figure 33. Images from electron microscope of nano- and microparticles from the environment of the 
pourover of raw iron from the railway carriage  

Samples of particles trapped in the impactor were collected at the site where pre-treated 
melt of raw iron was poured over after desulfurization, and they were analyzed by electron 
microscope. In addition to the minor number of spherical particles (composed of iron, iron 
oxide and iron-calcium), the images also show carbon-based non-spherical and non-metallic 
particles. A characteristic illustration of particles trapped in the impactor is shown in Figure 
35. The content of the trapped particles was probably influenced by the composition of the 
residual slag that remained in the melt after the tapping. The melt desulfurization, as 
mentioned at the beginning, is performed by the addition of calcium carbide, magnesium 
and lime, so the presence of calcium is completely logical. 
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                            Sorting level A                                                       Sorting level A 

Figure 34. Images from electron microscope of trapped particles of non- typical shapes from the 
environment of raw iron casting 

 
Figure 35. Electron snapshots of trapped nano- and micro- particles from the site of the pourover of 
pre-treated melt after desulfurization  

4. Discussion about the toxicity of iron particles  

Iron in suitable concentrations is an element essential for human health which participates 
in the transport of oxygen (hemoglobin, myoglobine) in cellular breathing. If the 
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concentration of iron in the organism exceeds the capacity of transport and spare proteins 
for iron, then it is deposited loose into the tissue. An increased deposition of iron in tissues 
causes fibrotization and the reduction of functional tissue. The main signs include 
development of liver hemosiderosis and later cirrhosis, type II diabetes, cardiomyophy, 
arthritis etc. [11]  

The round shape of nanoparticles probably reduces toxicity and facilitates transport from 
alveoli by breathing.  

The concentrations of micro- and nano- particles measured in one cubic meter were higher 
than the permitted exposure limit (PEL) specified in the Government Order of the Czech 
Republic but, considering the mostly automated operation of the steelworks, the level of risk 
to the employees is not significant.  

5. Conclusion – Examples of measures recommended based on the results 
of the measurements 

- When designing new subway routes, the environment of the vent shaft outlets on the 
ground level should be taken into account 

- Install effective filters into the vent shafts 
- Perform consistent cleaning of the subway lining 
- Replace the subway fleet (electric drives) 
- Policemen should wear respirators and goggles for shooting practice 
- Limit the use of entertainment pyrotechnics in residential areas 
- Get as much information as possible about the origin and toxicity before processing any 

exotic woods 
- Wear HEPA-respirators and goggles when processing exotic woods and working in the 

steelworks. 

6. Instrumentation  

The measurements of aerosol particles were conducted with SMPS (Scanning Mobility Particle 
Sizer) 3934 consisting of CPC (Condensation Particle Counter) 3022 (working in low regime) 
and EC (Electrostatic Classifier) 3071 equipped with DMA (Differential Mobility Analyzer), 
probe 3081 and impactor 0.0457 cm. The measurements were conducted using the setup 
scanning interval of 5 minutes, which enabled collection of samples in the range from 14 nm 
to 740 nm.  

Aerosol particles were collected by means of a personal cascade impactor (Sioutas 225-370). The 
personal cascade impactor consists of four impaction levels and a filter that enables sorting 
and sampling airborne particles in five size intervals. Samples were collected with the personal 
impactor which used the sampling device QuickTake30 at a specified constant flow rate.  

Micro aerosol particles were measured in the range from 0.5 µm to 20 µm using APS 
(Aerodynamic Particle Sizer Spectrometer 3321 TSI USA). 
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Measurements of FIT factors of the protective respirators, device PortaCount Pro+ 8038 TSI, 
method MAZL – 40/11 (SÚJCHBO), OSHA 29CFR1910.134. 

Thermal analysis, TG-DSC and TGA were measured with the device STAi 1500 made by 
Instrument Specialists Incorporated - THASS 

Infrared ATR spectrums (FTIR) were measured with the spectrometer Nicolet 7600 (Thermo 
Nicolet Instruments Co., Madison, USA) with the detector DTGS and beam divider KBr. 
Parameters of the measurements: number of spectrum accumulations 128, resolution 2 cm-1. 
The measurements were conducted with an ATR cuvette Smart Orbit (Thermo Scientific) 
equipped with a diamond crystal. 

Microscope: Microscope Olympus XI71 + CCD camera Olympus DP72 (Olympus Co., Japan) 
were used for magnification 200-600x. 

El. microscope: made by FEI, model Quanta 450 FEG, high fiber method, ETD detector 
(secondary electrons) and BSE (back-scattered electrons).  

Thermogravimetric and differential thermal analysis (GTA/DTA) was performed with STA; 
1500 made by Instrument Specialists Incorporated – THASS. 
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1. Introduction 
Particulate matter is a natural part of the atmosphere, where the solid or liquid particles are 
suspended in the air. These suspended particles, also known as suspended particulate 
matter represents a dispersion aerosol system. In the air there are many types of microscopic 
airborne particles originated from both natural and anthropogenic processes, such as 
atmospheric clouds of water droplets, photochemically generated particles, re-suspended 
particulates, fumes arising from the production of energy, etc. They are present in various 
forms, eg. mists, fumes, dust. The atmosphere contains particles of the size ranging from 
slightly larger than molecules up to hundreds of micrometers, which consists of a variety of 
chemical compounds [1]. Depending of their lifetime, the particulates observed at a location 
can be both of local origin or the product of the transport over distances of hundreds to 
thousands kilometres. 

Particulate matter is mainly classified by particle size distribution as follows [2]: Coarse 
Particles (CP) include all particles with an aerodynamic diameter (diameter of a sphere with 
unit density and mass equal to the mass of the provided particle) greater than 2.5 
micrometers and less than 10 micrometers. These particles are identified as PM2.5-10. PM10 is 
an abbreviation used for so called „thoracic" particles with the diameter under 10 μm. Fine 
Particles (FP) include all particles having an aerodynamic diameter less than 2.5 
micrometers and greater than 0.1 micrometers (PM2.5). Ultrafine Particles (UFP) include all 
particles the aerodynamic diameter of which is less than 0.1 micrometers. These size limits 
are not sharp; the cyclone and impactor pre-separators remove half of the particles at the cut 
size and larger particles with increasing efficiency. 

Increase in particulate matter air contamination and its negative impact on human health 
have resulted in efforts to monitor and identify the pollutants. The particulate mass 
concentrations in a very clean urban environment are about 10 g.m-3, which correspond to 
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2.107 particles in 1 m3. In the polluted urban air the particle concentrations are higher than 
1011 particles in 1 m3 and their mass concentrations may be higher than 100 g.m-3 [1,3]. In 
the Slovak Republic, the average annual outdoor PM10 concentrations ranged from 11.6 –18 
g.m-3 in 2009 [4].  

Danger of toxic inhalation exposure depends on both the physical and chemical 
characteristics of particulate matter and thus the study of its properties is essential to assess 
the health risks. Exposure to PM in ambient air has been linked to a number of different 
health outcomes, ranging from modest transient changes in the respiratory tract and 
impaired pulmonary function, through increased risk of symptoms requiring emergency 
room or hospital treatment, to increased risk of death from cardiovascular and respiratory 
diseases or lung cancer. The elderly, children, and people with chronic lung disease, 
influenza, or asthma, are especially sensitive to the effects of particulate matter [5]. Multiple 
studies have showed that a short-term exposure to particulate matter may associated with 
increased cardiovascular mortality [6-8]. The occurrence of particulate matters in the air 
interferes with human health not only due to its composition but also due to its specific 
properties. The large specific particle surface takes a share on the catalysis of heterogeneous 
chemical reactions and on adsorption of other pollutants and their transport [9].  

Sources of particulate matter occur in the outdoor air as well as in the indoor environment. 
Ambient air concentrations are strongly dependent on meteorological factors in contrast to 
the indoor environment which is much more stable. The suspended particulate matter 
present in the indoor air is cumulated and as reported by [10-12] the indoor particulate 
concentrations are often measured to be higher than those outdoors. With the emphasis on 
both energy conservation and efficiency, mainly new home construction can create the 
problem of indoor air pollution. Vapour barriers, tight windows, weather-stripping and 
caulk have reduced or stopped fresh air from infiltrating and replacing stale air. Special 
attention must be paid to indoor air contamination because people spend a substantial 
portion of their time in indoor environment [13].  

If indoor air pollution is investigated, both outdoor and indoor sources have to be 
considered, because the outdoor air is an important source of indoor particles pollution. 
Indoor particle concentration depends on penetration of outdoor particles into the indoor 
environment and on intensity of indoor aerosol sources [2]. Indoor particulate matter 
sources include building materials, cooking, heating and all activities related to combustion 
processes, smoking, cleaning and moving of inhabitants [14,15]. The importance of indoor 
sources depends significantly also on the number and habits of the inhabitants. It was noted 
[16] that the concentration of PM2.5 was 2.8 times higher in houses where people smoked. 

The behaviour of indoor aerosols is affected by the structural system of a building, material 
characteristics, the way of air exchange, the operating mode of indoor environment in the 
presence of inhabitants. The structural systems of a building along with the physical 
properties of the outdoor air (wind direction and intensity, the difference in the density of 
the indoor/outdoor air, the difference in the indoor/outdoor air temperatures etc.) determine 
interzonal transport of pollutants [17]. In multi-floor buildings, the flow induced by 
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buoyancy influences the motion of contaminated air within the building. Mechanical and/or 
natural ventilation and infiltration define air exchange rate, and thereby the amount of 
outdoor particles penetrating into the building interior. The efficiency of filters integrated in 
mechanical ventilation systems and natural ventilation by open windows allows the 
estimations of particle penetration in the dependence on outdoor aerosol concentration, 
whereas infiltration through cracks in the building envelope is uncontrolled and depends 
not only on physical properties of contaminated air but mainly on particle deposition on 
surface cracks [18,19].  

Operation, the number and behaviour of inhabitants, i.e. type, emission intensity and 
amount of indoor contamination sources determine temporal and spatial variations of 
indoor aerosol distribution. In addition, wet processes such as cleaning, washing, drying 
and ironing increase relative humidity which can lead to variations in particle size 
distribution [20]. Physical properties of employed building materials such as thermal 
conductivity influence surface-to-air temperature difference, thermal convection and 
thermophoresis (or thermoprecipitation). This process is significant in the winter season 
when constructions separate heated from unheated areas. Chemical composition of 
particulate matter can influence the appearance of the electrostatic charge. The total aerosol 
concentration is determined by the balance between source emissions and aerosol decay due 
to indoor air chemical processes and aerosol loss mechanisms [2]. 

This chapter aims to present the results of the investigation of both suspended and settled 
particulate matter occurring indoors. The mass concentration and surface concentration 
measured were monitored for suspended and settled particulate matter, respectively. The 
chemical composition with special regard to the metals content as well as the morphology of 
indoor particulates was studied. 

2. Indoor particulate matter decay 
The aerosol particulate decay in indoor environment occurs by two mechanisms - 
ventilation and deposition. In general, ventilation is a positive mechanism for the loss of 
particles from indoor air. However, in real conditions, it often may cause entering the 
outdoor pollutants with supplied air into the indoor environment. The extent which 
ventilation contributes to the reduction of the indoor concentrations depends on the way of 
air exchange which can be carried out by natural air change, infiltration or ventilation 
systems. If the ratio of indoor and outdoor concentrations I/O reaches a value more than 1, 
the positive venting mechanism will result in a reduction of particulate matter concentration 
due to dilution. Otherwise, the contamination of indoor air increases by addition of outdoor 
particulate matter, mainly by natural air change. Ventilation systems should ensure the 
particulate matter concentration in the indoor environment is not increasing due to 
utilization of special filters in the inlet. In addition, coarse particles in ventilation system are 
often deposited by gravitational process which also leads to the removing of particles from 
the air supplied. On the other hand, particles deposited in the pipes can be re-suspended in 
dependence on the air flow speed [21]. 
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not only on physical properties of contaminated air but mainly on particle deposition on 
surface cracks [18,19].  

Operation, the number and behaviour of inhabitants, i.e. type, emission intensity and 
amount of indoor contamination sources determine temporal and spatial variations of 
indoor aerosol distribution. In addition, wet processes such as cleaning, washing, drying 
and ironing increase relative humidity which can lead to variations in particle size 
distribution [20]. Physical properties of employed building materials such as thermal 
conductivity influence surface-to-air temperature difference, thermal convection and 
thermophoresis (or thermoprecipitation). This process is significant in the winter season 
when constructions separate heated from unheated areas. Chemical composition of 
particulate matter can influence the appearance of the electrostatic charge. The total aerosol 
concentration is determined by the balance between source emissions and aerosol decay due 
to indoor air chemical processes and aerosol loss mechanisms [2]. 

This chapter aims to present the results of the investigation of both suspended and settled 
particulate matter occurring indoors. The mass concentration and surface concentration 
measured were monitored for suspended and settled particulate matter, respectively. The 
chemical composition with special regard to the metals content as well as the morphology of 
indoor particulates was studied. 

2. Indoor particulate matter decay 
The aerosol particulate decay in indoor environment occurs by two mechanisms - 
ventilation and deposition. In general, ventilation is a positive mechanism for the loss of 
particles from indoor air. However, in real conditions, it often may cause entering the 
outdoor pollutants with supplied air into the indoor environment. The extent which 
ventilation contributes to the reduction of the indoor concentrations depends on the way of 
air exchange which can be carried out by natural air change, infiltration or ventilation 
systems. If the ratio of indoor and outdoor concentrations I/O reaches a value more than 1, 
the positive venting mechanism will result in a reduction of particulate matter concentration 
due to dilution. Otherwise, the contamination of indoor air increases by addition of outdoor 
particulate matter, mainly by natural air change. Ventilation systems should ensure the 
particulate matter concentration in the indoor environment is not increasing due to 
utilization of special filters in the inlet. In addition, coarse particles in ventilation system are 
often deposited by gravitational process which also leads to the removing of particles from 
the air supplied. On the other hand, particles deposited in the pipes can be re-suspended in 
dependence on the air flow speed [21]. 
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Particle deposition is an important factor affecting indoor particle concentrations in all types 
of buildings and is considered to be a dominant mechanism of the aerosols concentration 
level decreasing [22-23]. The largest incidental losses occur as a result of particle deposition 
onto the surfaces. Due to the relatively large surface-to-volume ratio indoors, deposition has 
a much larger effect on reducing concentrations indoors than it does outdoors [19].  

Particle deposition on indoor surfaces strongly depends on particle size and is governed by 
the processes of particle diffusion toward the surfaces, which is of particular significance for 
very small particles, and of gravitational sedimentation, which is significant for larger 
particles. In addition, the presence of airflows induced by convection currents or the action 
of fans, as well as air turbulence, can increase particle transport towards the surface a thus 
the deposition. Deposition is also dependent on the surface area and on its characteristics, 
with sticky surfaces resulting in higher deposition than smooth one. The larger surface area, 
the higher probability of particle deposition, and therefore furnished rooms, with lots of 
surface area, will have a higher deposition rate than bare rooms. Additional factors affecting 
particles deposition are: the presence of surface charge, which leads to the deposition rate 
increasing; temperature gradient, resulting in convective currents and thermophoretic 
deposition; and room volume [2].  

Aerosol particles adhere when they collide with a surface. The aerosol concentration at the 
surface is zero and the concentration gradient is established in the region near the surface. 
The concentration gradient causes a continuous diffusion of aerosol particles to the surface, 
which leads to a gradual decay in concentration. Applying Fick´s first law of diffusion, 
deposition rate J is defined as a number of particles depositing per unit surface area per unit 
time and is given by equation (1)  
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where no is the uniform initial concentration and D is the particle diffusion coefficient [12]. 
The deposition can be also characterized in terms of deposition velocity Vdep, which is 
defined as the deposition rate divided by concentration in the equation (2) 
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The number of particles depositing on the total surface per unit time is expressed by the 
deposition loss rate coefficient β [1/s, 1/h]. This coefficient includes all the processes that 
remove the particle in enclosure (e.g. diffusion loss, gravitational settling loss and other loss 
mechanisms by external forces). In the context of regular geometry, β can be evaluated from 
the deposition velocity on different orientation of surfaces and their particular surface area, 
and can be expressed as 
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where Aw, Ah and Ad are the total areas for the vertical wall, upward-facing and downward-
facing horizontal surfaces, respectively. Vdw, Vdu and Vdd are the deposition velocities for the 
vertical wall, upward-facing and downward-facing horizontal surfaces, respectively, and 
V is the volume of the enclosure [13]. 

Diffusion deposition is primaryly observed on vertical and downward-facing surfaces 
(ceilings). Deposition induced by gravitational force is observed onto upward-facing 
surfaces (wear layer of floor constructions, upward-facing areas of furnishing). Air drag 
force compared with settling particle is determined by airflow. For settling observed in still 
air (i.e. Re < 1 laminar airflow) the Stoke´s low is valid. If airflow is turbulent (Re > 1000), 
Newton resistant low is valid for settling particle. Terminal settling velocity VTS of the 
particle settling due to gravitational force is results of balance drag and gravity. VTS is 
expressed in equations (4, 5) [1]. 
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where η is the viscosity of the air, ρp a ρg are the density of the particle and the density of the 
air, dp is the particle diameter, g is the gravitational acceleration and CD the drag coefficient. 
Indoor particle deposition can be induced also by thermophoretic forces which results in 
thermoprecipitation, or by ventilation and air conditioning use which lead to the eddy 
diffusion. Thermoprecipitation may be significant in the winter season because of heating. 
The presence of a heating device seems to be related to lower concentrations of a number of 
components, such as particle mass, Cr, Zn, Ca2+, SO42- and NO3- and other as noted in 
reference [45]. 

Particles deposited on indoor surfaces create a potential reservoir from where they can be 
re-suspended whereby the secondary contamination is increased. This re-suspension effect 
can be caused by mechanical vibration, aerodynamic or electrostatic forces. 

3. Indoor air monitoring – A case study 
The monitoring of aerosol particulate matter (PM) was carried out in three rooms of the 
selected flat building in the city of Košice, Slovakia. Kitchen, living room and working room 
as representative indoor environments with different indoor sources were chosen for PM 
monitoring. Environmental tobacco smoke was considered a major source of the particles in 
the living room; cooking on the gas stove was considered a major indoor source of 
particulate matter in the kitchen. None significant indoor source was identified in the 
working room. However, a penetration of outdoor particles through large openings 
(windows, doors) or cracks and gaps through building envelope and interzonal transport 
from other rooms cannot be neglected.  
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where Aw, Ah and Ad are the total areas for the vertical wall, upward-facing and downward-
facing horizontal surfaces, respectively. Vdw, Vdu and Vdd are the deposition velocities for the 
vertical wall, upward-facing and downward-facing horizontal surfaces, respectively, and 
V is the volume of the enclosure [13]. 

Diffusion deposition is primaryly observed on vertical and downward-facing surfaces 
(ceilings). Deposition induced by gravitational force is observed onto upward-facing 
surfaces (wear layer of floor constructions, upward-facing areas of furnishing). Air drag 
force compared with settling particle is determined by airflow. For settling observed in still 
air (i.e. Re < 1 laminar airflow) the Stoke´s low is valid. If airflow is turbulent (Re > 1000), 
Newton resistant low is valid for settling particle. Terminal settling velocity VTS of the 
particle settling due to gravitational force is results of balance drag and gravity. VTS is 
expressed in equations (4, 5) [1]. 
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where η is the viscosity of the air, ρp a ρg are the density of the particle and the density of the 
air, dp is the particle diameter, g is the gravitational acceleration and CD the drag coefficient. 
Indoor particle deposition can be induced also by thermophoretic forces which results in 
thermoprecipitation, or by ventilation and air conditioning use which lead to the eddy 
diffusion. Thermoprecipitation may be significant in the winter season because of heating. 
The presence of a heating device seems to be related to lower concentrations of a number of 
components, such as particle mass, Cr, Zn, Ca2+, SO42- and NO3- and other as noted in 
reference [45]. 

Particles deposited on indoor surfaces create a potential reservoir from where they can be 
re-suspended whereby the secondary contamination is increased. This re-suspension effect 
can be caused by mechanical vibration, aerodynamic or electrostatic forces. 

3. Indoor air monitoring – A case study 
The monitoring of aerosol particulate matter (PM) was carried out in three rooms of the 
selected flat building in the city of Košice, Slovakia. Kitchen, living room and working room 
as representative indoor environments with different indoor sources were chosen for PM 
monitoring. Environmental tobacco smoke was considered a major source of the particles in 
the living room; cooking on the gas stove was considered a major indoor source of 
particulate matter in the kitchen. None significant indoor source was identified in the 
working room. However, a penetration of outdoor particles through large openings 
(windows, doors) or cracks and gaps through building envelope and interzonal transport 
from other rooms cannot be neglected.  
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Settled particulate matter sampling was carried out by passive methods during 28 days. The 
adjusted sampling method for ambient air was used for indoor environment. The aerosol 
particulates were captured into Petri dishes (8.5 cm diameter), installed at three height 
levels: on the floor, at height of 0.8 m from the floor and at height of 2.2 m from the floor. 
The settling of particles proceeded onto both by water filled Petri dishes (wet gravitational 
settling) and empty Petri dishes (dry gravitational settling) at each monitored level. The 
particle total mass was calculated by gravimetric method from the Petri dish mass increases; 
the surface particle concentrations were determined by standard way.  

Suspended particulate matter investigation was focused on total suspended particles (TSP) 
and thoracic fraction PM10. Investigation was carried out in the same rooms in the 
investigated flat building in the city of Košice. Measurement have included integral particles 
sampling onto a collection material (membrane filter Synpor 0.83 m pore size, 35 mm in 
diameter and PTFE filter for TSP and PM10, respectively) by sampling equipment VPS 2000 
(Envitech, Trenčín) at the constant air flow of 600 litres/hour during a sampling period of 
approximately 24 hours. Because of minimization of humidity interference and volatile 
organic matters elimination, the filters were dried at a temperature of 105C for 8 h before 
sampling than equilibrated at a constant temperature and humidity (e.g. 20C and 50% RH) 
for 24 h before and after sampling. The particulate mass concentrations were determined by 
gravimetric method from the increase of filter weight (measured by analytical balance fy 
Mettler Toledo within 0.00001 g). The average concentrations of measured particulate matter 
in studied rooms are presented in Table1. 
 

 Mean 
Settled particulate matter - surface concentration [μg.cm-2] 44.8 
Total suspended particulates - mass concentration [μg.m-3] 84.7 
PM10 - mass concentration [μg.m-3] 45.4 
PM10 / TSP ratio 0.5 

Table 1. The mean concentrations of settled and suspended particulate matter 

The surface concentrations of settled particulate matter measured in selected rooms were in 
the range 7.0 to 86.6 μg.cm-2 while the average surface concentrations for the rooms were 
calculated from 32.7 to 63.9 μg.cm-2 (Table 2). The percentage of non-dissolved portion of 
settled particulate matter was calculated by dividing of the non-dissolved mass separated 
by filters by total deposited mass [47]. 
 

Room 
Total deposited 

mass 
[μg] 

Average surface 
concentration 

[μg.cm-2] 

Non-dissolved 
mass 
[μg] 

Percentage of 
non-dissolved 

[%] 
Kitchen 44.8 x 103 63.9 17.06 x 103 38.1 

Living room 27.6 x 103 37.8 19.70 x 103 71.4 
Working room 21.7 x 103 32.7 7.36 x 103 33.9 

Table 2. Settled particulate matter and percentage of non-dissolved particles in total deposited mass 
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The highest total deposited mass was detected in the kitchen, the lowest in the working 
room (Table 2). The highest non-dissolved mass was expected as well. However, there was 
detected the highest percentage of non dissolved particulate matter in the living room. 
Fibres from carpets, textile and upholstered furniture represented the essential part of non-
dissolved from the total deposited mass (Figure 1).  

 
Figure 1. Non-dissolved particles captured on the filter 

The results of indoor particle deposition monitoring considering the three high levels in all 
monitored rooms are summarized in Table 3. Besides the standard wet deposition, the dry 
deposition was included in the study in order to investigate the re-suspension processes. 
The surface concentrations of particles ranged from 21.0 to 86.6 μg.cm-2 by wet gravitational 
settling and from 7.0 to 39.5 μg.cm-2 by dry gravitational settling in all monitored rooms. 
 

Surface concentration [μg.cm-2] 
Distance from the floor 

0.0 m 0.8 m 2.2 m 
Kitchen 

wet gravitational settling 86.62 53.50 51.59 
dry gravitational settling 39.49 27.39 24.84 

Living room 
wet gravitational settling 42.68 38.22 32.48 
dry gravitational settling 27.39 21.02 14.01 

Working room 
wet gravitational settling 47.77 29.29 21.02 
dry gravitational settling 17.19 15.92 7.01 

Table 3. Surface concentration of particulate matter 

The highest surface concentrations of particulate matters were measured in the kitchen at all 
monitored levels. The surface concentration values were expected to be the highest in the 
kitchen because of the most intensive indoor particulate sources. The surface concentrations 
determined in the other rooms reached the comparable values.  

The particles surface concentration was found to be decreased with the height of the room 
from the floor to the ceiling construction at wet gravitational settling in all monitored rooms 
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The highest total deposited mass was detected in the kitchen, the lowest in the working 
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detected the highest percentage of non dissolved particulate matter in the living room. 
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monitored levels. The surface concentration values were expected to be the highest in the 
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determined in the other rooms reached the comparable values.  
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from the floor to the ceiling construction at wet gravitational settling in all monitored rooms 
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(Figure 2), as well as at dry gravitational settling (Figure 3). That means the lowest surface 
concentrations of particulates were measured at the height level of 2.2 m in all monitored 
rooms. 
 

 
Figure 2. Particles surface concentration versus height level at wet gravitational settling 

 

 
Figure 3. Particles surface concentration versus height level at dry gravitational settling 

Particles re-suspension effect was studied in real conditions without boundary conditions 
providing for any effect elimination. The particles release was expressed in percentage; the 
amount of particulates settled into water filled Petri dishes was represented by 100%.  
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The proportion of particles (re-suspended) released into the air after sedimentation settling 
was calculated as a difference between surface concentrations at both wet and dry settling 
for each height level and all monitored rooms [48]. The particles portions in relation to the 
height level in monitored rooms are illustrated in Figure 4.  

 

 
 

Figure 4. The particles portions in relation to the height level 

The values of re-suspension particles portions ranged from 45.6 to 58.7% in monitored 
rooms. The results of particles re-suspension effect were not consistent with our 
expectations. None trend of particles release in relation to the height level was confirmed 
(Figure 4). The wide differences in particle re-suspension portions were achieved at 
monitored height levels in studied rooms: from 35.8  to 64 % on the floor and from 56.8 
to 66.7 % at the height level of 2.2 m from the floor. The comparable portions for particles 
release was achieved only at the height level of 0.8 m from the floor (48.8, 45.0 and 45.7 
%).The average values of re-suspended particles portion in all monitored rooms are 
presented in Table 4. 
 

Room Re-suspended portion [%] 

Kitchen 51.69 

Living room 45.89 

Working room 58.77 

Table 4. The re-suspended portions of particulate matter in monitored rooms  
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Figure 3. Particles surface concentration versus height level at dry gravitational settling 
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The non-expected conclusion has resulted from comparison of the average values of 
resuspension portions in monitored rooms. The highest portions of released particles were 
found out in the working room with a minimum operating mode (minimum people 
activity). 

The mass concentrations of total suspended particulate matter (TSP) in studied rooms were 
detected in the range 59.028 to 114.583 μg.m-3; PM10 mass concentrations measured ranged 
from 31.94 to 55.56 μg.m3 (Table 5). Unlike settled particulate matter monitoring, the highest 
concentration of total suspended particles as well as PM10 fraction were measured in the 
living room.  
 

Room 
TSP 

[μg.m-3] 
PM10 

[μg.m-3] 
PM10/TSP 

Kitchen 80.556 48.611 0.60 

Living room 114.583 55.556 0.48 

Working room 59.028 31.944 0.54 

Table 5. Suspended particulate matter concentration 

The PM10 hygienic limit (50 μg.m-3) for indoor air in the Slovak Republic was exceeded in 
one measured room; the mean mass concentration detected was close to the limit. PM10 
concentration values reached about half of TSP concentration values (PM10/TSP ratio 0.48 for 
the living room, 0.60 for the kitchen and 0.54 for the working room).  

The similar mean concentration value of 63.3 μg m−3 monitored in 34 homes in Hong  
Kong has been reported in [25]. The lower indoor PM10 concentration levels were 
measured in Athens (mean values for all residences was 35.0 ± 10.7 g.m-3 during the 
warm period and 31.8 ± 7.8 g.m-3 during the cold period), presenting no exceedance 
above the 50 g.m-3 limit value [26]; whereas the authors in the study [27] referred much 
higher mean concentrations of 202 and 215 g.m-3 in poor Bangladeshi households. The 
very high PM10 levels were caused by using wood, dung and other biomass fuels for 
cooking.  

4. The morphology of settled and suspended particulate matter 
The morphology of settled as well as suspended particulate matter was investigated by 
electron scanning microscopy (SEM) with equipment Jeol JSM-35CF (Japan) at various 
extensions ranging from 90 to 5500. The scanning electron microscopy (SEM) micrographs 
represent the morphology of selected particles. As shown in Figures 5 to 9, the particles of 
irregular shapes and various sizes were observed in the sample of settled particulate 
matter. 
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Figure 5. Settled particulate matter morphology 

 

 
 

Figure 6. Settled particulate matter morphology 
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4. The morphology of settled and suspended particulate matter 
The morphology of settled as well as suspended particulate matter was investigated by 
electron scanning microscopy (SEM) with equipment Jeol JSM-35CF (Japan) at various 
extensions ranging from 90 to 5500. The scanning electron microscopy (SEM) micrographs 
represent the morphology of selected particles. As shown in Figures 5 to 9, the particles of 
irregular shapes and various sizes were observed in the sample of settled particulate 
matter. 
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Figure 5. Settled particulate matter morphology 

 

 
 

Figure 6. Settled particulate matter morphology 
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Figure 7. Detail of various shapes of settled particulate matter  

 

 
 

Figure 8. Detail of various shapes of settled particulate matter  
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The majority of particles are non-spherical in shape with strong division of the surface. The 
occurrence of spherical as well as fibrous particles was not obvious.  

 
Figure 9. PM10 particulate matter morphology 

Individual particles along with the aggregates of fine particles were observed in PM10 

suspended particulate matter (Figure 9). The evaluation of SEM micrographs of the total 
suspended particulate samples showed that 80 - 90 % of the particles are smaller than 10 m. 
In case of some samples, the particle size distribution was even shifted in the range of 
particle size under 5 m. As referred by authors in the Chinese study [24], the analysis of the 
settled dusts collected in typical resident buildings showed that the volume percent for the 
fine particles (particle size < 10.5 μm) of the settled dusts ranged from 26 % - 38 %. 

Seasonal variations and variations due to location were observed in both the morphological 
measurements and chemical analysis of settled dust collected inside the main foyers of three 
University buildings in Wolverhampton City Centre, U.K. [28]. 

5. The chemical composition of settled and suspended particulate matter 
The elemental EDX analyses were carried out on the micro-analytical system LINK AN 10 
000 operating in secondary mode at a potential 25 kV. The energy-dispersion X-ray system 
provided preliminary information on the elemental composition of the samples. The EDX 
spectra were very similar for majority of collected particulate matter samples. Principal 
inorganic elements constituting the particles calcium, silicon, aluminium, potassium,  
iron, chlorine, magnesium as well as titan and manganese were confirmed. The EDX 
spectrum in Figure 10 represents the elemental chemical composition of the settled 
particulate matter sample. 
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Figure 10. EDX spectrum of elemental chemical analysis of settled particulate matter  

The energy-dispersive X-ray system interfaced to the SEM provides preliminary information 
on the elemental composition of the samples. Figure 11 presents the EDX spectrum of the 
suspended particulate matter sample.  

In all samples discussed here, the EDX spectra were very similar for majority of collected 
particulate samples. The principal inorganic elements constituting the particles in order of 
peak intensity decreasing were Ca   Si  O   Al  C  Mg  Fe  Cl  Na  K. The presence 
of both carbon and oxygen, which can originate from organic compounds as well as from 
inorganic oxides, acids and/or salts, was confirmed [29].  

The elements observed by EDX were confirmed also by using X- ray fluorescence analysis 
(XRF). The total amount of inorganic elements (except for carbon, oxygen and other 
elements with proton number under 11) in settled particulate matter measured by XRF was 
found very low and was about 2.23 %. In [30] organic carbon and elemental carbon made up 
29 % and 2.5 % of the particulate matter, respectively. Water-soluble total carbon content in 
PM10 corresponds to 16% of the total particle masses measured in India. Organic matter is by 
far the major PM10 component besides mineral oxides. As observed in [31] major individual 
organic compounds quantified included series of alkanes, n-alkanoic acids, n-alkanals, 
alkan-2-ones and PAHs. Alkanes and ketones make up a significant fraction of particle-
phase organic compounds, ranging from C11 to C26, and C9 to C19, respectively. In addition, 
other organic compound classes have been identified, such as alkanols, esters, furans, 
lactones, amides, and nitriles [28]. The measured percentage content of measured elements 
is summarised in Table 6. 
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Figure 11. EDX spectrum of elemental chemical analysis of suspended particulate matter 

 

Element Minimum 
[%] 

Maximum 
[%] 

Mean 
[%] 

Aluminium 0.14 0.18 0.159 
Silicon 0.33 0.37 0.350 

Phosphorous 0.02 0.03 0.021 
Sulphur 0.30 0.31 0.306 
Chlorine 0.48 0.66 0.570 

Potassium 0.25 0.37 0.310 
Calcium 0.33 0.51 0.420 
Titane 0.02 0.03 0.025 

Cromium 0.01 0.01 0.010 
Manganese 0.004 0.006 0.005 

Iron 0.01 0.03 0.020 
Zinc 0.01 0.01 0.01 

Bromium 0.002 0.0007 0.0014 

Table 6. The percentage of basic inorganic elements measured by XRF in settled particulate matter 
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Chlorine, calcium, silicon, potassium and sulphur were found to be dominated; the 
concentrations of the other elements were quite lower as resulted from the quantitative XRF 
analysis (Table 6). The results of qualitative analysis by XRF correlated with those reported 
in [32]. The percentage of calcium and chromium measured by XRF is consistent with that 
measured by AAS (Table 9): 0.42 versus 0.43 % in case of calcium; 0.01 % by both XRF and 
AAS analysis in case of chromium. The XRF measured concentrations of iron and zinc were 
detected to be much lower than those detected by AAS (Table 9).  

The principal component analysis shows the existents of three associations of the elements 
in settling particles: a) lithogenic (As, Co, Cr, Fe, lantanides and Sc); b) biogenic (Sr and Ca); 
c) authigenic (U and Se). The average element enrichment factors were higher in the first 
period of settled particulate matter sampling from: Se (739)> Zn (523)> Cr(105)> Br(104)> 
Sb(97)> As (69) [33]. The As, Br, Cr, Sb, Se, Sr and U average concentrations in the settled 
particulate matter were measured higher than their average crustal abundances [33]. 

Qualitative estimation of various functional groups in particulate matter proceeded with 
Fourier transformed infrared analysis FTIR (Figure 12). 

 
Figure 12. FTIR spectrum of settled particulate matter 

Transmittances associated with particulate sulphate (near 618 and 1110 cm−1), ammonium 
(2900–3200, 1430 cm−1), hydroxyl (3200–3500 cm−1), aliphatic carbon (2920 and 2850 cm−1) and 
carbonyl (1650–1800 cm−1) functional groups were observed. FTIR also identified several 
organic functional groups, although specific organic molecules could not be identified. In 
addition, there was also noticed the presence of inorganic nitrate (835 cm−1) in [34]. 
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Absorbances associated with sulphate, nitrate, ammonium, aliphatic carbon-hydrogen, and 
carbonyl functional groups as main constituent of particulate matter were observed also in 
the FTIR spectra of diesel generated PM10 [35]. The mass concentrations of sulphate, nitrate, 
ammonium, organic carbon (OC), elemental carbon (EC) were primarily measured in [36] in 
small particulate matter of size 0.1–3.0 μm. 

The sum of Cl-, NO3- and SO42- concentrations represents a contribution of approximately 
24% to the total mass in ambient PM10 as noticed in [37]. Compared to outdoors, indoor PM 
contained more silicate (36% of particle number), organic (29%, probably originating from 
human skin), and Ca-carbonate particles (12%) [38]. Indoor PM10 was elevated, chemically 
different and toxicologically more active than outdoor PM10 [38]. Suspended and settled 
particulate matter sampled in the child’s bedroom was investigated in terms of mouse 
allergen in [39]. Airborne mouse allergen was detected in 48 of 57 (84%) bedrooms, and the 
median airborne mouse allergen concentration was 0.03 ng.m-3. The median PM10 
concentration was 48 mg.m-3 [39]. 

6. Metals content in suspended and settled particulate matter 
The presence of selected metals in particulate matter samples was detected by atomic 
absorption spectrometry (SpectrAA-30, Varian, Austrália). Fe, Zn, and Cu were detected by 
a standard process in acetylene – air flame, Cd, Cr, Ni, Pb and Co were detected in graphite 
cell in the GTA 96 add-on equipment. Arsenic content was detected by hydride method in 
the VGA 76 add-on equipment. 

Metals content was investigated in both settled and suspended particulate matter samples. 
Because of low quantity in the suspended particles samples, the metals concentrations were 
detected for TSP and PM10 filters all at once.  

The results of AAS analysis of selected metals content in settled and suspended aerosols for 
each monitored room are presented as metal concentrations in Tables 7 and 8. The average 
concentrations of metals measured in insufficient amount for individual concentration 
detection for each room are presented for arsenic, cadmium, chromium, nickel and lead.  
 

Metal Kitchen Living room Working room 
Calcium 0.64 1.46 2.06 
Copper 0.04 0.06 0.07 

Iron 2.56 1.78 4.73 
Magnesium 0.22 0.50 0.67 

Zinc 0.29 2.80 0.91 
 Average concentration

Arsenic 0.10
Cadmium 0.03
Chromium 0.04

Nickel 0.05
Lead 0.09

Table 7. Surface metal concentrations in settled particulate matter [μg.cm-2] 
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Metal Kitchen Living room Working room 
Calcium 2.16 2.47 1.56 
Copper 0.18 0.10 0.16 

Iron 0.14 0.51 1.71 
Magnesium 0.41 0.51 0.37 

Zinc 0.20 0.21 0.20 
 Average concentration 

Arsenic 0.28 
Cadmium 0.07 
Chromium 0.10 

Nickel 0.14 
Lead 0.24 

Table 8. Mass metal concentrations in suspended particulate matter [μg.m-3] 

The surface metal concentrations of settled particulate matter were detected in the range 
from 0.03 (cadmium) to 4.73 μg.cm-2 (iron). The high concentrations were measured also in 
case of calcium and zinc. The highest concentrations were measured in case of iron, calcium 
and zinc. There were no significant differences of metal surface concentrations found out in 
all measured rooms. The metal concentration of the other investigated metals (Cr, Ni, Pb, 
Cd, As) in settled particulate matter were close to the detection limit (Table 7). The 
significant high concentrations of cadmium, chromium, arsenic and lead as tobacco smoke 
emissions were not confirmed in settled particulate matter.  

The mass metal concentrations in suspended particulate matter range from 0.07 (cadmium) 
to 2.47 μg.m-3 (calcium). Similarly to settling PM metal concentrations, no significant 
differences were measured for the monitored rooms.  

The percentage of studied metals content was calculated in settled as well as suspended 
particulate matter as the ratio of measured metal concentration to the particulate matter 
concentration (Table 9). 
 

Metal Settled PM [%] Suspended PM [%] Suspended/ settled metals 
Arsenic 0.03 0.46 15.3 

Cadmium 0.01 0.11 11.0 
Chromium 0.01 0.17 17.0 

Nickel 0.02 0.23 11.5 
Lead 0.03 0.40 13.3 

Calcium 0.43 3.25 7.6 
Copper 0.02 0.26 13.0 

Iron 0.88 0.33 0.4 
Magnesium 0.14 0.68 4.9 

Zinc 1.50 0.34 0.2 

Table 9. The metals percentage content in settled and suspended particulate matter 
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The higher percentage of metals content was detected in suspended particulate matter in 
comparison to the settled particles. This finding may result from the fact that most of metals 
are cumulated in the finest fraction of aerosols [40] represented by suspended PM10 in this 
study. As reported in [41] Na, Al, Ca, Fe, Mg, Mn and Ti were found in coarse particles, 
while K, V, Cr, Ni, Cu, Zn, Cd, Sn, Pb, As and Se occured more in fine particles. In reference 
[44] there is noted that elements mostly concentrated in coarse mode including Al, Mg, Ca, 
Sc, Ti, Fe, Sr, Zr and Ba; elements mostly concentrated in accumulation mode including S, 
As, Se, Ag, Cd, Tl and Pb; and the elements having muti-mode distribution including Be, 
Na, K, Cr, Mn, Co, Ni, Cu, Zn, Ga, Mo, Sn and Sb. 

The measured values of metals content in suspended particulate matter were 4.9 – 15.3 times 
higher for all metals except for iron and zinc. The comparison of the percentage content of 
arsenic, cadmium, chromium, nickel and lead in settled and suspended indoor particulate 
matter is presented in Figure 13.  

 

 
 

Figure 13. The percentage content of metals in settled and suspended particulate matter 

The measured mass of metals contents in the samples of settled as well as suspended 
particulate were compared to the total mass of monitored particulate matter for each 
monitored room. Figures 14 and 15 represent the percentage content of metals in settled and 
suspended particulate matter for each monitored room, respectively.  
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Figure 14. The percentage content of metals in settled particulate matter for monitored rooms 
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Figure 15. The percentage content of metals in suspended particulate matter for monitored rooms 

The obtained mass concentrations of metals in indoor particle samples correspond with 
those in the typical urban aerosol [42,43]. The average indoor concentrations of total 
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Figure 14. The percentage content of metals in settled particulate matter for monitored rooms 
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Figure 15. The percentage content of metals in suspended particulate matter for monitored rooms 

The obtained mass concentrations of metals in indoor particle samples correspond with 
those in the typical urban aerosol [42,43]. The average indoor concentrations of total 
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elements were lower than or comparable to those measured outdoors, suggesting that 
indoor elements originated mainly from outdoor emission sources. On the contrary, the 
authors in [24] reported the metal elements concentrations analyzed were 3-15 times higher 
relative to soil background values in China. 

Anthropogenic sources include fossil fuel combustion, industrial metallurgical processes, 
vehicle emission and waste incinerations. Natural sources include a variety of processes 
acting on crustal minerals, such as volcanism, erosion and surface winds, as well as from 
forest fires and the oceans. Some elements are potentially toxic trace metals, such as Pb, Cd, 
V, Fe, Zn, Cr, Ni, Mn and Cu. 

7. Conclusion  
Particulate matter exposure that occurs indoors probably constitutes a significant fraction of the 
overall exposure to hazardous particles since typically people spend most time indoors. The 
indoor settled as well as suspended particulate matter was monitored and particles morphology 
and chemical composition with special regard to metal content investigation was performed.  

 Particles of irregular shapes and various sizes were observed in settled as well as 
suspended particulate matter. 

 Principal inorganic elements constituting the particulate matter such as calcium, silicon, 
aluminium, potassium, iron, chlorine, magnesium as well as titan and manganese was 
confirmed. The percentage of inorganic elements mentioned was detected very low in 
the range of 2.23 %. 

 Higher percentage of metals content was detected in suspended particulate matter in 
comparison to the settled particles except for iron and zinc. The measured values of 
metals content were 4.9 – 15.3 times higher in suspended particulate matter when 
comparing to the settled one. 

 There were found out no significant differences of metal surface concentrations in the 
measured rooms in spite of the various indoor particulate matter sources. 

The results demonstrate the complexity of indoor particulate matter nature affecting their 
surface properties. The results also emphasise the need for further research to a more 
complete understanding of the chemical nature of indoor particulate matter in connection 
with their surface reactivity. Due to the negative biological influence of particulate matters 
and their specific properties resulting in synergic effect of the other pollutants in the indoor 
air it is necessary to investigate the ways of indoor particulate matters occurrence 
minimization and/or elimination. 
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and chemical composition with special regard to metal content investigation was performed.  

 Particles of irregular shapes and various sizes were observed in settled as well as 
suspended particulate matter. 

 Principal inorganic elements constituting the particulate matter such as calcium, silicon, 
aluminium, potassium, iron, chlorine, magnesium as well as titan and manganese was 
confirmed. The percentage of inorganic elements mentioned was detected very low in 
the range of 2.23 %. 

 Higher percentage of metals content was detected in suspended particulate matter in 
comparison to the settled particles except for iron and zinc. The measured values of 
metals content were 4.9 – 15.3 times higher in suspended particulate matter when 
comparing to the settled one. 
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surface properties. The results also emphasise the need for further research to a more 
complete understanding of the chemical nature of indoor particulate matter in connection 
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and their specific properties resulting in synergic effect of the other pollutants in the indoor 
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