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Evapotranspiration is the largest outgoing water flux from the Earth’s surface; its 
accurate quantification is critical for the crop development in conditions of the climate 

changes from recent decades, and it can contribute to a greater understanding of 
a range of agricultural ecosystem processes. To evaluate the hydric requirements 

of the crops, it was agreed that they should be reported to a maximum global 
evapotranspiration called potential evapotranspiration. To estimate this variable, 
a variety of methods were developed, each with its benefits as well as trade-offs. 

Their use, however, is laborious due to their complexity and of the large number of 
parameters required. In this book, specialists’ concerns worldwide to develop simple 

but reliable methodologies - with less data requirement - which will give accurate and 
appropriate results - are presented. In addition, a study of the physics of the moisture 

evaporation process from porous media to elucidate what are the mechanisms of 
moisture migration from granular biopesticides is presented in the last chapter.
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Preface

Water resources are highly influenced by the hydrologic cycle and play a role in the agri‐
culture economic development. However, as it is shown by the intergovernmental panel
on climate change report, the phenomenon of changing climate has set way to exacerbate
an already serious situation of water supply for various users. In this context, the scientif‐
ic investigations on the issue of sustainable use of water are timely and important. Im‐
provement of water management involves the accurate estimation of consumptive uses.
One of the techniques is the assessment of evapotranspiration, as a major component of
the hydrologic cycle.

As is known, some of the meteorological parameters necessary to estimate evapotranspira‐
tion are frequently missing or hard to collect, and the maintenance of meteorological sta‐
tions is costly. Therefore, the study presented in the first chapter aimed to estimate
evapotranspiration using a limited number of meteorological parameters. With the interna‐
tionally accepted Penman-Monteith method as the standard, the estimation formulas of ra‐
diation-based methods were compared with those of temperature-based methods in the
hope of discovering a simple estimation formula to solve the issue of lacking or missing me‐
teorological data.

In order to anticipate the necessary action for water management, researchers from Europe
and South America have developed a model to forecast evapotranspiration based on an arti‐
ficial neural network. The predicted output and final results are compared for two different
input parameters of evapotranspiration calculated with scintillometry and micrometeorolo‐
gy data. The goal of the study is to find which input data can be reliable to obtain evapo‐
transpiration forecast performances. Moreover, the optimal number of predicted days to
obtain a correct final performance and the optimal number of input days of data to obtain a
correct prediction are tested.

Given the same limitations—time and resources—data required to model evapotranspira‐
tion are not always available for a study site. But, North American specialists consider that
off-site data from meteorological networks may be a suitable substitute. In their study, sen‐
sitivity to mixtures of on-site and off-site data inputs of three widely used models for calcu‐
lating evapotranspiration for a ponderosa pine forest where evapotranspiration was
measured previously by eddy covariance was investigated.

Northern latitudes have been identified as a region where global climate change will have
earlier and stronger impacts than in other regions of the world. All these changes will poten‐
tially alter the exchange of surface energy, water, and carbon cycles in high latitude ecosys‐
tems and consequently the response at the regional level to the atmosphere system.
Accordingly, an interesting study, based on current numerical model outputs and compari‐



sons with field experimental observations, allowed to identify new challenges in northern
agroecosystems.

Moisture evaporation from porous media is studied by its importance in drying of foods
and building materials and biological products such as biopesticides. An exciting foray into
the current state of knowledge in the frame of physics of moisture evaporation process from
porous media is the subject of the last chapter. Further, the authors aim to establish theoreti‐
cal support for designing biopesticides able to ensure efficient and effective fight against
harmful insects in agricultural crops.

Prof. Dr. Daniel Bucur,
University of Applied Life Sciences and Environment in Iasi,
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Chapter 1

Comparison of Evapotranspiration Methods Under

Limited Data

Hsin-Fu Yeh

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68495

Abstract

A limited number of parameters or a single meteorological parameter was used in this
study to estimate evapotranspiration. The main objectives of this study are as follows.
(1) The Penman-Monteith method was used to estimate ET. The empirical formula
published by the Food and Agriculture Organization (FAO) was applied via substitu-
tion to compare situations that were missing certain meteorological parameters. (2)
Radiation-based methods and temperature-based methods were compared with the
Penman-Monteith method to estimate ET and discuss their applicability in the study
area. With Tainan Weather Station of Taiwan as the study area, this study selected the
Penman-Monteith method as well as six other radiation-based estimation formulas:
Makkink, Turc, Jensen-Haise, Priestley-Taylor, Doorenbos-Pruit, and Abtew methods.
The other four temperature-based estimation formulas, namely, Thornthwaite, Blaney-
Criddle, Hamon, and Linacre methods, were used to estimate ET and compare the
differences and the results were compared with the Penman-Monteith method. The
results showed that there was little effect on estimating ET using the Penman-Monteith
method when the wind speed data was missing or insufficient. The Turc method was the
best among the six radiation-based estimation formulas, while the Linacre method was
the best temperature-based estimation formula. Generally speaking, radiation-based
estimation formulas were more accurate than temperature-based estimation formulas.

Keywords: evapotranspiration, Penman-Monteith, radiation method, temperature
method

© 2017 The Author(s). Licensee InTech. This chapter is 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.



1. Introduction

Evapotranspiration (ET) is a basic element of the hydrologic cycle as well as a key factor in
water balance [1]. According to statistics, global average annual rainfall is around 973 mm, and
about 64% of surface water is lost through ET [2]. Therefore, ET is considered to be an
indispensable parameter in hydrologic studies, such as irrigation scheduling and manage-
ment, crop water demand, and environmental impact assessment [3]. Hence, effective evalua-
tion of ET is important for the management and planning of water resources. In previous
studies, many formulas of empirical or physical methods have been used to estimate ET in
various climatic conditions; examples include the Makkink method [4], Priestley-Taylor
method [5], lysimeter method [6], and micro-meteorological observation method [7]. The
empirical formula of the Penman-Monteith method released by the Food and Agriculture
Organization (FAO) is the method most internationally used [8]. This method requires consid-
eration of a variety of meteorological parameters, such as temperature, radiation, relative
humidity, and wind speed. These data, however, are frequently missing or hard to collect,
resulting in difficulties in estimation [9]. In particular, reliable meteorological data, such as
radiation, relative humidity, and wind speed, are rather difficult to collect in some areas. In
addition, the maintenance of meteorological stations requires substantial funding and the
installation is complex.

Therefore, in previous studies, many scholars have used a limited number of parameters or a
single meteorological parameter to easily estimate ET and simplify the estimation methods,
which are classified into five major categories based on the required meteorological parame-
ters: (1) water balance method, (2) mass transfer method, (3) mixing method, (4) radiation-
based method, and (5) temperature-based method [10]. Except for the last two methods, the
other three methods require a variety of meteorological parameters to estimate ET, thus
causing obstacles in data collection and obtaining complete meteorological information. Fur-
thermore, studies have found that the results of empirical methods should be compared with
the Penman-Monteith method and released by FAO so as to carry out accurate estimation in
each region [11].

In this study, a single meteorological parameter was applied, as well as the Penman-Monteith
method, six radiation-based methods, and four temperature-based methods, to effectively
estimate ET. The main objectives of this study are as follows: (1) when radiation, wind speed,
and relative humidity data were missing, empirical formulas were used for substitution in the
Penman-Monteith method to compare the estimation results; (2) the regional applicability of
the radiation- and temperature-based methods were compared so as to make these methods
more suitable for the study area.

2. Material and methods

This study mainly discussed the effective evaluation of ET using limited meteorological
parameters. With the Penman-Monteith method as the standard for estimation, ET was
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calculated using substitution formulas when radiation, wind speed, or relative humidity data
were missing in the Penman-Monteith method. Six radiation-based methods and four
temperature-based methods were selected to discuss their applicability in the study area. In
this study, mean bias error, root mean square error, and the Pearson-type goodness-of-fit index
were used to analyze and investigate the differences among ET estimations using the empirical
formulas of temperature and radiation methods. Meanwhile, this study strived to determine
the method with a simpler empirical formula to address the difficulties caused by a shortage of
meteorological parameter data.

2.1. Penman-Monteith method

Penman-Monteith method was recommended by the FAO in the 1998 FAO-56 report for the
assessment of ET, and it is currently used internationally [12]. After years of study by domestic
scholars, it is believed that the Penman-Monteith method is quite suitable in Taiwan [13–15]. Its
formula can be expressed as follows:

ET ¼ 0:408ΔðRn �GÞþγ 900
Tþ273 u2ðes � eaÞ

Δþγð1þ 0:34u2Þ ð1Þ

In Eq. (1), ET represents evapotranspiration (mm d�1); Δ represents the slope of air pressure
curve (kPa �C�1); T is the average temperature (�C); Rn is net radiation (MJ m�2 d�1); G is the
soil thermal flux (MJ m�2 d�1); γ is the humidity constant (kPa �C�1); u2 is the wind speed
measured at the height of 2 m (m s�1); and (es�ea) is the difference between saturated and
actual vapor pressure (kPa). For field applications, Eq. (1) was calculated with monthly air
temperature, humidity, radiant energy, wind speed, and other parameters [12].

When data of some meteorological parameters could not be obtained or were incomplete, for
instance, radiation, relative humidity, and wind speed, a calculation was conducted using the
following empirical formula:
1. When data of relative humidity could not be obtained or was incomplete:

ea ¼ 0:611exp
17:27Tmin

Tminþ237:3

� �
ð2Þ

In Eq. (2), Tmin represents minimum temperature (�C).

2. When radiation data could not be obtained or was incomplete:

Rs ¼ kRs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTmax � TminÞ

p
Ra ð3Þ

In Eq. (3), kRs is the empirical coefficient (kRs = 0.19); Ra is extraterrestrial solar radiation
(MJ m�2 d�1).

3. When data of wind speed could not be obtained or was incomplete:

Comparison of Evapotranspiration Methods Under Limited Data
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When there is no record of wind speed in the evaluation area, the average Taiwan wind
speed of 1.83 m s�1 was used, which was estimated with the data collected by 20 central
meteorological observatories in Taiwan during 1990–2008 [15]. In addition, wind speed at
a height of 2 m above the ground was primarily used in the estimation of wind speed.
Provided that the measurement height was not 2 m, the following formula was applied:

u2 ¼ uz
4:87

lnð67:8z� 5:42Þ ð4Þ

In Eq. (4), uz is the wind speed measured at a meteorological station (m s�1); z is the height
of the anemometer above the ground (m).

2.2. Radiation-based methods

Priestley and Taylor [5] proposed that the estimation of ET could be explored from the per-
spective of energy conversion on the water surface. Evapotranspiration increased with an
increase of radiation. Hence, radiation was taken as a vital meteorological parameter for ET
assessment. Radiation-based methods were mainly based on the simplified principle of energy
balance to estimate ET. Therefore, ET could be evaluated using a single meteorological param-
eter, and, in general, the form of radiation-based methods is as follows:

ET ¼ Cr

λ
ðwRsÞ or ET ¼ Cr

λ
ðwRnÞ ð5Þ

λ represents the latent heat of evaporation (MJ kg�1); Cr represents the generated empirical
coefficient based on the relative humidity and wind speed; w is the generated empirical
coefficient in accordance with temperature and latitude; Rs represents the amount of solar
radiation (MJ m�2 d�1); and Rn is the net radiation (W m�2 d�1).

Six radiation-based methods that are used internationally to assess evapotranspiration were
selected in this study, including Makkink [4], Turc [16], Jensen-Haise [17], Priestley and Tay-
lor [5], Doorenbos and Pruitt [18], and Abtew [19]. The methods are described as follows:

2.2.1. Makkink method

ET ¼ α� Δ
Δþγ

Rs

λ

� �
� β ð6Þ

Rs represents the amount of solar radiation (MJ m�2 d�1); Δ is the slope of the saturated vapor
pressure curve (kPa �C�1); γ represents the humidity constant (kPa �C�1); λ is the latent heat of
evaporation (MJ kg�1); and α = 0.61, β = 0.12.

2.2.2. Turc method

1. Average relative humidity RH < 50%
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ET ¼ 0:013
T

Tþ 15

� �
� ðRs � 23:8846þ 50Þ � 1þ 50� RH

70

� �
ð7Þ

2. Average relative humidity RH > 50%

ET ¼ 0:013
T

Tþ 15

� �
ðRs � 23:8846þ 50Þ ð8Þ

In Eq. (8), T represents the average temperature (�C); Rs is the amount of solar radiation
(MJ m�2 d�1); and RH represents average relative humidity (%).

2.2.3. Jensen-Haise method

ET ¼ CT � ðT� TxÞ � Rs ð9Þ

CT represents the temperature constant, and its calculation method is listed below:

CT ¼ 1
ðC1 þ C2 � CHÞ ð10Þ

C1 ¼ 68� 3:6� hj

1000
ð11Þ

C2 ¼ 13 ð12Þ

Ch ¼ 50
esðTmaxÞ � esðTminÞ ð13Þ

hj is the sea surface height of the meteorological station; esðTmaxÞ � esðTminÞ represents the
saturated vapor pressure at the highest temperature and the lowest temperature, respectively;
T is the average temperature (�F); and Tx represents the temperature-axis intercept constant,
and its formula is as follows:

Tx ¼ 27:5� 0:25�
�
eðTmaxÞ � eðTminÞ

�
� h
1000

ð14Þ

2.2.4. Priestley-Taylor method

ET ¼ αPT
Δ

Δþ γ
Rn

λ
ð15Þ

Δ represents the slope of the saturated vapor pressure curve (kPa �C�1); γ is the humidity
constant (kPa �C�1); Rn is the net radiation (W m�2 d�1); G represents soil thermal flux (MJ
m�2 d�1); and αPT represents the empirical coefficient (αPT = 1.26).
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2.2.5. Doorenbos-Pruitt method

ET ¼ aþ b� Δ
Δþ γ

Rs

λ

� �
ð16Þ

a ¼ 1:066� 0:13� 10�2RHþ 0:45 Uz � 0:2� 10�3RH�Uz � 0:315� 10�4RH2�0:11� 10�2U2
z

ð17Þ
b ¼ �0:3 ð18Þ

Rs is the amount of solar radiation (MJ m�2 d�1); Δ represents the slope of the saturated vapor
pressure curve (kPa �C�1); γ is the humidity constant (kPa �C�1); λ represents the latent heat of
evaporation (MJ kg�1); Uz is the wind speed (m s�1); and RH represents relative humidity (%).

2.2.6. Abtew method

ET ¼ α� Rs

λ

� �
ð19Þ

In Eq. (19), Rs represents the amount of solar radiation (MJ m�2 d�1); λ represents the latent
heat of evaporation (MJ kg�1); and α = 0.53.

2.3. Temperature-based methods

Temperature was the easiest to obtain among the many meteorological parameters. Generally
speaking, the form of temperature-based methods is as follows [10]:

ET ¼ c� Tn or ET ¼ c� d� Tðc1 � c2hÞ ð20Þ

In Eq. (20), T is the air temperature (�C); h represents humidity; c, c1, and c2 were constants;
and d represents time.

Four temperature-based methods were chosen in this study to estimate ET, including the
Thornthwaite [20], Blaney and Criddle [21], Hamon [22], and Linacre [23]. The methods are
described below:

2.3.1. Thornthwaite method

ET ¼ C� 16� 10T
I

� �a

ð21Þ

In Eq. (21), T represents monthly average temperature of the air (�C); I is the thermal index, and
its formula is as follows:
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described below:

2.3.1. Thornthwaite method

ET ¼ C� 16� 10T
I

� �a

ð21Þ

In Eq. (21), T represents monthly average temperature of the air (�C); I is the thermal index, and
its formula is as follows:
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I ¼
X12
j¼1

ij ð22Þ

i ¼ T
5

� �1:51

ð23Þ

a ¼ 0:000000675I3 � 0:0000771I2 þ 0:0179Iþ 0:49239 ð24Þ

C represents the correction coefficient.

C ¼ N
360

ð25Þ

N represents monthly amount of daylight hours (h).

2.3.2. Blaney-Criddle method

ET ¼ p� ð0:46Tþ 8:13Þ ð26Þ

P represents the annual daylight percentage of every month and T is the average temperature (�C).

2.3.3. Hamon method

ET ¼ k� 0:1651� 216:7�N� ð es
Tþ 273:3

Þ ð27Þ

In Eq. (27), k represents the empirical coefficient (k = 1.0); N represents daylight hours (h); es is
the saturated vapor pressure (kPa); and T represents average temperature (�C).

2.3.4. Linacre method

ET ¼
500Tm
100�A þ 15ðT� TdÞ

ð80� TÞ ð28Þ

Tm ¼ Tþ 0:006h ð29Þ

T represents average temperature (�C); Td is the dew point temperature (�C); and A represents
latitude (�).

2.4. Statistical verification

In this study, the differences and correlations between the estimation results of the Penman-
Monteith method and other formulas were compared and assessed using the following
criteria:
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2.4.1. Mean bias error

The bias degree of the Penman-Monteith method and the other methods was determined from
the mean bias error (MBE). A smaller value indicated a lower bias degree as well as a better
result. The best fit was MBE = 0, and the formula is as follows:

MBE ¼
Xn

i¼1
ðEi � PiÞ
n

ð30Þ

Ei represents the estimated value of the empirical formula; Pi represents the estimated value of
the Penman-Monteith method; and n is the total number of observations.

2.4.2. Error percentage

Error percentage ¼ MBE
x

� 100 ð31Þ

MBE represents the mean bias error of Eq. (30); and x represents the mean value.

2.4.3. Root mean square error

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
ðEi � PiÞ2
n

s
ð32Þ

Root mean square error (RMSE) represents the variance degree of two estimated values. The
best fit was RMSE = 0. In Eq. (32), Ei is the estimated value of empirical formula; Pi

represents the estimated value of the Penman-Monteith method; and n is the total number
of observations.

2.4.4. Pearson-type goodness-of-fit index (R2)

R2 ¼
Xn

i¼1
ðEi � EÞðPi � PÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
ðEi � EÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
ðPi � PÞ2

q

2
64

3
75 ð33Þ

The Pearson-type goodness-of-fit index represents the degree of correlation between two
estimation methods. The best fit was R2 = 1.0. In Eq. (33), Ei represents the estimated
value of the empirical formula; E is the average estimated value of the empirical formu-
las; Pi represents the estimated value of the Penman-Monteith method; P is the mean
estimated value of the Penman-Monteith method; and n represents the total number of
observations.
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2.5. Study area

There is abundant precipitation in Taiwan. Its distribution, however, is uneven in both time
and space. In addition to the significant precipitation difference between the wet season and
dry season, the high mountains and steep slopes in Taiwan have insufficient reservoir
storage as well as ET losses that collectively result in an extremely low amount of usable
water. Water resource management could be achieved by accurately estimating ET to predict
available water resources. In this study, the meteorological data recorded during the period
of 1961–2013 by the Tainan weather station of Taiwan and provided by the Central Weather
Bureau were considered (Figure 1). The collected meteorological parameters included tem-
perature, wind speed, relative humidity, solar radiation, vapor pressure difference, daylight
hours, and so on. Because the climatic factors that influenced ET might change with varia-
tion in the time scale, previous researches suggested that average monthly data would lead
to a better result [24]. Therefore, this study used average monthly data for estimation.

Figure 1. Location of Tainan weather station.
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3. Results and discussion

3.1. Estimation of ET using Penman-Monteith method

The Penman-Monteith method is the main approach recommended internationally to estimate
ET; it requires the use of meteorological parameters, such as radiation, air temperature, relative
humidity, and wind speed. These parameters might be difficult to obtain and measure in many
meteorological stations, with the exception of temperature. Using Taiwan as an example, only a
few meteorological stations had complete data of all meteorological parameters, and still there
were missing data in the observation materials. Yeh et al. [13] evaluated the ET difference
between the Penman-Monteith method and evaporation pan in southern Taiwan. They used six
meteorological stations in the southern part of Taiwan as case studies and collected meteorolog-
ical data over a span of 15 years from 1990 to 2004 to estimate ETand ET of evaporation pans. In
addition, a coefficient of evaporation pans was established. The results showed that the Penman-
Monteith method and evaporation pan were highly correlated. Therefore, this study used long-
term meteorological data from 1961 to 2013 from Tainan Weather Station provided by Central
Weather Bureau for estimation. The estimation results calculated using the Penman-Monteith
method were taken as the standard, which were named PM1. In cases where radiation data were
missing or incomplete, Eq. (3) was used for substitution, which was called PM2. When wind
speed data were missing or incomplete, the average wind speed of 1.83 m s�1 in Taiwan was
used for calculation [15], which was called PM3. Eq. (2) was used for substitution in cases where
relative humidity data were missing or incomplete, which was named PM4. Finally, when
radiation, wind speed, and relative humidity data were all missing, all of the above substitutes
were used, which was called PM5. Statistical methods of MBE, RMSE, and R2 were applied to
this study. In addition, the four models, namely PM2, PM3, PM4, and PM5, were used to
estimate ET, and the results were compared with those of model PM1.

The characteristics of the ET at Tainan Weather Station estimated using different models are
shown in Table 1. This demonstrates that maximum values are mainly concentrated in July,
while minimum values are primarily concentrated in January or December. The average value
was within the range of 3.42–3.61 mm/day. In addition, the ET estimated by PM models at
Tainan Weather Station is shown in Figure 2, and the results indicate that the trend of each PM
model was roughly the same as that of PM1. The comparison results between each PM model
and PM1 are shown in Figure 3. This suggests that ET was underestimated by PM2 from July
to September, while it was overestimated during other months; PM3 underestimated ET in

Scenarios Min. Min. (month) Max. Max. (month) Mean Standard deviation

PM1 2.26 January 4.72 July 3.54 0.92

PM2 2.35 January 4.55 July 3.61 0.85

PM3 2.22 January 4.78 July 3.58 0.95

PM4 2.15 December 4.56 July 3.42 0.89

PM5 2.24 December 4.38 July 3.49 0.81

Table 1. Various scenarios for calculating evapotranspiration using the Penman-Monteith method (mm d�1).
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January, February, and December, and it was overestimated in the remaining months; ET was
underestimated by PM4 in all months; PM5 underestimated ET in June, July, August, Septem-
ber, October, and December and overestimated ET in other months.

In this study, the estimated ET of PM2, PM3, PM4, and PM5 models were compared with that
of the PM1 model using the statistical methods of MBE, RMSE, and R2. Statistical verification

Figure 2. Comparison of monthly mean values of the Penman-Monteith method from various scenarios.

Figure 3. Monthly evapotranspiration comparison between the PM1 and the calculated values by using the various
scenarios. (a) PM2; (b) PM3; (c) PM4; (d) PM5.
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results of MBE showed that the MBE value was within the range of �0.12 to 0.07 mm d�1,
while the value of RMSE ranged from 0.09 to 0.31 mm d�1. There is slight overestimation in
PM2 and PM3. In contrast, there is slight underestimation in PM4 and PM5. In addition, R2

was optimal in PM3 based on the statistical verification results. Therefore, according to the
calculation results of MBE, RMSE, and R2, the PM3 model had the optimal performance. Given
the above comparison, the results of this study showed that wind speed had little effect on the
assessment of ETwith the Penman-Monteith method as the standard (PM1), which was similar
to the conclusion drawn by Jabloun et al. [25]. The results obtained by Popova et al. [26] using
the global average wind speed of 2 m s�1 were similar to PM1 as well. In addition, compared
to missing radiation or wind speed data, the absence of relative humidity data exerted a larger
impact on the estimation of ETwhen Penman-Monteith method was used.

3.2. The results of ET estimation using different empirical formulas

Compared with other meteorological parameters, namely radiation, relative humidity, and
wind speed, temperature is relatively easy to obtain. Apart from that, radiation can be
accurately measured, and yet existing measurement methods are unable to acquire precise
wind speed data, especially in dry areas where the error would be relatively larger. Because
the mixed evaluation methods, such as the Penman-Monteith method, require many meteo-
rological parameters, there are some difficulties in the funding, maintenance, and construc-
tion of meteorological stations, making it difficult to acquire certain data. Therefore, it is
essential to develop ET estimation methods that require fewer or a single meteorological
parameter [27]. A number of scholars have proposed various methods or experiential for-
mulas and compared them to the Penman-Monteith method in the hope of finding a rela-
tively simple method and experiential formula to measure ET [28]. This study selected six
radiation-based methods and four temperature-based methods to explore their applicability
in the study area.

3.2.1. Estimation of monthly average ET using radiation-based methods

According to the radiation-based estimation methods that are used internationally, this study
selected six methods, including Makkink [4], Turc [16], Jensen and Haise [17], Priestley and
Taylor [5], Doorenbos and Pruitt [18], and Abtew [19]. A commonly used statistical mean error
percentage was applied to the estimation so as to discuss the basic statistical differences. The
data recorded by Tainan Weather Station from 1961 to 2013 were substituted into the formula,
and the results are shown in Table 2. This demonstrates that minimum values were mainly
concentrated in December and January, while maximum values were primarily concentrated in
July. The mean value indicated a significant underestimation in ET calculated by the Makkink
method, with an average value of 2.99 mm d�1 and an error percentage of�15.5%. The results of
the Turc method showed a slight overestimation, with an average value of 3.66 mm d�1 and an
error percentage of 3.4%. ETwas significantly overestimated by the Jensen-Haise method, with a
mean value of 5.16 mm d�1 and an error percentage of 45.8%. The results of the Priestley-Taylor
method suggested an overestimation, with an average value of 3.96 mm d�1 and an error
percentage of 11.9%. ET calculated by the Doorenbos-Pruitt method was the closest to the
mean value of the Penman-Monteith method, with an average value of 3.43 mm d�1 and an
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error percentage of �3.1%. The results of the Abtew method showed a slight overestimation,
with an average value of 3.68 mm d�1 and an error percentage of 4.0%.

The trend of monthly average ET at Tainan Weather Station calculated by various
radiation-based methods were all consistent with that of the Penman-Monteith method,
which was taken as the standard, as shown in Figure 4. As shown in Figure 5, the monthly
average ET was underestimated by the Makkink method, with an error percentage ranging
from �16.9 to �13.7%; the Turc method slightly overestimated all the monthly average ET,
with an error percentage of �1.1 to 11.1%; and the monthly average ET was significantly
overestimated by the Jensen-Haise method. Especially in summer, the overestimation was
far more significant, and the error percentage was up to 54.2%. The results of the Priestley-
Taylor method suggest underestimation only in December and January, and overestimation
in other months, with an error percentage of �4.4 to 17.2%. The Doorenbos-Pruitt method
slightly underestimated ET in May, August, and September, while in other months ET was
overestimated with an error percentage ranging from 11.7 to 16.8%. Compared with the
Penman-Monteith method, ET was overestimated by the Abtew method, and the error
percentage was within the range of �4.7 to 19%. The above results suggest that the
Doorenbos-Pruitt method was the least biased in estimating ET, while the Jensen-Haise
method was the most biased.

Min. Min. (month) Max. Max. (month) Mean Standard deviation

Penman-Monteith 2.26 January 4.72 July 3.54 0.92

Makkink (1957) 1.95 December 3.92 July 2.99 0.74

Turc (1961) 2.51 December 4.67 July 3.66 0.82

Jensen-Haise (1963) 2.91 January 7.28 July 5.16 1.63

Priestley-Taylor (1972) 2.16 December 5.53 July 3.96 1.23

Doorenbos-Pruitt (1977) 2.64 December 5.27 July 3.43 3.68

Abtew (1996) 2.69 December 4.50 July 3.68 0.70

Table 2. Performance evaluation of the radiation-based methods against Penman-Monteith (mm d�1).

Figure 4. Monthly evapotranspiration computed by the Penman-Monteith method and six radiation-based methods.
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In addition, three statistical methods, namely MBE, RMSE, and R2, were used in this study to
compare the estimation results of the Makkink, Turc, Jensen-Haise, Priestley-Taylor, Doorenbos-
Pruitt, and Abtew methods with the Penman-Monteith method. The statistical verification
results of MBE indicated that the value of MBE was within the range of �0.55 to 0.41 mm d�1

and the value of RMSE ranged from 0.23 to 1.78 mm d�1. Figure 6(a) shows that the Makkink
method underestimated ET, and the MBE value was�0.55. Furthermore, the other five methods,
Turc, Jensen-Haise, Priestley-Taylor, Doorenbos-Pruitt, and Abtew methods, all overestimated
ET, and the MBE values were respectively 0.12, 1.62, 0.41, 0.49, and 0.14. In particular, the
overestimation of the Jensen-Haise method was the most significant. Figure 6(b) suggests that
all six methods overestimated ET, and the values of RMSEwere respectively 0.60, 0.23, 1.78, 0.55,

(a) Makkink (1957) (b) Turc (1961) 

(c) Jensen-Haise (1963) (d) Priestley-Taylor (1972) 

(e) Doorenbos-Pruit (1977) (f) Abtew (1996) 

Figure 5. Monthly evapotranspiration comparison between the Penman-Monteithmethod and the calculated values by using
the radiation-based methods ((a) Makkink; (b) Turc; (c) Jensen-Haise; (d) Priestley-Taylor; (e) Doorenbos-Pruit; (f) Abtew).
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0.53, and 0.37. Evapotranspiration was most significantly overestimated by the Jensen-Haise
method as well. The statistical results showed that R2 was within the range of 0.90–0.97. There-
fore, judging from the statistical results of MBE, RMSE, and R2, the Turc method was optimal at
the Tainan Weather Station, followed by the Abtew method; the method with the worst perfor-
mance was the Jensen-Haise method. Previously, Tabari et al. [29] used 31 methods to evaluate
ET at a meteorological station named Rasht in a humid area of Iran. The results showed that,
compared to the Penman-Monteith method, the Jensen-Haise method severely overestimated ET
with a relative error of about 30%. It was also found to significantly overestimate ET in this study
area, and the relative errors were respectively around 59 and 48%. Such overestimation also
occurred in the humid regions of Serbia [30] and Florida of the USA [31].

Figure 6. (a) MBE and (b) RMSE for evapotranspiration comparison between the Penman-Monteith method and six
radiation-based methods.
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3.2.2. Estimation of monthly average ET using temperature-based methods

Among the temperature-based methods that are commonly used internationally, this chapter
selected four methods, including Thornthwaite [20], Blaney and Criddle [21], Hamon [22], and
Linacre [23]. To begin with, the commonly used statistical mean value and error percentage
were used for estimation; then this chapter discusses the basic statistical error. After the data
recorded by Tainan Weather Station from 1961 to 2013 were substituted into the formulas to
calculate the daily ET, the average monthly ETwas calculated with month as the unit, and the
results are shown in Table 3. At the Tainan Weather Station, minimum values were mainly
concentrated in January and maximum values were primarily concentrated in July. The mean
value suggests that the Thornthwaite method severely underestimated ET, with a mean value
of 1.95 mm d�1 and an error percentage of �44.9%. The Blaney-Criddle method significantly
underestimated ET as well. Its mean value was 1.61 mm d�1 and the error percentage was
�54.5%. The Hamon method underestimated ET, with a mean value of 2.72 mm d�1 and an
error percentage of �23.2%. Evapotranspiration was overestimated by the Linacre method,
with a mean value of 4.05 mm d�1 and an error percentage of 14.4%.

This chapter compared the ET of Tainan Weather Station as calculated by the temperature-
based methods with that of the Penman-Monteith method, and the results are as shown in
Figure 7. The trends of the Thornthwaite, Hamon, and Linacre methods were consistent with
the Penman-Monteith method, while Blaney-Criddle method suggested otherwise. The
monthly average ET at Tainan Weather Station estimated by the temperature-based estimation
methods was compared with Penman-Monteith method, as shown in Figure 8. Evapotranspi-
ration was underestimated by Thornthwaite method, with an error percentage of �70.4 to
31.1%. The maximum error occurred in March and April. The Blaney-Criddle method
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Hamon (1961) 1.85 January 3.61 July 2.72 0.80
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it was within the range of 0.36–0.83. As shown in Figure 9(a), the results of Thornthwaite,
Blaney-Criddle, and Hamon methods suggest underestimation, and the values of MBE were
�1.58, �1.93, and �0.82, respectively. Results of the Linacre method, however, indicated
overestimation with an MBE of 0.51. Figure 9(b) suggests overestimation in Thornthwaite,

Figure 7. Monthly evapotranspiration computed by the Penman-Monteith method and four temperature-based methods.

(a)Thornthwaite (1948) (b) Blaney-Criddle (1959) 

(c) Hamon (1961) (d) Linacre (1977) 

Figure 8. Monthly evapotranspiration comparison between the Penman-Monteith method and the calculated values by
using the temperature-based methods ((a) Thornthwaite; (b) Blaney-Criddle; (c) Hamon; (d) Linacre).
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Blaney-Criddle, Hamon, and Linacre methods, with RMSE values of 1.63, 1.31, 1.15, and 1.12,
respectively. In summary, according to the statistical results of MBE, RMSE, and R2, the Linacre
method was optimal for estimating ET at the Tainan Weather Station, followed by the Hamon
method. The Blaney-Criddle method was the least fit.

According to relevant studies and literature, Fontenot [32] declared that for meteorological sta-
tions near the coast, the Linacre method overestimated ET by 18.46% compared to the Penman-
Monteith method. It was also pointed out that this method could be greatly affected by the dew
point temperature. Compared with the Penman-Monteith method, the results of Thornthwaite,
Hamon, and Blaney-Criddle methods all suggest underestimation, as these three temperature-
based formulas all took daylight hours into consideration. In spite of the high temperature, the
results would still be lower than the actual amount when daylight hours were insufficient,
causing underestimation. Even if the daylight hours were insufficient, ET still occurred. The

Figure 9. (a) MBE and (b) RMSE for evapotranspiration comparison between the Penman-Monteith method and four
temperature-based methods.
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results of this study show that the Blaney-Criddle method underestimated ET in Tainan because it
is strongly influenced by the annual daylight percentage of every month. Cruff and Thomp-
son [33] used the Thornthwaite and Blaney-Criddle methods to estimate ET in the desert areas of
the southwestern United States, and the results suggested underestimation as well.

This study compared the results of radiation-based methods with that of Penman-Monteith
method and discovered that the empirical formulas of radiation-based methods were better
than those of temperature-based methods. In addition, the errors of ET calculated by
temperature-based methods were larger than those of the radiation-based methods. The rea-
son is as follows: it is most likely that temperature is the only meteorological parameter used in
empirical formulas of temperature-based methods. Therefore, it could be easily affected by the
data of meteorological station, which would easily cause inaccuracy. Such a conclusion is
similar to that of Lu et al. [34], Sentelhas et al. [8], and Gebhart et al. [35]. Moreover, the
estimation results of Tukimat et al. [36] in Malaysia showed that three radiation-based
methods, namely Makkink [4], Turc [16], and Priestley and Taylor [5], were more accurate than
two temperature-based methods, the Thornthwaite [20] and Blaney and Criddle [21] methods.
In terms of temperature-based estimation methods, many scholars have found that ET was
underestimated by the Thornthwaite [20] method in humid areas compared to the Penman-
Monteith method. For instance, the results of Alkaeed et al. [37] in Fukuoka of Japan, Trajkovic
and Kolakovic [30] in six meteorological stations of Balkan Peninsula, and Sentelhas et al. [8]
in Ontario of Canada, all showed the same conclusion. Some scholars, however, have pointed
out that compared with the Penman-Monteith method, the performance of R2 in the
Thornthwaite [20] method was worse, and yet its trend was consistent with the Penman-
Monteith method. The evaluation of ET conducted by [36] in Kedah of Malaysia suggested
same result.

4. Conclusions

This study mainly aimed to estimate ET using a limited number of meteorological parameters.
With the internationally accepted Penman-Monteith method as the standard, the estimation
formulas of six radiation-based methods were compared with those of four temperature-based
methods. The 53-year dataset recorded by Tainan Weather Station from 1961 to 2013 was used
to discuss ET. Statistical indexes were used to analyze and discuss the differences in ET
calculated by the Penman-Monteith method and other estimation formulas in the hope of
discovering a simple estimation formula to solve the issue of lacking or missing meteorological
data.

This study discussed situations in which meteorological data were insufficient or missing in the
Penman-Monteith method. The results showed that using the average Taiwan wind speed of
1.83 m s�1 when wind speed data were insufficient or missing exerted little impact on ET
estimation of the Penman-Monteith method. In the cases where empirical formulas were used
for substitution because of the lack of relative humidity data, the estimated ETwas higher than
the actual data, causing overestimation. In addition, this study explored the impact on ET
estimation by the Penman-Monteith method caused by insufficient or missing radiation, relative
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humidity, or wind speed data. It was discovered that the impact of wind speed was minimal,
and the impact of relative humidity was the highest.

The six radiation-based methods selected in this study all suggested overestimation. In
particular, the Turc method was optimal, followed by the Doorenbos-Pruitt method; the
method with the worst performance was Jensen-Haise. This study found that ET was
overestimated by the Jensen-Haise method in humid areas. In addition, among the four
chosen temperature-based methods in this study, the Thornthwaite method, Hamon method,
and Blaney-Criddle method all underestimated ET compared with the Penman-Monteith
method, as these three temperature-based formulas all take daylight hours into consider-
ation. In the cases where the daylight hours were insufficient, no matter how high the
temperature was, underestimation would still occur. Even though the daylight hours were
insufficient, ET was still occurring. The performance of the Linacre method was the best
among the four estimation methods. The results of this study indicate that radiation-based
estimationmethods are better than temperature-basedmethods, as temperature is most likely
to be the only meteorological parameter required in empirical formulas of temperature-based
methods, making it easily affected by the data of meteorological stations, thus resulting in
inaccuracy.
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Abstract

Two methods are used for estimating the evapotranspiration (ET) rate: scintillometry
and meteorological measurements using the FAO-PM56 model with the reference
evapotranspiration for the crop (ETO) and the specific coefficient (Kc) for corn at its
stage development. Measurements were done on a field with homogeneous corn crop at
the stage of 3 months before the final harvest (65 % of maximum plant growth). The two
methods are compared with environmental parameters to determine the most influen-
tial on the final result of ET.

A coefficient of 0.78 is found between the two methods resulting of an underestimation
of the evapotranspiration values with FAO.

The sensitivity for the two measurements are compared in order to determine how
sensitive the output calculation of evapotranspiration could be with respect to the
calculation elements which are subject to uncertainty of variability in the input environ-
mental parameters. The scintillometer uncertainty is lower than the FAO-56 uncertainty.

Finally, a model based on an artificial neural network (ANN) forecasting ET is devel-
oped in order to anticipate the necessary action for water management. It leads to the
conclusion that scintillometry is more able to predict evapotranspiration on short and
medium time than the FAO-PM56 method.

Keywords: evapotranspiration, FAO-PM56, scintillometry, artificial neural network

1. Introduction

Water resources are highly influenced by the hydrologic cycle and play a role in the agriculture
economic development. However, as it is shown by the intergovernmental panel on climate
change report [1], the phenomenon of changing climate is set way to exacerbate an already

© 2017 The Author(s). Licensee InTech. This chapter is 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.



serious situation of water supply for various users. Agricultural production will be one of the
sectors most vulnerable to climate change and variability. The water budget must now be
shared with agriculture, urban use, industry, recreation and livestock watering; the future will
be seeing an increasing competition for water. Spatial and temporal changes in precipitation
and temperature patterns will have an impact on the viability of dry land farming and
therefore necessitate irrigation where rainfall was previously adequate. Efficiency improve-
ment in irrigation lies among the key strategies for saving more water and promote a sustain-
able intensification of agriculture when water scarcity becomes a major constraint to
production [2]. Nevertheless, irrigation water for crops is globally the major consumptive use
of water resources. Due to the above-mentioned challenges, it is important to improve the
management of agricultural water, which would involve the accurate estimation of consump-
tive uses. One of the techniques is the measurement of evapotranspiration which is a major
component of the hydrologic cycle. Evapotranspiration (ET) is an essential component of the
water balance, and it is a significant consumptive witness of precipitation and water applied
for irrigation of cropland [3]. ET can help for highly efficient management of water uses in
agriculture and set up real water-saving systems.

Basically, ET includes two processes: One is evaporation and the second is transpiration. The
latter is the process of removing water from vegetation or any other moisture containing living
surface. Evapotranspiration includes two processes. During the plant growth, the water stored
in the soil is taped and transferred in the atmosphere. Transpiration is the evaporation of water
in the vascular system of plants through the leaf stomata when they open and close controlled
by their guard cells. Based on this bio-physical process, transpiration involves a living organ-
ism and its tissues. ET is then the process, whereby water originating from a wide range of
sources is transferred from the soil compartment and/or vegetation layer to the atmosphere. ET
is the largest outgoing water flux from the Earth’s surface and accurately quantifying ET is
critical for the development of crop cultures in an increasing drier environment, and it can
contribute to a greater understanding of a range of agricultural ecosystem processes. ET is
particularly fundamental when dealing with water resource management issues such as irri-
gation water or water reserve management [4]. ET cannot be directly measured but it has to be
estimated by monitoring the exchange of energy/water above the vegetated surface (remote
sensing) or as a residual term of the hydrological balance.

Several methods are currently used to measure and estimate ET: One of them is the lysimeter
method or soil water budget. That method may be accurate but lysimeters are expensive, and
the extent of their measurement is localized (i.e., they provide data for a very small area
compared to the field surface, so it can only be used in field locations). Another one uses
micrometeorological data to compute ET. A widely used approach by these data is the FAO-
24 and by extension the FAO-56 procedure, based on ET0 and Kc [5]. ET acquisition can be
obtained with different instruments at the scale of: the leaf (porometer), an individual plant
(i.e., sapflow, lysimeter), the field scale (i.e., field water balance, Bowen ratio, scintillometer)
and the landscape scale (i.e., eddy correlation and catchment water balance) [6]. The flux
measurement of micro-meteorological station can only represent the value in a point or a
limited area (several meters to several hundred meters). However, a scintillometer can mea-
sure averaged sensible heat fluxes in a distance of 500m to 10 km, which is an average of time
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and space. The measurement scale of a scintillometer is matching to the grid scale of atmo-
spheric model and the pixel scale of remote sensing, as a result. This advantage promotes the
development of scintillometers in recent years [7].

The objective of this work is to compare two methods used for estimating ET rate: scintillometry
and meteorological measurements with the FAO-PM56 model based on ET0 and Kc with the
reference evapotranspiration for the crop (ET0) and the specific crop coefficient for the cultivation
type at its stage development (Kc). Also, it is compared how the final result of ET, calculatedwith
the two different measurements, can be more sensible to different environmental parameters.
The sensitivity of the two methods is calculated and the influence of the main environmental
parameters on the accurate values of ET.

In order to anticipate the necessary action for water management, a model to forecast ET based
on an artificial neural network (ANN) is developed. In recent years, ANNmodels have become
extremely popular for prediction and forecasting in a number [8, 9] of domains, including
finance, power generation, medicine, water resources and environmental science [8, 9].
The evapotranspiration process calculated with the FAO-PM56 and scintillometry data is
a nonlinear process. ANN models are quite appropriate for the simulation of ET leading to
good results.

The predicted output final results are compared for two different input parameters of ET
calculated with scintillometry and micro-meteorology data. The final goal of this study is to
find which input data can be reliable to obtain ET forecast performances. Moreover, the
optimal number of predicted days to obtain a correct final performance and the optimal
number of input days of data to obtain a correct prediction are tested.

2. Materials and methods

2.1. Site description

The study was carried out in the west part of France near to Niort (France). The site of the
intercomparison of evapotranspiration measurements is located in the village of Sainte Soline
(contained near 46�15027.7″N—0�02032.0″E) (Figure 1), and the area’s elevation is 117—145 m
above the sea level. According to data from the Meteorologisk Institute, the daily mean
temperatures vary significantly from 5�C in January to 26�C in July. The average days with
precipitation per month are 12 days in January and 6 days in August. Mean annual rainfall is
6.4 mm and is distributed relatively evenly across all months. The dominant wind directions
are from the south-west and west-south-west and north. The site consists of a field with
homogeneous corn crop. Corn corresponds to plants DKc 4590. Corn was planted in April,
and the measurements were made at the stage of 4 months (almost 5 months) after planting
corresponding to about 65% of maximum plant growth and to 3 months (just before) of the
final harvest.

The soil type is clay, and the typical porosity of this soil type is about 0.30 m3 m�3 with grain
size <0.002 mm.
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2.2. Measurement description

The scintillometer provides the opportunity to obtain surface fluxes of sensible heat across a
distance of several kilometers and over a heterogeneous landscape [10]. As shown by different
authors, it is feasible to use the scintillometer for estimating area-averaged sensible heat flux
<λE> (λE ¼ Rn—G—H) as the residual term of the energy balance equation, providing estima-
tions of area-average available energy (λE ¼ Rn—G) with E the sensible heat flux, λ the latent
heat, Rn the net radiation and G the soil heat flux [11]. The transmitter and receiver of the
scintillometer system were installed at opposite edges of the field, and the electromagnetic
radiation was transmitted across the field. Scintillometry measurements are based on the
propagation of electromagnetic waves in atmosphere and the measurement of its disturbance
by atmospheric turbulence. The turbulence effect induces laser beam fluctuations leading to
beam scintillations, wanderings as a result of random fluctuations of atmospheric temperature
and refractive index changes, humidity, pressure and their interactions. A scintillometer mea-
sures the normalized variance of radiation intensity.

The scintillometer set up consists of an emitter and a receiver, placed in front of each other at
the distance L, where the measurement is made.

The scintillometer consists in an emitter and a receiver. The emitter includes a continuous laser
and a pair of lenses to collimate the beam over the optical path. The laser wavelength used is
532 nm with an average power of 70 mW. The output beam of the laser beam is expanding

Figure 1. Location map of the measurements during the summer time and contained between 46�15027.7″N and
0�02032.0″E.
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with a Galilean telescope with chosen lenses. The beam is then collimated over a long distance
typically for distances less than 200 m. The optical system has a plano-convex lens with a focal
length of 15 mm after the laser output. In order to have a magnification of 5 a second plano-
convex lens with a 300 mm, focal length is placed 30 cm from the first one. Finally, at the
output of the emitter, the diameter of the beam is then 2 cm. A Rayleigh range of around 142 m
for the output collimated beam is obtained with the pair of lenses. The receiver uses a Galilean
telescope to recollect the light. A position sensing detector sensor with lateral effect (Duo
lateral PSD) defined by the size of the light spot is used as the detector and provide position
informations only up to the point where the edge of the spot reaches the gap. The lateral effect
position sensing detector is 100 mm2 (10 mm x 10 mm). Additionally, it is important to enlarge
the beam with a combination of two lenses enabling a magnification of 5 in order to have a
sufficiently large measurement field. The first lens is plano-convex with a focal length of 60
mm, and the second is plano-concave with a focal length of �24 mm. The two lenses are
separated with a distance of 86 mm. For stability during the measurements, all the optical
components are mounted on a metal board. The electronic system includes an electronic
system for data acquisition and a remote interface with the operators. The scintillometer is a
stand-alone system with batteries, solar cells and a communicating system to send data. That
device has been built for simultaneously recording both random intensity fluctuations and
displacement of the beam centroid (wandering).

The scintillometer provides a measurement of the structure parameter for the refractive index
(C2

n) along the optical path. The structure parameter of the refractive index of air C2
n was

calculated from the natural logarithm of the intensity of light (I)

σ2lnA ¼ 0:031k7=6L11=6C2
n ð1Þ

where L is the beam path length (m), k is the optical wave number (m�1) defined for the
wavelength λ as: k ¼ 2π=λ and σ2lnA ¼ 1

4 ln 1þ σ2
I

� �
with σ2I defined as: σ2I ¼ 〈I2〉� 〈I〉2=〈I〉2: So

the representative value of C2
n is 10

�15 to 10�18m�2/3.

The parameters such as temperature (T), humidity (q) and pressure (P) generate fluctuations in
the refractive index of air C2

n; however, as the proportion of pressure is very small, this value is
always neglected. In the range of visible and near-infrared region, the temperature is the main
parameter, assuming that temperature and humidity are perfectly correlated, the structure
parameter C2

n can be related to the structure parameter CT
2 for temperatures by [12]

C2
T ¼ C2

n
0:78� 10�6P

T2

� ��2

1þ 0:03
β

� ��2

ð2Þ

where β is the Bowen ratio, which connect temperature and humidity by the ratio of sensible
flux and latent heat flux (β ¼ H=λE). The second term in brackets is a correction for the effects

of humidity. C2
T is given in (K2.m�2/3).
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The sensible heat flux can be derived from the Monin-Obukhov Similarity Theory (MOST) [13]
when C2

T is known. This value depends on the stability parameter ζ ¼ (zscin - d)/L, where zscin
and d are the effective height of the scintillometer above the surface and the displacement
height, respectively. LO is the Monin-Obukhov length (m) given by

LO ¼ u2T
kgT� ð3Þ

with k ¼ 0:41 is the von Karman constant, g ¼ 9:81 ms�2 the gravity and u� m:s�1� �
the friction

velocity, given by

u� ¼ ku

ln
z� d
z0

� �
� ψ

ð4Þ

where u is the wind speed, z0 ¼ 0:1hveg is the surface roughness length and ψ is the stability
correction function depending on z=LO. The universal function ψ is only related to the atmo-
sphere stability and has different expression under stable and unstable conditions [14]. The
sensible heat flux Hscin can be then computed iteratively as follows

Hscin ¼ �ρcpu�T� ð5Þ

where ρ and cp are the density and specific heat capacity of the air, respectively. During the
iteration, β is calculated using Hscin, net radiation (Rn) and soil heat flux (G)

β ¼ Hscin

Rn � G�Hscin
ð6Þ

The value of the latent heat flux (evapotranspiration) can then be calculated as the residual of
the energy balance

λvEscin ¼ Rn � G�Hscin ð7Þ

where Rn W:m�2� �
is the net radiation and G W:m�2� �

is the soil heat flux. Additional data of
temperature, pressure and humidity are necessary to compute the characteristic parameters of
the latent heat flux. More specific information on the described approach is found in Ref. [15].

Simultaneously, the air and ground temperature were measured with a thermistor device and
linked to the transmission system. The humidity was measured with a capacitive sensor and
the wind speed with an anemometer. All the data were collected by a data acquisition elec-
tronic system, based on an Arduino board [16], and sent as text files by a modem through the
GPRS network and a SIM card.

2.3. Estimation of evapotranspiration based on micro-meteorological datasets

In addition to the data provided by the scintillometer, estimation of the reference crop
evapotranspiration ET0 can be based on energy balance schemes and the Penman-Monteith
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(FAO-PM56) method [17, 18]; they are used to assess ET0 from meteorological variables.
The reference crop evapotranspiration or reference evapotranspiration, denoted as ET0 or
ETref, is the estimation of the evapotranspiration from a “reference surface.” The reference
surface is a hypothetical grass reference crop with an assumed crop height of 0.12 m, a
fixed surface resistance of 70 S/m and an albedo of 0.23. In the reference evapotranspiration
definition, the reference surface is specifically defined as the reference crop, and this crop is
assumed to be free of water stress and diseases with a fixed surface resistance of 70 S/m.
This reference surface has grass with a uniform height, normally growing and totally
covering the ground. The soil surface is moderately dry resulting from about a weekly
irrigation frequency.

The FAO Penman-Monteith method has been reported as providing consistent ET0 values in
many regions and climates [19]; it has long been accepted worldwide as an excellent ET0

estimator when it is compared with other methods. The application of ET0 models with fewer
meteorological variable requirements is recommended under situations where weather data
sets are incomplete. Those values are multiplied by an empirical crop coefficient to obtain the
ET from the crop (ETc). The crop coefficient accounts for the difference between the standard
surface and the crop. Reference ET is expressed in units of depth time�1, for example, mm
day�1. It is a climatic parameter expressing the evaporative power of the atmosphere at the
given space and time coordinates [20].

Empirical formulas have been developed to estimate solar radiation using some normal obser-
vations frommeteorological stations, such as maximum and minimum temperatures, sunshine
hours, cloud, precipitation, latitude and elevation. FAO Penman-Monteith procedures allow
applying the method when only air temperature and wind speed are available. In these
methods, saturation vapor pressure and actual vapor pressure were estimated from Tmax and
Tmin, as recommended by Allen et al. [22] for situations where air humidity data are lacking or
are of questionable quality.

The standard FAO Penman-Monteith method is based on the following equation [21]

ET0 ¼
0:408Δ Rn � Gð Þ þ γ

0:37
Ta þ 273ð Þ

� �
u2 es � eað Þ

Δþ γ 1þ 0:34u2ð Þ ð8Þ

where ET0 represents the hourly reference evapotranspiration (mm h�1), Δ represents the slope
vapor pressure curve (kPa.�C�1), Rn is the net radiation at the crop surface (MJ m�2 h�1), G
indicates the soil heat flux density (MJ.m�2.h�1), γ is the psychrometric constant (kPa.�C�1), Ta
is the mean air temperature at 2 m height (�C), u2 is the mean hourly wind speed at 2 m height
(m s�1), es defines the saturation vapor pressure at air temperature Ta (kPa) and ea indicates the
actual vapor pressure (kPa). All meteorological data required by the equation were collected
by the aid of a weather station that was placed on the reference crop.

The Penman-Monteith equation requires the following parameters:

a. Minimum and maximum daily temperature.
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b. Relative humidity. Depending on the availability of data, different equations are used. The
data requirements are the following: (i) minimum and maximum daily relative humidity,
(ii) maximum daily relative humidity or (iii) average daily relative humidity. In case
where no humidity data are available, an estimation is required considering that the dew
point temperatures are the same as the daily minimum temperatures.

c. Solar radiation. Different equations are used to consider the solar radiation. In order to
calculate the solar radiation, if we do not access to the solar radiation directly we need (i)
hours of sunshine per day or (ii) cloudiness fraction or the Hargreaves formula, based on
minimum and maximum daily temperature and an adjustment coefficient (Krs) to esti-
mate the solar radiation.

d. Wind speed. (An adjustment can be made if the wind speed measurement height has been
previously measured).

e. Latitude and altitude of the climate measurement station.

f. The meteorological data measured and used in this study are mean daily air temperature
(Tmean); maximum and minimum air temperature (Tmax and Tmin); mean daily relative
humidity (RH); mean daily wind speed (u) and daily net radiation (Rn).

3. Results and discussion

3.1. Comparison between micrometeorological measurements and scintillometry

The comparison period for the ET measured by scintillometry and micro-meteorology mea-
surements covered 2 months between July and August 2015, which included a range of
climatic conditions to test the performance of the proposed scintillometry calculation method.
The average air temperature was 23�C and ranged between a minimum of 9�C and a maxi-
mum of 32�C. The average ground temperature was 22�C and ranged between a minimum of
16�C and a maximum of 25�C. The C2

n measurements were made on a continuous time scale at
60 min intervals and averaged every 1 min and were synchronized with a weather station. Rn

and G are calculated based on other meteorological data. Sensible heat fluxes with 60 min
intervals were calculated using a step by step methodology provided by the method previ-
ously developed. The 60 min ET rates were computed as a residual from the energy balance
equation, with calculated Rn and G fluxes and using an estimated H. Figures 2 and 3 show the
data acquired by the micro-meteorological station. Figure 2 displays air and ground tempera-
ture measurements and, besides, the wind speed.

Figure 3 presents the measurements of humidity and pressure. All the data were acquired, at
the same time, and stored by the electronic system. The measurements are detailed on a period
of 7 days for simplicity of analysis. The air temperature was measured at a height of 0.3 m
above the crop canopy and shows large variations between the maxima and minima. We
calculate a ΔT around 15�C. The ground temperature was measured beneath the canopy foliage
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with a sensor at 0.05 m underground. The ground temperature data show small amplitudes of
variation with an average ΔT between the maximum and minimum of temperature around 5�C.
The comparison between the two measured temperatures at two different heights shows a
constant average value for the ground temperature and a limited variation of the average
temperature with a maximum value of 25�C. It is interesting to note that the maximum of
average air temperature value corresponds to the days where the wind is the maximum. The
ground temperature is not sensible to the wind and account for the temperature changes with
the canopy as shelter. The maximum in the average value for the air temperature corresponds
also to the maximum of humidity. However, the atmospheric pressure is not related to the air
temperature during the presented period of analysis. Based on the acquired micro-meteorolog-
ical parameters and atmospheric turbulence measurements, evapotranspiration was calculated.

Figure 4 presents the comparison between the evapotranspiration data acquired with the
scintillometer and the FAO-56 method during the same period of atmospheric parameter
measurements. Differences are observed, in particular, during the night where the temperature
falls. Those differences can be attributed to the few numbers of parameters used in the
calculation with the FAO-56 method. The discrepancies between the two measurements of ET
correspond to the maximum of humidity and minimum of wind. The variation between the
two measurements can be checked in Figure 5, where the ETP computed using the FAO
method regarding the ETP calculated with scintillometer data are plotted. A coefficient of

Figure 2. Measurements of air, ground temperature and wind during considered period. The lines give the average
minimal and maximal air temperature.
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0.78 is found between the two methods meaning that ETPFAO ¼ 0.78 ETPscin. Therefore, the
values are lower with FAO than with scintillometry and, consequently, evapotranspiration is
underestimated. Note that the evapotranspiration measurement with scintillometry has
proven being close to the data measured with Eddy-covariance [22, 23].

Figure 3. Measurement of the atmospheric humidity and pressure.
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3.2. Influence of environmental parameters

In order to account the influence of the main meteorological parameters on the measurement
sensibility of ETP, the effect of temperature variations is observed as the main influence on the
measurements obtained by the FAO-56 and the scintillometer. Thus, the calculation is limited
to temperature differences since scintillometer is more sensitive to small fluctuations of the
refractive index of the air caused by those variations of temperatures.

Figure 4. Comparison of the ETmeasured with the FAO-PM56 model based on the measurements of a limited number of
parameters (Tmin, Tmax, Tavg, Rs) and scintillometric data.

Figure 5. Comparison of the two measured ET data. The curves show the fitting points calculated with linear regression
and the ideal curve representing a perfect similar relation of the two ET.
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Firstly, considering the ETP solution from a set of variable values (Eq. (8)) given by the FAO-56
where the dominant variable is the air temperature (TA). Indeed, each term in Eq. (8) can be
rewritten as a function of the temperature, thus

ET0 ¼
½0:408:ΔRn þ γ: 900

ðTAþ 273Þ :u2:ðes � es:HDÞ�
Δþ γ: ð1þ 0:34:u2Þð Þ ð9Þ

where u2 is the wind speed andHD is the relative humidity. Rn, es, γ and Δ are depending on TA
(see Appendix A).

The dominant variable value is fluctuated by a small amount while keeping all other values
constant, and we note the change of the solution. The goal is to determine how sensitive the
output calculation of evapotranspiration could be with respect to the calculation elements
which are subject to uncertainty of variability.

Figure 6 shows that a variation of �0.5�C of TA leads to a small variation of ET0 (�1.3 mm/day)
with the FAOmethod. However, a variation of�0.5�C leads to a variation of�2.2 mm/day with
the scintillometric method. Therefore, the scintillometer method is more sensitive to fluctuations
of air temperature. This is not a novelty because small fluctuations of air temperature induce
random variations in the refractive index of the turbulent atmosphere by changing the intensity
of turbulence C2

n. The propagation distance enhances any fluctuations of the laser beam. More-

over, it was shown that the C2
n can be measured with a good precision [24]. According to this

result, a sensitivity analysis based on the analytical calculations was conducted.

The approach consists in mathematically differentiate the equation under study to derive
equations for the change rate of the independent variable with respect to each dependent
variable. The sensitivity for the air temperature is calculated applying the PM FAO-56 method.
The ET0 is considered as a function with multi-variables v1, v2, v3, …, as ET0 ¼ f(v1, v2, v3, …)
with v1 ¼ Ta, v2 ¼ Rn, v3 ¼ u2 and so on. The sensitivity equation can be developed by

ET0 þ ΔET0 ¼ f ðv1 þ Δv1,v2 þ Δv2, v3 þ Δv3, …Þ : ð10Þ

After applying the Taylor’s theorem and considering only the first order, the expression yields

ΔET0 ¼ ∂ET0

∂v1
Δv1 þ ∂ET0

∂v2
Δv2 þ ∂ET0

∂v3
Δv3 þ… ð11Þ

The P–M method is a multi-variable model. Several variables have different dimensions and
various ranges of values, which makes it difficult to compare the sensitivity by partial deriva-
tives. The partial derivative is transformed into a non-dimensional form.

The substitution of the relative forms, (ET0)rel ¼ (ΔET0/ET0) and vrel ¼Δv/v for each variable,
yields

ðET0Þrel ¼ ðΔET0=ET0Þ ¼ ∂ET0

∂v1

v1

ET0

� �
Δv1

v1
þ ∂ET0

∂v2

v2

ET0

� �
Δv2

v2
þ ∂ET0

∂v3

v3

ET0

� �
Δv3

v3
þ… ð12Þ
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where Svi is called the sensitivity coefficient and it is equal to ∂ET0
∂vi

vi
ET0

for the variable vi. This

term becomes a dimensionless coefficient which expresses the percentage of the relative vari-
able change transmitted to the relative dependent variable. Basically, a positive/negative sen-
sitivity coefficient of a variable indicates that ET0 will increase/decrease as the variable
increases. The bigger the sensitivity coefficient, the larger the effect a given variable has on
ET0. A sensitivity coefficient Svi of 0.2 would show that a 10% change in v1 (Δv1/v1 ¼ 0.10)
would cause a 2% change in ET0 (ΔET0/ET0 ¼ 0.02) if (ET0)rel is dependent of the relative
change ΔV1/V1 in Eq. (12) [25].

The partial derivatives needed for the determination of the sensitivity coefficient STA
corresponding to the influence of air temperature:

STA ¼ limΔTA!0

ΔET0
ET0

ΔTA
TA

 !
¼ ∂ET0

∂TA
:
TA

ET0
ð13Þ

The calculation is done analytically by means of symbolic calculation of Mathematica (Wol-
fram) in Appendix A. It found a sensitivity coefficient value of 0.12 for the maximum mea-
sured temperature of 32.8�C, a humidity of 24.7%, a wind measurement of 3.9 m/s, an
evapotranspiration of 10.4 mm/day and an atmospheric pressure of 1002 mbar.

This sensitivity obtained for the FAO-56 measurement and the one given by the scintillometer
is compared. For the latter instrument, based on optical metrology, the intensity fluctuations of
visible beams are more sensitive to temperature fluctuations than humidity fluctuations.

In the displaced-beam scintillometer measurements, the path-averaged measurements of C2
n

are obtained. Additional measurements have separately carried out including temporally
averaged pressure, air temperature, humidity, as well as the height of the beam above the field
and the Bowen ratio. All those sources of measurements contain uncertainties. Uncertainty is
propagated from the measured parameters to the derived variables through the set of equa-
tions employed and written previously (Eq. (1)–(7)). Different scintillometer sensitivity studies
have been done. One of them uses the Monte-Carlo error analysis [26] and shows that the
experimental coupling of inertial-dissipation methods is promising, since the propagation of
statistical errors in the acquired parameters to the final value is limited. Those methods are
based on measurements of the structure parameters of momentum, temperature and humidity

Figure 6. Comparison of the influence of a small variation of temperature (� 0.5�C) on the two methods of measurements
of ET.
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with optical methods leading to the calculation of the momentum flux and the heat flux.
Another study [27] calculates the relative uncertainty of the friction velocity u* or turbulence
velocity scale. The goal was to know how precisely the measurement of the friction velocity u*
can be done by using a path-averaged optical propagation. The conclusion is that the measure-
ment of the inner scale of turbulence (λo) contributes to the largest uncertainty and must be
done precisely. A recent study analyses the impact of the Bowen ratio on the flux value and
uncertainty [28]. It is shown that the Bowen ratio has a large impact on the accuracy of CT

2 and
on the sensible heat flux estimation in the case of strong humidity conditions (β < 1). A β > 1
was registered during the summer experiment. A relative uncertainty is estimated on the
measurements, considering only the temperature with the scintillometer and following the
procedure described for remote sensing [29]

ΔET0

ET0
¼ ΔTA

TA

� �
STA : ð14Þ

The following tolerances used to estimate uncertainties have been taken:

A value of 0.05 is found for the scintillometer sensitivity corresponding to sensitivity 2.4 lower
than the FAO-56 sensitivity.

The main factor of uncertainty comes from the measurement of C2
n. The scintillometer uncer-

tainty is lower than the FAO-56 uncertainty.

3.3. Neural network for estimating evapotranspiration

Several researchers have used artificial neural network (ANN) models to estimate or forecast
evapotranspiration as a function of micro-meteorological data [30, 31]. Neural networks are

Quantities Unit Assumed standard deviation

Temperature �C �1�C (�20–0�C)

� 0.5�C (0–40�C)

� 1�C (40–60�C)

Wind speed m.s�1 � 0.5 m/s (0–20 m/s)

� 3% (20–60 m/s)

Humidity % � 2% (0–90%)

� 3% (90–99%)

Temperature dependence

� 0.05% RH�C�1

Atmosphere pressure Pa � 50 Pa (300–1100 hPa)

Path length m � 3

Path height m 0.2

C2
n

K2.m�2/3 � 0.5%
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an information processing technique based on a biologically-inspired programming para-
digm, such as the brain enabling computer softwares to learn from observational data. The
similarity with the human brain consists in the following characteristics: (i) a neural network
acquires knowledge or informations through a process of learning; (ii) a neural network’s
knowledge is stored within inter-neuron connection strengths known as synaptic weights. In
a feed-forward ANN model, a neuron performs two functions; it sums the weighted inputs
from several connections and then applies a nonlinear function to the sum. The resulting
value is propagated through outgoing connections to other neurons. The neurons or inter-
connection points are arranged in layers. The input layer receives data as inputs from real
data acquisition; succeeding layers receive weighted outputs from the preceding layer as
inputs, and the last layer gives the final results. ANNs are trained using a training algorithm
and a training data set to adjust the connection weights, which result in an ANN model that
can generate the most similar output vector to the target vector [32]. It is important to note
that in most of the papers, different ANN models are considered including the generalized
feedforward (GFF), linear regression (LR), multi-layer perceptron (MLP) and probabilistic
neural network (PNN) [33].

The most common neural network model is the multi-layer perceptron (MLP). The MLP and
many other neural networks learn using an algorithm called backpropagation artificial neural
networks (BPANN). With backpropagation, the input data are repeatedly presented to the
neural network. As soon as the calculation is done, the obtained result at the final layer of the
neural network is compared to the desired output, and an error is calculated. This error is then
fed back (backpropagated) to the neural network input layer and used to adjust the synaptic
weights such that the error decreases with each iteration. Finally, the neural model of synaptic
connections converges closer and closer to the desired output. These calculations with feed-
backs are known as “training.”

The objective of this study was to test BPANN models for forecasting daily ETO with input
data based on minimum meteorological data, considering the mean for maximum and mini-
mum air temperatures and extraterrestrial radiation for the FAO-PM56 and scintillometry
model for finally to compare them. The comparisons were based on statistical differences
during a period of measurements with forecasted data by a set of measured data as input
parameters and compared to data measured using FAO-PM56 or scintillometry daily ETO

values as references.

Firstly, the FAO-PM56 method was used to calculate daily ET values from climatic data.
The ET data were then used to train and test the ANN model. 120 h are considered
corresponding to 5 days as training data. Secondly, evapotranspiration data based on the
scintillometer data were used to train and test the ANNs model. The same number of days
is kept as input data.

Figure 7(a) shows the plot of the predicted data as a function of the measured data for
scintillometry. A shift in the plot of the predicted values for the input data acquired with
the scintillometry method is seen. However, the predicted data follow the measured data
variations. The slope of the fitting curve is 0.76 close to the perfect value of 1 in the case of
similar values between the predicted and measured data (Figure 7c). With FAO-PM-56
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data, the BPANN calculations show that the predicted values have no time shift but large
differences in intensity (Figure 7b). (Figure 7d) presents the corresponding plot of the
predicted values as a function of the measured values. The slope is 0.62 meaning that the
predicted values are almost close to twice the measured values. The comparison between
the two predicted values is presented in Figure 8 where the plot of the two calculations
with the ANN model shows a slope of 1.5 demonstrating the big difference in the
obtained values of ET. As a conclusion, the scintillometry data are better input values for
the forecasting of ET.

In order to know if the difference in the final results of the predicted values done with the
ANN model comes from the capacity to sufficiently have training data, the difference between
the predicted and measured values as a function of the number of days of input data is
calculated. Figure 9 displays the optimum values. It is observed that up to 2.5 days of fore-
casting, there is no difference between the two methods of evapotranspiration calculations.
Nevertheless, after 2.5 days, the evapotranspiration calculation with the scintillometer shows
constant values in the difference between measured and predicted scintillometric input data.
This is not the case with FAO-PM56 where the difference between predicted and measured
data increases. The scintillometry is more able to predict for more days than the FAO-PM56

Figure 7. Predicted values of ET based on two different input training data of ET one with FAO-PM56 and the other one
with scintillometric data. The calculation is done with an artificial neural network (ANN).
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Figure 8. Comparison of the two sets of forecasted values with an artificial neural network. The curves show the fitting
points and the ideal case of similar values.

Figure 9. Calculation of optimal forecasted days as a function of the number of input training days in the ANN
calculation for two different methods of ET measurements.
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method. This result can be explained by the low propagation of small variations or errors in
the calculation of ET using the scintillometer method. However, in the FAO-PM56 method
with few input variables, small variations in the parameters for the calculation of ET lead to
larger uncertainties.

4. Conclusion

Two methods to acquire ET from a crop field (Maize) are presented. One of them is based on
atmospheric turbulence data acquired with a laser beam scintillometric method and another
one is based on the calculation with limited meteorological data using the FAO-PM56 method.
The comparison between the two ET measurements shows a difference in the final result. The
measurements with micro-meteorological parameters are lower than with scintillometric
parameters leading to an underestimation of the real ET. This is an important result because
farmers must accommodate in advance their crop water demand to irrigation requirements.
An overestimation of ET can lead to a deficit of irrigation water, and on the contrary, a low
estimation of ET can lead to water waste. The measurements have shown a lower measured
value of ETwith the FAO-PM56 method. Moreover, the FAO-PM56 method for obtaining ET is
more sensible to a small error in the acquisition of the temperature. Then, while the scintillom-
eter measurements are representative of the turbulent fluctuations along the whole beam path,
the FAO-PM56 measurements are typically representative measurements of localized areas
near the respective different meteorological acquisition instruments.

Finally, using artificial neural network, evapotranspiration forecast for short-term near-future
is obtained. In addition, it is presented results for two different input training data, and it is
showed that evapotranspiration data based on scintillometric data acquisition are more reli-
able for forecasting. An optimum value was found in the number of days of training data to
obtain the best forecast. In this case also, evapotranspiration with scintillometric data increases
the number of predicting reliable days.

Appendix A. Supplementary data

ETP solution from a set of variable values with a Mathematica script:

et½TA_,WD_,HD_,RS_,H_,DAY_,Y_,LAT_� :
¼ ð0:408�ð4098�ð 0:611�Exp½17:27�TA=ðTAþ 237:3Þ�Þ=ðTA
þ 237:3Þ^2Þ�ðð0:77�RSÞ � ðð4:903�10^ð�9Þ�ðTAþ 273Þ^4
�ð0:34� 0:14�Sqrt½ð 0:611�Exp½17:27�TA=ðTAþ 237:3Þ�Þ�HD�ÞÞ
�ð1:35�ðMin½RS=ðð0:75þ 0:00002�HÞ
�ð24�60=Pi�ð0:0820Þ�ð1þ 0:033�Cos½2�Pi �DAY=Y�Þ
�ðð\½Pi�=2�ArcTan½ð�Tan½ð3:14=180�LATÞ��Tan½ð0:409�Sin½2�\½Pi�
�DAY=Y� 1:39�Þ�Þ=ðMax½1� Tan½ð3:14=180�LATÞ�^2�
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Tan½ð0:409�Sin½2�Pi �DAY=Y� 1:39�Þ�^2 , 0:00001�Þ^0:5�Þ
�Sin½ð3:14=180�LATÞ��Sin½ð0:409�Sin½2�Pi �DAY=Y� 1:39�Þ�
þCos½ð3:14=180�LATÞ��Cos½ð0:409�Sin½2�Pi �DAY=Y� 1:39�Þ�
Sin½ðPi=2�ArcTan½ð�Tan½ð3:14=180�LATÞ��Tan½ð0:409
�Sin½2�Pi �DAY=Y� 1:39�Þ�Þ=ðMax½1� Tan½ð3:14=180�LATÞ�^2
�Tan½ð0:409�Sin½2�Pi �DAY=Y� 1:39�Þ�^2 , 0:00001�Þ^0:5�Þ�ÞÞÞ, 1�Þ � 0:35ÞÞÞ
þð0:00163�ð101:3�ððTAþ 273� 0:0065�HÞ=ðTAþ 273ÞÞ^5:26Þ=
ð2:501� ð0:002361Þ�TAÞÞ�900=ðTAþ 273Þ�WD�ðð0:611
�Exp½17:27�TA=ðTAþ 237:3Þ�Þ � ð0:611�Exp½17:27
�TA=ðTAþ 237:3Þ�Þ�HDÞÞ=ðð4098�ð0:611�Exp½17:27�TA=ðTA
þ237:3Þ�Þ=ðTAþ 237:3Þ^2Þ þ ð 0:00163�ð101:3�ððTAþ 273� 0:0065�HÞ=
ðTAþ 273ÞÞ^5:26Þ=ð2:501� ð0:002361Þ�TAÞÞ
�ð1þ 0:34�WDÞÞ;
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Abstract

Evapotranspiration (ET) is a major component of the water budget in most forests, in many 
cases exceeding 70% of annual precipitation. Due to limitations in time and resources, 
input data necessary to model ET are not always available for a study site, but offsite 
data from meteorological networks may be a suitable substitute. In this study, we evalu-
ated three models for estimating ET, Priestly-Taylor (P-T), Shuttleworth-Wallace (S-W), 
and Penman-Monteith with dynamic stomatal resistance (P-M-d), in a ponderosa pine 
(Pinus ponderosa) forest in northern Arizona where eddy covariance data exist for com-
parison. We tested the sensitivity of the models to the use of offsite meteorological data 
from a weather station and offsite soil moisture data from two snow monitoring sites in 
the SNOTEL network. Onsite data are required for accurate ET estimation with the P-M-d 
model because of its complexity. Acceptable accuracy in ET estimation required onsite net 
radiation data for the P-T model and onsite vapor pressure deficit data for the S-W model; 
other input data can be obtained from nearby offsite weather stations. Errors in ET estima-
tion produced by the use of offsite soil moisture data varied between two nearby SNOTEL 
sites. Recommendations about the use of offsite data are presented.

Keywords: air temperature, evapotranspiration, net radiation, ponderosa pine forest, 
vapor pressure deficit

1. Introduction

Evapotranspiration (ET) consists of evaporation from the soil surface and transpiration from 
the plant canopy [1]. It is one of the major components of the hydrologic cycle, accounting 
for up to 85% of annual precipitation in some forests [2, 3]. Forest ET affects the frequency 
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and timing of water saturation in soils [4]. Therefore, accurate estimation of ET is needed to 
predict stream flow emanating from forestland, to investigate hydrological processes, and to 
manage water resources [4, 5]. Forest ET is known to be hard to quantify [6]. It is a complex 
hydrological process [7, 8], which is influenced by interactions between the atmosphere, soil, 
and plant canopy [9, 10].

ET can be directly measured by lysimeters, water balance methods, and eddy covariance sys-
tems [6, 11–13]. Direct measurement of ET is difficult and requires large amounts of time, 
labor, and funding [14, 15]. The eddy covariance method is considered the most reliable, but 
frequently is deficient from a lack of surface energy balance closure [16]. In the absence of direct 
measurements, ET can be modeled using climatic and ecosystem data [17–20]. Depending on 
the model used, estimating ET requires input data such as net radiation, air temperature, 
vapor pressure deficit, wind speed, and soil moisture. Net radiation is the difference between 
incoming and outgoing radiation [21], and a key variable for calculating potential ET. Air tem-
perature, wind speed, and vapor pressure deficit control atmospheric conditions that impact 
ET [22]. Vapor pressure deficit also regulates stomatal resistance, which directly affects ET 
[23]. Soil moisture controls the availability of water for ET and is especially important in arid 
and semi-arid ecosystems, where ET is primarily water limited [24, 25]. The use of ET equa-
tions with fewer input variables is recommended when complete climatological data cannot 
be obtained [26]. Meteorological models that use onsite input data can produce estimates of 
ET similar to measurements by eddy covariance and are less expensive [27].

Installing equipment to measure onsite climatological and soil moisture data may still require 
more resources than are available to forest and water managers. Publicly available climato-
logical data from weather stations may provide a reasonable substitute. Not all weather sta-
tions include the full set of measurements necessary to model ET. The U.S. Surface Climate 
Reference Network provides data from 114 stations in the USA that record all necessary mete-
orological data. Other networks, such as Ameriflux (ameriflux.ornl.gov), provide additional 
coverage. Soil moisture data needed to convert potential ET to actual ET are more limited, dis-
tributed across a range of government and academic networks, and summarized in the Texas 
A&M University North American Soil Moisture Database (http://soilmoisture.tamu.edu/).

In the absence of a nearby weather station with a complete suite of measurements, certain 
inputs, such as net radiation and vapor pressure deficit, can be calculated using empirical 
models based on basic weather data [26, 28]. For example, Irmak et al. [28] developed equa-
tions to calculate net radiation from input variables such as minimum and maximum air tem-
peratures, measured or predicted solar radiation, inverse relative distance from earth to sun, 
and mean relative humidity. Tabari et al. [26] derived regression equations to estimate poten-
tial ET from air temperature and solar radiation.

The impact on ET estimation of using offsite meteorological data rather than onsite data is 
unknown for most forest regions. In this study, we estimated ET for a ponderosa pine (Pinus 
ponderosa) forest from three meteorological models (Priestly-Taylor (P-T), Shuttleworth-
Wallace (S-W), and Penman-Monteith with dynamic stomatal resistance (P-M-d)) using onsite 
and offsite data for net radiation, air temperature, vapor pressure deficit, wind speed, and soil 
moisture content (θ or SMC in this chapter), and compared these estimates to measurements 
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of ET at the same site using the eddy covariance approach as a standard [3, 27]. The objectives 
of this study are to (1) compare the sensitivity of the P-T, S-W, and P-M-d meteorological 
ET models to the use of offsite meteorological data, (2) determine if the models can produce 
reliable results with offsite data, and (3) identify the input data that would result in the larg-
est improvement in ET estimates if measured onsite. Results from the study are valuable to 
land and resource managers to better understand and predict the forest hydrological cycle 
using commonly available meteorological data and to prioritize the installation of monitoring 
equipment with limited resources.

2. Material and methods

2.1. Study site

The study site is a ponderosa pine forest located near Flagstaff, Arizona (Northern Arizona 
University Centennial Forest: 35°5′20.5″ N, 111°45′43.33″ W, elevation 2180 m a.s.l.). Previously, 
this site was one of the three sites used to measure carbon and water fluxes in ponderosa pine 
forests of northern Arizona with the eddy covariance (EC) approach [3]. Thinning, harvesting, 
and fire did not occur at this site over the last century. The control site had an average leaf 
area index of 2.3 m2 m−2, basal area of 30 m2 ha−1, and tree density of 853 trees ha−1 [3, 27, 29]. 
Location of study site is shown in Figure 1.

2.2. ET model selection

We selected the three best performing ET models from Ha et al. [27] based on the model per-
formance statistics of root mean square error (RMSE) and coefficient of determination (R2) in 
comparisons with ET measured by the eddy covariance approach (Table 1). These three mod-
els were the Penman-Monteith dynamic (P-M-d), Priestley-Taylor (P-T), and Shuttleworth-
Wallace (S-W) models. The P-M-d model updates the Penman-Monteith ET model by 
modeling canopy resistance as a function of environmental variables [30]. The P-T model 
is a simplification of the Penman-Monteith model that only requires inputs of net radiation, 
air temperature, and the Priestly-Taylor coefficient [31]. The S-W model was developed to 
estimate ET in sparse canopies and calculates soil evaporation and plant canopy transpiration 
separately [32]. Each of these models calculates potential ET, which we adjusted to actual ET 
using a relationship with soil moisture [27, 33]. ET calculations were made at the monthly 
scale because monthly data were available from weather stations and generally provided 
more accurate ET estimates for the study site than daily data when compared with ET mea-
sured with eddy covariance [27]. Detailed explanation of each model and its use in simulating 
ET at our study site can be found in Ref. [27].

2.3. Offsite weather station data

Daily offsite meteorological data were obtained from the Western Regional Climate Center 
(WRCC) available at http://www.wrcc.dri.edu/. Weather data were collected from a weather 
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station near the Flagstaff Pulliam Airport (Flagstaff 4 SW, AZ; site number: 023009; latitude: 
35°8′ N, longitude: 111°40′ W, ground elevation: 2135 m; distance to the study site: 12.2 km). 
Because net radiation (Rn) data were not available from this station, they were calculated 
using an empirical equation from the FAO’s Irrigation and Drainage paper 56 compiled by 
Ref. [34]. Inputs were daily offsite maximum and minimum absolute air temperature, actual 
vapor pressure, dew point temperature, relative humidity, station elevation, solar declination, 

Figure 1. A ponderosa pine forest study site (a star) near the city of Flagstaff (a circle) in northern Arizona with an inset 
of coterminous United States of America (Basemap sources: www.esri.com, US National Park Service).
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sunset hour angle, inverse relative distance from Earth to sun, sunset hour angle, latitude, and 
day of the year. Vapor pressure deficit (kPa) was calculated using dew point temperature and 
relative humidity (%) measured at the station.

Soil moisture data were obtained from the SNOTEL data collection network operated by 
the Natural Resources Conservation Service (NRCS) of the U.S. Department of Agriculture. 
Snowpack and climatic data (air and soil temperature and precipitation for all locations and 
soil moisture data for selected locations) are collected at sites across the Western U.S. Two 
SNOTEL sites were used, Happy Jack (site number: 969; latitude: 34°45′ N, longitude: 111°25′ 
W, elevation: 2326 m; distance to study site: 60 km) and Mormon Mountain Summit (site 
number: 1125; latitude: 34°58′ N, longitude: 111°31′ W, elevation: 2591 m; distance to study 
site: 32 km). These SNOTEL sites were selected because they were the closest to our study 
site and they had data available for our period of study (2007–2010). The Mormon Mountain 
Summit data are available only from June 2008.

C site RMSE (mm month–1) R2

Data P-M-d P-T S-W P-M-d P-T S-W

EC site data 
only

18.50 13.19 15.49 0.81 0.84 0.67

Weather 
station data 
(Rn, ta, vpd, 
and u) and site 
data (SWC, G, 
α, LAI, etc.)

20.12 20.41 21.70 0.80 0.82 0.67

Station Rn 18.68 20.23 15.31 0.81 0.82 0.67

Station ta 19.21 13.30 15.47 0.83 0.84 0.67

Station vpd 20.15 13.19 22.03 0.79 0.84 0.67

Station u 19.11 13.19 15.49 0.81 0.84 0.67

Weather 
station data 
and SNOTEL 
happy jack 
SMC data 
(alpha 
updated)

42.04 20.08 30.17 0.26 0.49 0.62

Weather 
station data 
and SNOTEL 
Mormon 
mtn summit 
SMC (alpha 
updated)

23.11 51.90 21.91 0.70 0.50 0.62

Table 1. Comparisons of root mean square error (RMSE) and coefficient of determination (R2) among three ET models. 
Numbers in bold indicate the best model for each dataset.
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2.4. Analysis of error propagation

The error introduced in meteorological models of ET by using offsite station data likely can 
be reduced if some variables are measured onsite. To aid managers in prioritizing the instal-
lation of monitoring equipment with limited resources, an analysis was performed to deter-
mine how error in different input data combines to overall model error.

Each model was run at the monthly scale over 4 years (2007–2010) with all onsite input data to 
establish a baseline result. Then, model runs were performed using offsite data for each input 
variable and onsite data for the remaining input variables. The percent difference between the 
single offsite input model and the baseline was calculated. This procedure was repeated with each 
of the major offsite input variables (net radiation: Rn, air temperature: ta, wind speed: u, vapor 
pressure deficit: vpd, and soil moisture) to evaluate the error introduced by the use of offsite data.

For each model, the three variables to which the model was most sensitive were selected. 
Error was introduced to each of the three selected variables in increments of 1% to a maxi-
mum of 15% for variables positively related to ET or percent decrease for variables negatively 
related to ET. Thus, compounding errors acted in the same direction providing a worst case 
scenario estimate of overall model error. The models were run over ranges of percent error 
for the variables to determine all combinations of percent error in the three variables that pro-
duced 15% model error when averaged overall 4 years of simulation. These results show how 
variation in the accuracy of input variables affects model results.

3. Results

3.1. Sensitivity of annual ET to offsite data

Figure 2 shows the sensitivity of annual ET predicted by each model to the use of all offsite 
input data. When compared to eddy ET measurements at the annual scale, the S-W model 
performed well, but was sensitive to the use of offsite vpd data. The P-M-d model consis-
tently underestimated eddy ET regardless of data sources. The P-T model consistently over-
estimated ET, and was sensitive to the use of offsite Rn. The use of offsite soil moisture data 
generally led to underestimation of ET for all models, especially for data from the Happy Jack 
site. When compared to modeled ET using all onsite data inputs, the use of offsite data inputs 
only led to significantly increased error in certain cases. For example, accuracy of the S-W and 
P-T models was reduced by the use of offsite vpd and Rn data, respectively.

3.2. Sensitivity of monthly ET to offsite data

ET simulated by the P-T model was sensitive to the use of offsite weather data used to calcu-
late Rn (Figure 3(a)). The difference in ET predicted by the P-T model using all offsite data 
except for Rn was greater than a 15% threshold of acceptability, especially during summer 
(data not shown). In contrast, using offsite Rn data produced acceptable predictions of ET by 
the P-M-d and S-W models (Figure 3(a)).
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The P-M-d and P-T models were sensitive to the use of offsite ta data, whereas the S-W was 
not (Figure 3(b)). Inaccuracy in predicted ET from the P-M-d model was largest during winter 
when total ET is close to zero.

The P-M-d and S-W models were highly sensitive to the use of offsite vpd data, whereas the 
P-T model was not because it does not use vpd as an input parameter (Figure 3(c)). Inaccuracy 

Figure 2. Effect of source of meteorological data for variables, wind speed (u), air temperature (ta), vapor pressure 
deficit (vpd), and net radiation (Rn), and soil moisture content (θ), on modeled ET as compared to (a) eddy covariance 
ET measurements and (b) modeled ET with all onsite inputs. Percent difference is calculated at the annual scale for three 
models, Penman-Monteith with dynamic canopy resistance (P-M-d), Priestly-Taylor (P-T), and Shuttleworth-Wallace 
(S-W), with all onsite meteorological inputs, a single offsite meteorological input, all offsite meteorological inputs, and 
offsite soil moisture from two SNOTEL sites, Happy Jack and Mormon Mountain Summit.
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caused by the use of offsite vpd data was greater for the S-W model than the P-M-d model. 
Sensitivity to the use of offsite u was low for all models (data not shown).

Modeled Rn based on offsite weather data was consistently higher than based onsite Rn 
(Figure 3(d)), with the highest percent difference in summer. The percent difference between 
offsite and onsite vpd peaked during summer (Figure 3(d)). As opposed to Rn, offsite vpd 
was always lower than onsite vpd (Figure 3(d)). Offsite ta data generally provided a good 
substitute for onsite data, differing by less than 2.5°C throughout the study period. During 
winter, when temperatures were close to 0°C, the percent difference between offsite and 
onsite temperatures could be quite large despite small absolute differences. Thus, these val-
ues are excluded from Figure 3(d).

The P-T and S-W models were most sensitive to the source of soil moisture content (SMC) data 
(Figure 4(a) and (c)). The P-T model was more sensitive than the S-W model, because SMC is 

Figure 3. Percent difference in ET from models using all offsite input data and substitution of each input variable with 
onsite data (subscripted; Rn: net radiation, ta: air temperature, vpd: vapor pressure deficit) for the Penman-Monteith 
with dynamic canopy resistance (P-M-d), Priestly-Taylor (P-T), and Shuttleworth-Wallace (S-W) models (a–c); and 
percent difference in seasonal variation between offsite and SNOTEL sites Rn, ta, vpd (d). Dashed horizontal lines 
indicate ±15% difference lines.
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included in the calculation of the scaling coefficient α in the P-T model. The Happy Jack (HJ) 
SMC data produced a larger difference in ΔET than Mormon Mountain Summit (MMS) SMC 
data, which resulted from consistently lower SMC at the HJ site than onsite (Figure 4(c)). The 
SMC at the MMS site was higher than onsite SMC during summer, but lower during winter. 
SMC data from the MMS site were unavailable between January 2007 and May 2008, so no 
percent change was calculated during this time (Figure 4(b) and (c)).

The difference between ET modeled with offsite and onsite input data with the P-M-d model 
led to overprediction of ET during summer (Figure 5) due to the error introduced by vpd 
(Figure 3(c)), and underestimated ET during winter due both to error from vpd and ta 
(Figure 3(b)). The P-T model had a bigger difference than P-M-d between offsite and onsite 
modeled ET during summer due to error introduced by offsite Rn (Figure 3(a)). ET stimulated 
by the S-W model using offsite data was always lower than using onsite data except for June 
2007 (Figure 5), a pattern driven by error introduced by offsite vpd.

Figure 4. Percent difference in ET from models using all offsite input data and substitution of each input variable with 
onsite data (subscripted; SMC-HJ: soil moisture content from Happy Jack SNOTEL site, SMC-MMS: soil moisture 
content from Mormon Mountain Summit SNOTEL site) for the Penman-Monteith with dynamic canopy resistance (P-M-
d), Priestly-Taylor (P-T), and Shuttleworth-Wallace (S-W) models (a and b); and percent difference in seasonal variations 
of soil moisture contents (SMC) between two SNOTEL sites (c). Dashed horizontal lines indicate ±15% difference lines.
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3.3. Sensitivity of annual ET to input errors

Error in prediction of annual ET by the P-T model was most strongly influenced by error 
in Rn and, to a lesser extent, SMC (Figure 6(a)). Less than 15% error in overall modeled ET 
was possible with large errors in ta (>15%) and soil SMC (>20%) if onsite Rn (i.e., 0% error in 
net radiation) is used. Error in the S-W model was most strongly influenced by error in vpd 
(Figure 6(b)). Large errors in soil moisture and temperature were acceptable if vpd is accu-
rate. Because of the threshold responses and complex internal dynamics of the P-M-d model, 
we conclude that it is not a good choice for this type of error analysis. Therefore, we only 
considered the S-W and P-T models in this analysis.

3.4. Relationships between onsite and offsite weather data

A strong linear relationship occurred between onsite data and offsite weather- or SNOTEL-
station data with R2 0.72 or higher for all variables, except for u where the R2 was 0.59 (Figure 7).

Figure 5. Difference in ET between modeled using offsite weather station input data and modeled with onsite data for 
the Penman-Monteith with dynamic canopy resistance (P-M-d), Priestly-Taylor (P-T), and Shuttleworth-Wallace (S-W) 
models.
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Figure 6. Combination of error in net radiation, air temperature, and soil moisture content that will produce 15% error in 
the Priestly-Taylor model (a), and vapor pressure deficit, air temperature, and soil moisture that will produce 15% error 
in the Shuttleworth-Wallace model (b). Model error is calculated at the annual scale over four years (2007–2010). Other 
model inputs were measured onsite.
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4. Discussion

The performance of three meteorological ET models (P-M-d, P-T, and S-W) in predicting ET 
measured by eddy covariance for the ponderosa pine forest in our study was affected by the 

Figure 7. 1:1 relationship between onsite eddy tower versus offsite weather station input variables for (a) net radiation 
(W m−2), (b) air temperature (°C), (c) vapor pressure deficit (kPa), and (d) wind speed (m s−1). Soil moisture content data 
from eddy tower versus Happy Jack (HJ) station (e) and Mormon Mountain Summit (MMS) (f) are also shown. The solid 
line indicates a 1:1 line and the dashed line is a regression line.
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source of input data. The P-M-d model performed well with offsite Rn data. In most cases, 
the P-T model performed well when offsite soil moisture content (SMC) data obtained from 
local SNOTEL sites replaced onsite SMC data. Likewise, the S-W model performed well when 
onsite Rn, ta, and u data were replaced by offsite data from a nearby weather station. A pre-
vious study [27] reported that when using all onsite data, the ET predictions from the S-W 
model were the closest to ET measured by eddy covariance among five meteorological mod-
els, likely because our study site contains a mixture of surface layers (pine canopy, grass, bare 
soil), which the S-W model was designed to simulate [35–37].

Sensitivity to offsite meteorological data varied among models. The P-T model was sensitive to 
the use of offsite weather data used to predict Rn (Figure 2(a)). The P-M-d model was sensitive 
to the use of offsite ta and vpd data (Figure 2(b) and (c)). The S-W model was sensitive to the 
use of offsite vpd data (Figure 2(c)). From this result, we conclude that accurate measurement 
of vpd is important to properly estimate ET using S-W and P-M-d models. Models using Rn 
predicted from offsite weather data calculated consistently higher ET than models using onsite 
Rn data (Figure 2(d)), resulting in overestimation of ET by the P-T model, especially in summer 
(Figure 2(a)), when ET is highest and is the most important seasonal component to annual ET.

The suitability of offsite data as inputs into meteorological ET models depended on the vari-
able and model. Offsite weather station data provided suitable estimates of onsite air temper-
ature (Figure 2(d)) and therefore, air temperature was not a major source of error in all models 
for this study site. The sensitivity analysis (Figure 5) illustrates that errors in air temperature 
up to 15% are not likely to lead to large errors in ET estimates. Overestimation of winter ET 
occurs in the P-M-d model when onsite ta is used (Figure 2(b)), but winter ET is a small com-
ponent of total annual ET. The dynamic model of stomatal conductance in the P-M-d model 
goes to zero when air temperature is below zero, and the overestimation by this model is the 
result of a threshold response when onsite air temperature is below zero and offsite air tem-
perature is not. The vpd was consistently lower in the offsite data than the onsite data leading 
to overestimation of ET by the S-W model without a seasonal pattern. The effect of vpd on the 
P-M-d model is more complex because increases in vpd increase ET by increasing evaporative 
demand and decrease ET by reducing stomatal conductance. Thus, overestimation or under-
estimation of ET is possible when onsite vpd data are replaced with offsite data.

5. Conclusions

We investigated sensitivity to mixtures of on and offsite data inputs of three widely used 
models for calculating ET (P-M-d, P-T, and S-W) for a ponderosa pine forest where ET was 
measured previously by eddy covariance. The complexity of the P-M-d model makes it highly 
prone to inaccurate ET predictions with offsite data. The P-T and S-W models can provide 
reliable estimates of ET with selected input variables measured onsite and combined with off-
site data for other inputs. Because measurement of some of these input data is expensive and 
difficult at specific field sites, resources should be devoted to onsite measurement of variables 
that model are most sensitive to. We found that offsite data from a nearby weather station 
were sufficient for air temperature and wind speed, whereas model accuracy in predicting ET 
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was improved by onsite measurements of Rn for the P-T model, and vpd for the S-W model. 
The feasibility of using offsite soil moisture data depends on the proximity and similarity of 
the offsite monitoring location to the study site. Although, we did not determine the sensitiv-
ity of the models to data sources in forest conditions beyond one unmanaged ponderosa pine 
stand, our methods can be applied to other situations, where baseline measurements of ET by 
eddy covariance or other approaches exist.
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Abstract

Evapotranspiration and near-surface soil moisture dynamics are key-entangled vari-
ables regulating flux at the surface-atmosphere interface. Both are central in improving 
mass and energy balances in agro ecosystems. However, under the extreme conditions 
of high-latitude soils and weather pattern variability, the implementation of such cou-
pled liquid and vapor phase numerical simulation remain to be tested. We consider 
the nonisothermal solution of the vapor flux equation that accounts for the thermally 
driven water vapor transport and phase changes. Fully coupled flux model outputs 
are compared and contrasted against field measurements of soil temperature, heat 
flux, water content, and evaporation in a subarctic agroecosystem in Alaska. Two well-
defined hydro-meteorological situations were selected: dry and wet periods. Numerical 
simulation was forced by time series of incoming global solar radiation and atmo-
spheric surface layer thermodynamic parameters: surface wind speed, ambient tem-
perature, relative humidity, precipitation, and soil temperature and soil moisture. In 
this simulation, soil parameters changing in depth and time are considered as dynami-
cally adjusted boundary conditions for solving the set of coupled differential equations. 
Results from this evaluation give good correlation of modeled and observed data in 
net radiation (Rnet) (R2 of 0.92, root mean square error (RMSE) of 45 W m−2), latent heat 
(0.70, RMSE of 53 W m−2), and sensible heat (R2 = 0.63, RMSE = 32 W m−2) during the dry 
period. On the other hand, a poor agreement was obtained in the radiative fluxes and 
turbulent fluxes during the wet period due to the lack of representation in the radiation 
field and differences in soil dynamics across the landscape.

Keywords: coupled fluxes, evapotranspiration, soil dynamics, vapor transport, numerical 
simulation
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1. Introduction

Northern latitudes have been identified as a region where global climate change will have 
earlier and stronger impacts than in other regions of the world [1–4]. Most of the region is 
underlain by discontinuous permafrost or perennially frozen ground in which temperatures 
remain below 0°C for at least two consecutive years. An active layer on top of the perma-
frost experiences seasonal thaws and is the primary dominant subsurface component of the 
land-atmosphere system [5]. Under climate warming scenario, much of this terrain would 
be vulnerable to subsidence, particularly in ice-rich areas of relatively warm, discontinuous 
permafrost, and shrinking ponds and lakes [3, 6–10]. All these changes will potentially alter 
the exchange of surface energy, water, and carbon cycles in high-latitude ecosystems [11] and 
consequently, the response at regional level to the atmosphere system.

Soil moisture plays a critical role in the surface energy balance and water cycle in these regions 
[1, 12, 13]. It is widely recognized that the soil moisture confined in a thin layer underneath the 
land surface influences the partitioning of the surface energy fluxes simultaneously modify-
ing surface thermal conductance and rates of evaporation [14]. An example of such an impor-
tant role is the control of precipitation transfer into the soil and the partitioning of incoming 
solar radiation into latent, sensible, and ground heat fluxes [15, 16]. In addition, soil moisture 
and temperature status affect biological processes such as soil microbial activity, seed germi-
nation, and plant growth. These variables in turn also affect water and nutrition absorption 
and solute transport in soil. In a climate change scenario, high-latitudes soils will experience 
increased summer dryness as climate warming progresses, changing therefore atmospheric 
vapor pressure conditions and thereby enhancing evapotranspiration (ET) rate. In terms of 
seasonal effects, inadequate snowmelt infiltration or rainfall during spring and early summer 
often causes crop water stress and reduction in yield of small grains [17, 18] in agricultural 
activities of subarctic regions. Therefore, understanding the variation of evapotranspiration 
(ET) and its impact on crop growth becomes of absolute importance because it mainly con-
trols the available soil water and, therefore, is a limiting factor in agriculture productivity and 
sustainability. As a result, continuous monitoring of soil water content and soil temperature 
is a priority in the fields of agronomy and hydrology [19].

Several modeling studies have focused on soil carbon reservoirs (e.g. [20–22]) and permafrost 
degradation in natural ecosystems across the circumpolar region [21, 23]; nevertheless, agro-
ecosystem has not been taken into consideration until a recent study by Ruairuen et al. [24]. 
Despite the mentioned complexities in the soil medium, similarities between high latitude 
and mid-latitude agricultural soils exist mainly during the growing season. This allows for 
making use of models that are currently in use for mid-latitude agricultural settings. In this 
case, a fully coupled differential equation system considering both soil temperature and ver-
tical soil moisture distribution, and their interactions are utilized to bring emphasis on the 
sub-medium transport in contrast to most large-scale ecosystem models where one or two soil 
layers are used to simulate soil moisture dynamics in ecosystem models (e.g. [25]).

In this study, we use the numerical model developed by Bittelli et al. [26], which fully cou-
ples heat and water transport to deduce the coupled water and heat transport across the soil 
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medium forced by radiation and meteorological conditions. As demonstrated in mid-latitudes 
studies by Bittelli et al. [26], this approach enables numerically stable, energy and mass con-
servation equation solution in terms of the external forcing and boundary conditions. Such an 
approach requires a modeling framework that incorporates the interactions among meteoro-
logical variables (e.g., air temperature, relative humidity, precipitation, and solar radiation) 
and soil properties (e.g., soil temperature, soil moisture, and soil water potential) into the 
coupled numerical model. We also conducted a field experiment to measure net radiation, 
sensible heat flux, soil moisture, and soil temperature, and use those measured parameters to 
calculate evapotranspiration in order to compare with simulated results.

2. Materials and methods

2.1. Field experiment

The field study was conducted at the Fairbanks Experiment Farm (FEF) of the University 
of Alaska Fairbanks (UAF) Agricultural and Forestry Experiment Station (AFES) Fairbanks 
Alaska (Figure 1), USA (64°51′16.6″ N, 147°51′36.4″ W, 150 m above sea level) during summer 
2013. The soil within the lysimeter plots, established in a previous study, was used for this 
study because large amounts of data (i.e., soil moisture, soil temperature, and soil moisture 

Figure 1. Geographic location of the Northern Latitude Study Site (panel left on the top) and Fairbanks Experiment Farm 
(FEF) at the UAF-AFES within the University of Alaska Fairbanks Campus (panel top right). Bottom panel is the detail on 
the location of the instrumentation in the study site. The farm dimensions are more than 1 km on East to West direction 
and about 600 m North to South. Eddy-Covariance (EC) tower (A), lysimeter plot (B), meteorological station (C), large 
aperture scintillometer (LAS) Scintec BLS900 (D). Airborne survey photo was provided by the UAF Department of 
Design and Construction obtained by AeroMap Inc. summer of 2003.
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potential) were available. The soil composition was sandy loam with 66 sand, 29 silt, and 5% 
clay, and with the available water holding capacity of about 0.18–0.36 m3 m−3 that was deter-
mined from a soil moisture characteristic curve [24]. Parameters for soil hydraulic properties 
to be introduced in the numerical simulation are listed in Table 1. Volumetric soil moisture 
content was measured in situ using three soil moisture sensor (10HS; Decagon Devices Inc., 
Pullman, WA, USA) at 5, 10, and 20 cm. The sensor has 14.5 cm long prongs, 3.3 cm wide, so 
the 5-cm sensor spanned the depth 3.3–6.7 cm, the 10-cm sensor spanned the depth 8.3–11.3 
cm, and the 20-cm sensor spanned the depth 18.3–21.3 cm. Gravimetric samples were also 
taken to calibrate the 10HS sensor [24]. Soil moisture was continuously measured with an 
interval of 30 min. The bulk density was measured in the tested site (Table 1). The soil temper-
ature (S-TMB-M006, Onset HOBO Corporation, Bourne, MA, USA) was measured at depths 
of 5, 10, and 20 cm below the soil surface and used to obtain the ground heat flux in this study.

The observation-based meteorological parameters included air temperature (Tair), relative 
humidity (RH), air pressure, wind speed (u), and direction, and precipitation at 2 m height 
above the ground were obtained at 1-min intervals at the experimental station. One-min 
recordings of these data were averaged to obtain hourly data for input to the simulation.

An independent measure of evapotranspiration was determined using Penman-Monteith 
method and the more continuous series of data available on this period. Sensible heat flux 
was measured locally (i.e., ecosystem scale) by means of and eddy-covariance (EC) instru-
ment and processed considering signal distortions under all weather conditions [27] and, at 
landscape scale, based on a large aperture scintillometer (LAS) [28–30].

2.2. Model implementation

2.2.1. Model description (PSP_coupled)

The numerical model was coded in Python and is set in a time-evolving one-dimensional 
simulation of coupled flow of liquid water, heat, and water vapor. The model description 
can be found in Bittelli et al. [26, 31]. Figure 2 shows the models’ conceptual scheme indicat-
ing the coupled layers and driving boundary conditions, i.e., soil temperature, liquid water 

Soil property Value

Bulk density (g cm−3) 0.7

Air entry potential (J kg−1) −1.5

Mass sand (kg kg−1) 0.66

Mass silt (kg kg−1) 0.29

Mass clay (kg kg−1) 0.05

Saturated moisture content; θs (m3 m−3) 0.56

b value (−) −3.1

Ks (kg s m−3) 7.2 × 10−4

Table 1. Soil properties within lysimeter.
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volumetric concentration, and soil resistive and conductive terms. The model computes the 
soil energy budget. The PSP-coupled model is composed of ten modules with two input data 
files and one main program file. One data file contains the soil data, and the other one contains 
the weather data. Model modules include main.py, PSP_boundary.py, PSP_public.py, PSP_
soil.py, PSP_coupled1D.py, PSP_readDataFile.py, PSP_longWaveRadiation.py, PSP_grid.py, 
PSP_plot.py, PSP_plotEnergy.py, PSP_ThomasAlgoritmh.py, soil.txt, and Weather.txt.

The main file is main.py, which contains the calls to other embedded subroutines listed. The 
module PSP_boundary defines the initial and boundary conditions. The PSP_public contains all 
variables that are read by all modules such as latitude, longitude, altitude, albedo, atmospheric 
pressure and clay content, initial soil temperature, and soil matric potential. The PSP_soil is 
written to define the soil properties. The PSP_couple1D is the module that implements the 
solver for the different flux equations. The PSP_longWaveRadiation is for computing the long 
wave radiation component of the radiation balance at the soil surface. The PSP_grid module is 
for building the computational grid and PSP_ThomasAlgorithm for solving the system of equa-
tions. The PSP_plot and PSP_plotEnergy are modules for visualizing the data input and output 
from the model.

2.2.2. Initial setting for model simulation

The initial conditions for dry and wet periods were calculated using in situ data. To imple-
ment the simulation scenarios, two data files need to be created “soil.txt” and “weather.dat.” 
The soil.txt file is required for data input of soil properties such as soil depth (the model set up 
from 0 to 1.5 m), the saturated soil moisture, residual water content, soil hydraulic properties, 
and soil matric potential (Table 1). The soil file can be used to simulate the two periods; how-
ever, additional settings indicating initial conditions should be modified in the PSP_public 
module. The weather file is required at hourly weather parameters such as solar radiation, air 

Figure 2. Scheme of the computational grid with the driving force terms (temperature, soil water potential, and soil 
vapor concentration), the soil conductivities and the resistances involved at the soil-atmosphere interface (adapted from 
Bittelli et al. [26]). The black dot is the mass balance for heat flow and water flux at a given node.
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temperature, precipitation, relative humidity, and wind speed as an input to calculate related 
parameters. Time step is set to 300 s and input data of 1-h resolution.

The mass of sand, silt, clay, and bulk density was obtained from in situ measurements. The 
parameter for the hydraulic properties was obtained from Cambell and Shiozawa [32], Ks is satu-
rated hydraulic conductivity, θs is the saturated soil moisture content, and b is constant value.

The PSP_public is the file that needs to be adapted in all parameters that are read by all mod-
ules for the given area in which the simulation is carried out. In this case, the FEF site-specific 
information was input including latitude, longitude, and altitude. Moreover, the soil initial 
conditions such as soil water potential, soil temperature, and albedo for dry and wet scenarios 
needed to be applied into this module (Table 2).

In this study, the value of albedo was set as 0.2 for the dry period [33], while a value of 0.15 
was applied for the wet period in agriculture land in subarctic region according to previous 
studies in the same agricultural setting [34].

3. Simulation scenarios

As mentioned previously, the model was applied to two selected periods (dry and wet) in an 
agricultural land described in Section 2 during the summer 2013, and its performance was 
evaluated. In addition and based on local meteorological information, it was verified that the 
atmospheric boundary layer developed forced by surface and near surface flow conditions 
without presence of multilayered thermal inversions [35]. However, this condition is difficult 
to maintain when precipitation arises. The dry period (no precipitation event) spun from 26 
July to August 3 (Julian day 207–216) and wet period from 25 to 30 August (Julian day 237–242).

3.1. Dry period

The experimental data were taken from the plots that monitored soil moisture and soil tem-
perature. The meteorological parameters measured about 10 m away from the plot for the dry 
period are given in Table 3 and Figure 3a. The hourly average vapor pressure deficit (VPD) 
was 1.18 kPa. Mean-hourly global radiation was 215 W m−2. The average air temperature was 
21°C with maximum of 30.7°C and minimum of 9.8°C also reported in this period. The aver-
age RH was approximately 58% and wind speed of 2.36 m s−1.

Parameters Dry period Wet period

Number of days 9 6

Soil temperature (°C) 17.2 15.0

Soil water potential (J kg−1) −30 −6

Albedo 0.20 0.15

Initial soil moisture (m3 m−3) 0.28 0.30

Table 2. Initial setting for model simulation.
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Parameters Dry Wet

Mean Tair (°C) 20.66 ± 5.32 11.78 ± 3.41

Mean Ts (°C) 18.96 ± 3.2 16.64 ± 1.51

Ts at the beginning period (°C) 18.3 15.2

Mean RH (%) 57.74 ± 17.26 76.72 ± 16.76

Mean VPD (kPa) 1.18 ± 0.76 0.36 ± 0.32

Mean u (m s−1) 2.36 ± 1.07 1.68 ± 0.82

Mean solar radiation (W m−2) 215.23 ± 221.69 131.31 ± 172.42

Mean soil moisture (m3 m−3) 0.2098 ± 0.0015a 0.2097 ± 0.0035a

Precipitation (mm) – 37.60

Soil temperate at 5 cm was considered in the study.
aSoil moisture from 5 cm depth.

Table 3. Main meteorological conditions, soil properties, and surface characteristics during periods under study.

Figure 3. Global radiation, relative humidity, air temperature, and wind speed measured in the atmospheric surface 
layer from top to bottom at the experimental plot during the dry period (left panel; 26 July–3 August 2013—Julian day 
207–215) and wet period (right panel; 18–30 August 2013—Julian 230–242).

Evapotranspiration in Northern Agro-Ecosystems: Numerical Simulation and Experimental Comparison
http://dx.doi.org/10.5772/intechopen.68347

71



3.2. Wet period

The meteorological conditions during the wet period 18–30 August 2013 (Julian 230–242) was 
cooler than the dry period in terms of an average hourly air temperature and soil temperature 
(Figure 3b), while there was a slight difference in solar radiation compared to the dry period 
(see Table 3). The RH was approximately 77% with low level of VPD (0.36 kPa) on average 
during the wet period (Table 3). A total precipitation of 37.60 mm was also reported in this 
period. However, only data during 25–30 August 2013 (Julian 237–242) are used as the wet 
period for the simulation in this study.

4. Results and discussion

4.1. Net radiation

Net radiation (Rnet) is the main input in the energy balance equation driving evapotranspi-
ration process. Giving this importance, a comparison between the net radiation observed 
(Rnet obs) and modeled (Rnet mod) was performed. Figure 4a shows simulated and measured 
hourly data of net radiation as a function of time for the dry period (26 July–3 August 2013). 
Results show a good agreement between modeled and observed Rnet with the correlation coef-
ficient (R2) of 0.92 and root mean square error (RMSE) of 45 W m−2 (Figure 5a) during the dry 
period. There are about 6 days out of nine total days that the model performed remarkably 
well to simulate the Rnet and the maximum difference did not exceeded 157 W m−2 on 27 July 
(Julian day 208).

Overall, Rnet mod overestimated Rnet obs by about 16%. Similar results have been reported by 
Ortega-Farias et al. [36] in a commercial vineyard where the Rnet simulation shows a good 
agreement with the measured Rnet (R2 = 0.92) with the RMSE less than 48 W m−2. On the other 
hand, a lower correlation between Rnet obs and Rnet mod was found during the wet period with 
the R2 of 0.72 and RMSE of 67 W m−2 (Figure 5b). However, there were two days from 25 to 
26 August that the model simulated very well compared with the measured Rnet, while it was 
underestimated in the following 2 days (27–28 August) and overestimated in the last 2 days 
during the wet period (Figure 4b). The maximum underestimation for the entire time series 
was about 85 W m−2, and the maximum overestimate was 199 W m−2.

The high and low correlation between measured and modeled Rnet in different periods can 
be related to the cloudiness variability in high latitudes. This may be explained based on 
the variability of incoming solar radiation between those periods as we can see in Figure 6. 
An average of solar radiation of 215 W m−2 with the maximum and minimum of 680, 150 W 
m−2 respectively were reported in the dry period, while a lower mean and maximum Rnet 
were found in the wet period (Table 3). Ortega-Farias et al. [37] indicated that errors in the 
calculation of Rnet over a well-irrigated festuca grass were associated with the estimation of 
atmospheric radiation under cloudy sky conditions. Therefore, to summarize this point, Rnet 
mod was able to estimate net radiation with a good degree of precision during the dry period 
than during the wet period.
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4.2. Latent heat

Figure 7 shows simulated and observed latent heat flux (LE) as a function of time during 
dry and wet periods. High rates of solar radiation heating the soil surface caused the soil 
to lose water vapor to evaporation from the surface. During nighttime, there was negative 
conduction to cool the soil surface, and LE became negative due to condensation. The LE was 
better predicted by the numerical model during the dry period, with an R2 of 0.70 and RMSE 
of 53 W m−2 than the wet period (R2 = 63 and RMSE = 58 W m−2). There were 2 days that the 
model overestimated LE, but the time series followed each other, while 1 day obtained simi-
lar values and 3 days of modeled LE did not correlate with the observed LE. The maximum 
difference between observed and simulated LE was about 200 W m−2. Cumulative ET from 
the observed quantities reached 22 mm with an average of 2.44 mm d−1, while cumulative ET 

Figure 4. Simulated and measured hourly data of net radiation during the dry and wet period as a function of time. (Top 
panel) Dry period from 26 July to 3 August 2013 (Julian day 207–216) (bottom panel) wet period from 25 to 30 August 
2013 (Julian day 237–242).
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from the vsimulation was 15 mm with the mean of 1.67 mm d−1 for the dry period. In contrast, 
during the wet period, the cumulative ET from the observed was about 6 mm over 6 days, 
whereas only about 2 mm was found from the simulation of ET cycles. An average precipita-
tion observed was 1.0 mm d−1, while only 0.3 mm d−1 was found for the simulation during the 
wet period.

4.3. Ground heat fluxes

The average daytime ground heat flux (G) contribution to vapor flux was in the order of 26 W m−2 
(ranging from 1 to 79 W m−2), while the value output from the simulation was on average 25 W 
m−2 (ranging from 0.8 to 49 W m−2; Figure 8). In Figure 8a, modeled G resulted as overestimated 
for the first two days, and then closely approached the G observed at day 3, and underestimated 
the observations during the last 2 days of the dry period. The maximum reported difference was 

Figure 5. Comparison between the hourly observation of net radiation (Rnet obs) and the simulation of net radiation (Rnet 
mod) during the dry and wet period. (Top panel) Dry period from 31 July to 3 August 2013 (Julian day 210–215) and 
during the wet period (bottom panel) from 25 to 30 August 2013 (Julian day 237–242).
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44 W m−2 during the overestimating period, whereas the same values were 32 W m−2 found dur-
ing the underestimating period. On the contrary, the simulation of G during the wet period was 
overestimated for the entire period (Figure 8b) with the maximum difference of more than 100 
W m−2 during daytime.

4.4. Sensible heat

The sensible heat (H) fluxes obtained from measurements and from the simulation for agricul-
tural field were compared during the dry and wet period. The time series composite of hourly 
diurnal variation during dry and wet was illustrated in Figure 9. In the dry period, results 
showed a good correlation between H measured by EC and simulated from models with R2 = 0.63 
and RMSE = 32 W m−2, whereas a lower correlation was found in H observed by LAS (R2 of 0.52 
and RMSE of 40 W m−2) (Figure 9a). Nevertheless, LAS measurements represent a larger fluxing 
footprint area than EC-derived fluxes, and the simulations output converge well between these 
two scale-dependent observations. Overall simulated outputs overestimated H from EC except 

Figure 6. Solar radiation as a function of time during dry and wet periods. (Top panel) Dry period from 26 July to 3 
August 2013 (Julian day 207–215) and (bottom panel) wet period from 25 to 30 August 2013 (Julian day 237–242).
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in the morning where they were closer in value. The ratio of H by EC and simulated was about 
0.47, while ratio of H modeled versus H by LAS was 0.82. The maximum of H from model, EC, 
and LAS were 139, 110 and 169 W m−2, respectively, during midday.

Concerning the wet period, very poor correlation was found between H measured by LAS 
and simulated outputs for H (R2 = 0.15, RMSE =13 W m−2). It should be noted that H by EC was 
not illustrated during this period because of insufficient data for the analysis. The time-series 
composite of hourly diurnal variation of H from both methods are illustrated in Figure 9b. 
Mean hourly H observed was 30 W m−2, while only 15 W m−2 was reported from modeled H. 
In general, H showed higher values than H simulated by about 51% with the maximum dif-
ference of 36 W m−2 during the wet period.

4.5. Soil temperature and soil moisture

Soil temperature was measured at the same depth as soil moisture. Figure 10 shows simulated 
and observed soil temperature as a function of time during dry and wet periods. During the 
dry period, the value of soil temperature from experiment reached 17°C and was higher than 

Figure 7. Evapotranspiration time series observed and modeled. (Top panel) Dry period from 26 July to 3 August 2013 
(Julian day 207–216) (bottom panel) wet period from 25 to 30 August 2013 (Julian day 237–242).
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the simulated 11°C for the same depth at the beginning of the simulation period. However, 
after midday in the first day, the simulated value was higher than observed soil temperature 
over entire dry period (Figure 10a). The soil temperature was better predicted by the numeri-
cal model during the wet period, with an R2 of 0.59 and RMSE of 1.82°C than the dry period 
(R2 = 0.47 and RMSE = 3.27°C). The maximum difference between observed and simulated soil 
temperature was about 8°C during mid of the day in dry period and the times series followed 
each other. There was only a day that the model underestimated in a wet period, while most 
of the time, simulated values overestimated the observed data (Figure 10b). A large difference 
of the soil temperature can cause differences in the land-atmosphere temperature gradient 
that affect the ground heat flux as described in the previous sections. However, in this case, 
we found the model in good agreement in predicting soil temperatures for this environment.

The soil moisture was measured in the plot at three depths. From the measurements, we 
found that the high moisture content was in the lower depth than in the surface layer. The 
initial soil moisture during the dry period above the soil surface was about 0.28 m3 m−3 (5 cm 
depth). The numerical model gave a lower level soil moisture around the same depth with 
a large difference of 0.21 m3 m−3 when compared to the observed data. Some disagreement 

Figure 8. Time series of simulated and estimated ground heat flux. (Top panel) Dry period from 29 July to 2 August 2013 
(Julian day 210–214) (bottom panel) wet period from 26 to 30 August 2013 (Julian day 238–242).
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between modeled and observed data was also found during the wet period where the mea-
surement of soil moisture from the plot was 0.30 m3 m−3 for the first day; however, the simula-
tion gave a lower value of soil moisture with a difference larger than 0.13 m3 m−3. In addition, 
an underestimation of simulated soil moisture potential is also reported in this study during 
both periods. This could be due to the lack of representation on the hydraulic properties of 
the soils especially for the subarctic soil. This is important because the hydraulic conductiv-
ity versus the soil moisture potential curve is highly nonlinear and, therefore, the flow of soil 
moisture from the upper layer to the lower layer in a wet period leads to a large decrease in 
hydraulic conductivity and liquid water distribution [26, 31], while during the dry period, 

Figure 9. Time-series composite of hourly diurnal variation of sensible heat flux during (top panel) dry and (bottom 
panel) wet period.
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the soil moisture was more constant along the depths with less dependence on the liquid 
fraction. The soil moisture content fluctuated through the day according to the vapor flux as 
reported previously [38–40]. As such, improvements in the model’s representation of both soil 
moisture and soil moisture potential in order to have an optimal simulation output. There is 
also a need to further study the vertical soil properties along the soil depth under agricultural 
land in subarctic region. Evaluation of simulation performance for subarctic soil and weather 
seems that more parameters might be needed to improve model simulation because of influ-
ence of the permafrost, soil properties across landscape and weather variability.

5. Conclusions

An effort was undertaken to simulate fluxes from surface-atmosphere exchanges based on 
numerically solving the coupled vapor and liquid water differential equations prescribing soil 
properties and turbulent exchange parameters. Numerical simulation was forced by meteo-
rological data, radiation, and precipitation from a high-latitude agricultural farm. Similarly, 

Figure 10. Soil temperature time series observed and modeled. (Top panel) Dry period from 26 July to 3 August 2013 
(Julian day 207–216), (bottom panel) wet period from 25 to 30 August 2013 (Julian day 237–242).
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dynamic boundary conditions were introduced throughout the simulation including soil tem-
perature, soil moisture, and soil hydraulic properties.

After examining simulation outputs and comparing them to collocated micrometeorologi-
cal data, it can be concluded that time series of fluxes during the dry period seemed to be 
reproduced fairly better than those obtained during the wet period. In general, Rnet has a 
good agreement between modeled and observed data for both periods with RMSE of 45 W 
m−2 in a dry period and 48 W m−2 during a wet period. The LE also was well predicted by the 
model with RMSE not exceeding 53 W m−2. This difference in turbulent fluxes agrees well 
with other studies in the same area over highly heterogeneous terrain with further canopy 
complexity [41, 42]. On the other hand, G was overestimated with the maximum difference of 
more than 100 W m−2 in a wet period and 44 W m−2 in a dry period. In addition, the measured 
H by EC and LAS instruments correlated well with the model in terms of the RMSE being 
in the range of 32–40 W m−2 which falls within the interval of fluxing difference across land-
scapes observed on the same area for heterogeneous surfaces [41, 42]. However, only the soil 
temperature correlated better during a wet period than a dry period, while the soil moisture 
and soil moisture potential was underestimated compared to the observed values. The low 
correlation in the wet period was due to significant influences of the synoptic variability intro-
ducing large changes in cloud coverage and precipitation that are difficult to reproduce by a 
single point one-dimensional model formulation. Nevertheless, dry conditions that are by far 
the most stringent conditions for agriculture sustainability reproduces well.

There are still several parameters such as the presence of vegetation above the soil, the swell, 
and shrink of soil that need to be investigated more in depth and the most important factor 
is the hydraulic properties of soil and its variability across landscape. This variable is more 
complicated, and there are many steps to reach an approximately correct value. In the current 
study, existing values were applied from previous work done around the same study site, 
while some other values were obtained from field and laboratory experiments. However, it is 
known that soils in agro-ecosystems tend to experience large changes in some of these prop-
erties and, therefore, are difficult to capture. This factor needs to be taken into account when 
implementing this model over unnatural setting systems.

Finally, based on current numerical model outputs and field experimental observations 
allowed identification new challenges in northern agro-ecosystems. Improved representation 
of soil dynamics is necessary to improve fidelity in the simulations, and also there is a need 
to establish better strategies to compare single-point numerical modeling to scale-dependent 
micrometeorological observations. In addition, a large deviation in simulated soil profiles and 
heat exchanges reveals the highly heterogeneous nature of an aerodynamically simple terrain 
considered in terms of atmospheric observations.
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Abstract

The moisture evaporation process from granular biopesticides (GBs) containing entomo-
pathogenic nematodes (EPNs) has influence in the shelf-life of these biological products,
but the approach to design GBs with desired transport properties lacks of theoretical
support to get closer in a better way to formulations design of long-term storage. In this
chapter we review the state of art in theoretical studies about the physics of the moisture
evaporation to elucidate what are the mechanisms of drying of GBs. We found that
several external and internal factors influence the transport process of moisture
exchange among others phenomenon that happened in a porous media such as GBs;
consequently, complex and highly dynamic interactions between medium properties,
transport processes, and boundary conditions result in a wide range of evaporation
behaviors. The theory of drying process in two stages for porous materials with high
moisture content seems to be a good starting point to explore further the drying of GBs
at different scales and mechanistic and correlative models of evaporation are available to
analyze the desiccation in different stages of the elaboration process, which is also of
interest in the subject area of science and technology of the formulation of EPNs.
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1. Introduction

Moisture evaporation from porous media is studied by its importance in the drying of foods,
building materials and biological products such as biopesticides. The formulation of
biopesticides is a process to transform biocontrol agents in a product to exploit their pathoge-
nicity against insect pests. The functions of the formulation oriented towards the biocontrol
agents are to improve their storage stability (increased survival time and maintained infectiv-
ity), protect them of adverse conditions and potentiate their pathogenicity against insect pests
in different developmental stages, which facilitate their transport and use as functions oriented
towards the final users [1]. Entomopathogenic nematodes (EPNs) are natural regulators of
insect populations and are also applied as biocontrol agents of insect pests in agricultural
crops. The infective juvenile (IJ) is the unique free-living stage of EPN; typically, they dwell in
the soil, their natural reservoir, until they are able to infect an insect to resume their develop-
ment and reproduction [2]. The IJs have many strategies to survive when they are subjected to
adverse abiotic factors. Particularly, under low moisture conditions in soil, as in drought, they
experiment a desiccation process that, when happens as a gradual moisture reduction, allows
them to diminish their metabolism gradually until they reach an anhydrobiosis state (life
without water) in which they are capable to survive for many years waiting for better moisture
conditions to continue their life cycle [2]. Regarding this survival strategy, the granular
biopesticides (GBs) as granules or pellets were designed to replicate the desiccation regime
of IJs, to gradually arrest their metabolism and to extend their storage stability at room
temperature [1].

Each GB can contain up to 3 � 105 IJs and compared with the conventional aqueous suspen-
sion it is a better media for long-term storage of IJs at moderate temperature. The main
phenomenon that governs the functional performance of the GBs is that if the rate of water
reduction from their structure is optimal, the IJs are properly desiccated at a suitable rate and
their storage stability is increased [1]. In laboratory, it has been found that the removal of
moisture content from pellets by evaporation is well related to the survival of the IJs (Pearson
r = 0.725) and infectivity on Galleria mellonella larvae (Pearson r = 0.904), suggesting that the
relationship between the pellet drying rate and the storage stability may be an important factor
to improve the shelf life of GBs containing Steinernema glaseri IJs [3].

On the one hand, the rate of water reduction of IJs to survive to desiccation is influenced by
their size, energy reserves, metabolism, genetic, historical adaptations, origin and other char-
acteristics that are unique to each EPN species and even strains. Also, as a living entity, they
receive stimulus from the ambient biotic and abiotic factors. Knowledge of EPNs biological
fitness is needed for their optimal formulation, particularly their desiccation tolerance (sur-
vival under water evaporation at low relative humidity or hypertonic osmotic conditions) and
also to evaluate the possibility of improvement through pre-adaptation, selective breeding,
genetic engineering or others methods [4]. On the other hand, the drying process of the
formulated must be optimal to induce the IJs into an anhydrobiotic state. To produce an EPN
product with best performance, a proper selection of carrier’s materials, adjuvants, elaboration
process to produce them and a certain combination of ambient storage conditions that allow
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the evaporation of enough moisture from the GB at a rate reduction particularly suitable to
gradually remove the water from the IJ’s body is required [1, 5]. However, it is worth mention-
ing that the materials selection and its combination to achieve the desired drying characteris-
tics of the GBs are carried out by the formulator in an iterative way until the proper solution is
found.

Actually, both research lines (EPN biological fitness and optimal drying of GBs) are ongoing,
but the second is less common, although the major factor to enhance EPN longevity and,
perhaps, increase the range of applications, given the inherent limitations of EPNs survival
ability, it is likely to be the improvement of the formulation [4] and theoretical literature
concerning energy and mass transfer is extensive. In this regard, if the mechanisms of transport
of moisture, temperature and oxygen in these GB were understood and focused on the trans-
port properties of the materials formulation based on the materials science approach, the
extensive empirical knowledge in formulation of EPNs would be complemented with theoret-
ical support. It is suitable for the design of these biological products because it can help to
build mathematical models that describe the migration patterns of moisture, the thermody-
namic equilibrium and exchange of oxygen [6], and would serve for analytical solving of
design problems. Afterwards, several methods could be tested to optimize the moisture
removal in the formulated product. Also, modelling could help to avoid too long, unnecessary
or expensive experiments on the EPN-GB system.

Recently, it has been found that the drying kinetics of pellets is reproduced by a surface
evaporation model [7] with a percent relative average deviation value of 21.95%; consequently,
there is room for improvement through the proposed simplifying assumptions, but they need
to be determined experimentally and expressed in mathematical form to feedback the
model [3]. But, to improve this theoretical approach, it is necessary as first step to understand
the water migration by evaporation from GBs towards the surrounding atmosphere and its
variation factors. Hence, the objective of the present work is to make a review and discuss the
state of the art in theoretical studies about the physics of moisture evaporation process
from porous media to elucidate what are the basic mechanisms of moisture migration from
GB, which is of paramount interest in the subject area of science and technology for the
formulation of EPNs.

2. Problem statement of moisture evaporation from granular
biopesticides

The pellets are solid particles in the form of spherical granules of 10–20 mm in diameter
(Figure 1). Drops of a suspension of nematodes are dropped on a powdery material to entrap
the IJs into a solid matrix, which results in the formation of the granules or pellets. The powder
material may be one, or a combination of, several different carrier materials and adjuvants to
produce GBs with the desired characteristics [1, 5]. Experimental wettable powder formula-
tions have been reported to include inert powders such as talc, sand, diatomaceous earth and
various clays. Natural ingredients are often used in formulations in order to maintain the
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environmentally “green” concept associated with biopesticides. Polymers are a usual material
for pelletisation of EPNs and often include natural carbohydrate and/or protein polymers such
as starch, sodium alginate, acacia gum, lignin and gelling agents amongst others [6, 8, 9].

The nematodes can be divided into two groups, slow-dehydration strategists and fast-
dehydration strategists, depending upon the rates of water loss in the environment that they
will survive. S. carpocapsae IJs survive well at high rate of water removal and S. glaseri IJs
survive better at low rate of water removal [10, 11]. Therefore, the major cause of nematode
survival to desiccation in anhydrobiosis is the controlled rate of water removal from the
IJs [12]. Therefore, the quiescent state of IJs and their shelf life in GB are strongly influenced by
moisture content [12–14].

In laboratory, the GBs are stored in closed room where evaporation occurs in calm air, and
they are subject to artificial variations to replicate the shelf storage conditions and to test
their storage stability over time (temperature from 20 to 30�C, relative humidity of 0–100%
and no wind-flow present). It has been observed that the initial moisture content of GBs
containing EPNs is usually between 40 and 100%, from which a part can be removed faster in
few days or slowly in various months. In the most successful case, S. carpocapsae IJs survived
up to 7 months (Figure 2) and maintained their infectivity on G. mellonella above 70% in
water dispersible granules (WDG) stored at 25�C, whose moisture is reduced at a rate of 8.26
� 10�7% s�1 [13, 15]. In the less successful case S. glaseri IJs survived 8 days and maintained
its infectivity on G. mellonella above 80% in diatomaceous earth pellets (Figure 3) stored
at 23 � 3�C, whose rate of pellet moisture reduction is 6.134 � 10�5% s�1 [3]. This reduced
shelf life at room temperature limits their commercial exploitation, especially if GBs contain
S. glaseri IJs and if these are compared with the long shelf life of commercial chemical
pesticides.

Figure 1. Various diatomaceous earth pellets containing S. glaseri IJs.
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Figure 2. Mean survival of S. carpocapsae IJs and moisture content of the WDG formulation stored at 25�C, reported
in [13].

Figure 3. Mean survival of S. glaseri IJs and moisture content of the diatomaceous earth pellet formulation stored at 23 �
3�C and high RH (96%), reported in [3].
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It is thought that the desiccation process of IJs happened by slow absorption of the aqueous
suspension containing them for the carrier material, starting a reduction process of moisture,
which developed at an appropriate rate, and diminished the metabolism of the IJs [5]. In fact,
52% of the variation in its survival rate is explained by the behaviour of the moisture content of
the DE pellet, whereas 84% of the variation in infectivity on G. mellonella is explained by the
survival of S. glaseri IJs in diatomaceous earth pellets [3]. The hypothesis is that the sudden
death of the IJs formulated under these conditions is due to the diffusional migration of water
molecules surrounding the IJs to the DE pellet surface followed by the contact of the DE
particles with the nematode cuticle which absorbs moisture faster from the IJ’s cells [3]. Also
as it can be observed in Figure 4, the behaviours of drying kinetics of diatomaceous earth
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distinct distributions, one for the region of macroscopic porosity between particles, and another
for the region of microscopic porosity within particles [16]. Due to the above-mentioned facts, in
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3. Theoretical background

3.1. The evaporation process in porous media

In the evaporation process, liquid water is transformed to water vapour and transferred from
the surface of evaporation to the surrounding atmosphere, while a porous medium is a
material with a skeletal solid structure with interconnected void spaces that allow fluid to pass
through the medium and is mainly characterized by its porosity, i.e. the ratio of the void space
to the total volume of the medium [17–19]. The permeability is a measure of the flow conduc-
tivity in the porous body and the tortuosity represents the hindrance to flow diffusion imposed
by local boundaries or local viscosity; both these are important characteristics for the combi-
nation of the fluid and structure of the porous medium, respectively [17].

In porous media, evaporation involves mass and energy transport including phase change,
vapour diffusion and liquid flow, resulting in complex displacement patterns affecting drying
rates [20] and is the only one mechanism by which moisture can leave the GBs. Moreover, at
the pore scale several mechanisms influence the macroscopic behaviour of the drying process.
Among others, the phase change at the liquid-gas interface, diffusion and convection of mass
and heat, type of flow and the effect of the combined viscous, capillary and buoyancy forces on
the receding of the liquid-gas interfaces are also the influencing factors in drying process [21].
Most evaporation processes are assumed to be viewed as transport at the pore space where
water is displaced by air; this moving zone between wet and partially dry zones is named the
drying front in [22].

According to the theory of drying in two stages, drying rates from an initially saturated
porous medium often exhibit distinct transitions whereby initially high drying rate (denoted
as stage I or constant rate period) abruptly drops to a lower rate (stage II or falling rate
period) governed by vapour diffusion through the porous medium [20, 23]. The drying stage
1 occurs by convection on the material surface at an evaporation rate relatively high and
nearly constant. The factors involved in its development are the external conditions of mass
and heat exchange in the system related to the properties of the surrounding air (tempera-
ture, pressure, humidity, convective airflow velocity and area of the exposed surface) and
supplied by capillary liquid flow connecting a receding drying front with an evaporating
surface [24].

The drying stage 2 starts when the moisture content of the porous media is less than its critical
moisture content. At a certain drying front depth, continuous liquid pathways are interrupted
when gravity and viscous effects overcome capillary forces in porous media and simulta-
neously the moisture content is less than its critical moisture concentration. These events
marks the onset of a new evaporation regime with lower evaporation rate limited by transport
properties of porous media, known as the drying stage 2 [22]. In this period the process is
influenced by internal factors related to the properties of the material such as water activity,
internal structure (porosity and tortuosity), chemical composition and transport properties
(thermal and hydraulic conductivities, moisture diffusivity and vapour diffusion) [22–24].
The rate of drying in the two different periods has mainly been modelled numerically from
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a set of equations taking into account vapour and liquid transfers along with boundary
conditions.

In [25], the convective drying is considered as a process of three successive steps. The first step
is liquid movement in porous media from the wet interior to the gas-solid interface across
internal pore, particle surface, etc. This step is slower for larger solids and/or low moisture
concentration in the porous material. The second is evaporation due to heat by energy sup-
plied to change liquid into vapour. The third step is vapour movement to the surrounding gas
by diffusion and convection. In general, different stages are often used for diagnostics and
classification of evaporative drying of porous media, which depend on the focus of the studies
and the interpretation of the rate limiting processes. Consequently, complex and highly
dynamic interactions between medium properties, transport processes and boundary condi-
tions result in a wide range of evaporation behaviours [20] and internal and external factors are
common influences on most of the evaporation behaviours.

3.2. External mass transfer

3.2.1. Classic evaporation theory

A brief history of the theories of evaporation is presented in reference [26]. The Dalton’s assay
was one of the major events in the development of the evaporation theory and states that the
rate of water evaporation is proportional on the saturation deficit of the air, which is given by
the difference between the saturation vapour pressure at the water temperature, ew and the
actual vapour pressure of the air ea [27, 28]:

EL ¼ Cðew � eaÞ ð1Þ

where EL = rate of evaporation (mm/day) and C = constant; ew and ea are in mm of mercury.
Eq. (1) is known as Dalton´s law of evaporation. Also, this proportionality is affected by the
wind velocity, the RH and the moisture concentration in the solid surface; therefore, the
moisture will evaporate from the surface until the surrounding air saturates [28]. The similarity
theory is a standard basis for predicting evaporation rate from a free water surface and states
that convective heat and mass transfer are completely analogous phenomena if the mass flow
from the surface is caused by diffusion, which requires that the content of the diffusing species
be low and the diffusional mass flux is low enough that it does not affect the imposed velocity
field. However, these two analogies are not valid if applied to a capillary porous media
containing a liquid [28].

3.2.2. The constant rate period

According to the theory of two stages of drying of porous media, during the 1-stage, the rate of
water loss per unit surface area remains nearly constant and close to evaporation rate from free
water surface and is attributed to the persistence of continuous hydraulic pathways between
the receding drying front and surface of porous media where liquid flow is sustained by
hydraulic gradient towards the evaporation surface [29]. Numerous experimental and
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theoretical studies have established the existence of such a constant phase during drying of
porous media, typically under mild atmospheric demand [20, 30].

The intrinsic characteristic length LC, a measure of the extent of hydraulic continuity and the
strength of capillary driving force deduced from pore size distribution of a medium that
control the transition from liquid-flow–supported stage 1 to diffusion-controlled stage 2 dur-
ing evaporation from porous media is proposed in [20]. The LC is used for predicting the end of
stage 1 evaporation and considering balance between gravitational, capillary and viscous
forces. The theory assumes that in the stage-1, air first enters the largest pores in a complex
porous medium while menisci in smaller pores at the evaporating surface may remain in place
(albeit with decreasing radii) of curvature. Thereby, liquid moves into the pore space (large size
pores with lower air-entry value to smaller size water-filled pores) and then towards the
surface of the body where the moisture evaporation happens; according to [20], such mass
flow may be sustained as long as capillary driving forces are higher than gravitation and
viscous forces. In [20], characteristic lengths for evaporation from porous media are theoreti-
cally developed for the following three conditions:

1. pore size distribution and gravity characteristic length LG,

LG ¼ 1
αðn� 1Þ

2n� 1
n

� �ð2n�1Þ=n n� 1
n

� �ð1�nÞ=n
ð2Þ

2. pore size distribution effects on the viscous characteristic length LV,

LV ¼ KðθÞ
e0

Δhcap ð3Þ

3. combined gravity and viscous length LC,

LC ¼ LG
1� e0

KðθÞ
ð4Þ

where K(θ) is the unsaturated hydraulic conductivity, α is the inverse of a characteristic
pressure head, n is the pore size distribution, e0 is the water flow supporting evaporation rate
and Δhcap is the maximum capillary driving force. This theoretical approach is based on
experimental data of evaporative drying of two quartz sand media with particle sizes ranging
from 0.1 to 0.5 mm (denoted as “fine sand”) and from 0.3 to 0.9 mm (“coarse sand”) to quantify
the evaporation rates from sand-filled cylindrical Plexiglas columns of 54 mm in diameter and
50–350 mm in length and rectangular Hele-Shaw cells 260 mm in length, 10 mm in thickness
and 75 mm in width with a top boundary open to the atmosphere. As expected, the
highest initial evaporation rate corresponds to high temperature and low humidity (28�C and
31% RH), whereas the lowest evaporation occurred for cool and humid conditions (21�C
and 58% RH).
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3.2.3. Natural convection theory

Natural convection is defined as air movements brought about by density differences in hot and
cool air, whereas forced convection is the movement of air brought about by an external force. In
natural convection, fluid motion is due to gravity that creates a buoyant force within the fluid,
which lifts the heated fluid upward. Since the fluid velocity associated with natural convection is
relatively lower than those associated with forced convection, the corresponding convection
transfer rates are also smaller [31]. The Rayleigh number that measures the intensity of natural
convection, based on the macroscopic length scale L, is defined in reference [19] as

RaL ¼ gβΔTL3

νfαf
ð5Þ

where g is the gravity constant, af is the thermal diffusivity of fluid, β is the volumetric
temperature expansion coefficient, L is the macroscopic scale length scale, ΔT is the tempera-
ture scale and vf is the kinematic viscosity of fluid. Based on natural convection theory, heat
and mass transfer from porous media in quiescent fluid environments have been extensively
studied by its importance in the design or performance of the systems when it is desirable to
minimize heat transfer rates or to minimize operating costs [32].

3.3. Internal mass flow in porous media

The internal process of mass transfer during drying is usually described using a convective
model (known as a capillary-porous model) based on fluid pressure gradients (Darcy’s law)
and techniques of scale change as a representative elementary volume (REV) in order to
express the transition from a microscopic level to a macroscopic one in the conservation
equations and a diffusive model based on the gradients of moisture concentration, a phenom-
enon described by Fick’s law. This model is a simplification of the capillary porous model if the
drying is supposed isothermal with no gravity effects in the solid-liquid water system [33–35].

3.3.1. Fickean diffusion

The diffusion is known as the preponderant internal mass transfer mechanism during drying
of porous media. According to Fick’s first law, the matter flows erratically from moist regions
towards dry regions inside bodies, assuming that the moisture gradient is the unique driving
force of the flow [37]. However, although several empirical equations have been proposed to
predict mass transfer on this basis, much more must be explained [37]. For instance, this laws
make several assumptions and simplifications that are often unrealistic to model water diffu-
sion during drying as materials are non-heterogeneous and isotropic media and diffusion
coefficients are not correlated to moisture content; samples are in most cases considered as
having regular shapes; heat transfer during drying is disregarded and collapse of vegetable
tissues by water loss is also neglected [36, 37].

The effect of microscopic structure on mass transfer has been completely discarded, but a
disordered internal geometry caused by the percolation phenomena is very common in the
structure of most porous media, sometimes described by the fractal geometry. The complex
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microstructure affects the water diffusion phenomena, resulting in anomalous diffusion and
involving complex parameters such as fractal dimension and spectral dimension [37]. The
inclusion of a porous medium affects the forms of Fick's first and second laws for diffusion of
chemical species in aqueous solution in two general ways: first, the existence of the solid
particles comprising the porous medium results in diffusion pathways that are more tortu-
ous. This increased tortuosity reduces the macroscopic concentration gradient and, therefore,
reduces the diffusive mass flux relative to that which would exist in the absence of the
porous medium as in single droplets. Second, there may be interactions between the diffus-
ing species and the solid porous media that either directly affect the mass of the diffusing
species in aqueous solution (e.g. sorption) and/or result in physicochemical interactions that
affect the tortuosity [18]. All forms of Fick's first and second laws for governing macroscopic
diffusion through porous media include an effective porosity, εff and a mass diffusion
coefficient D [18].

3.3.2. Capillarity

The migration of the liquid phase in a deformable porous matrix, by convective transport, is
managed by the generalized Darcy’s law [33–35]. Darcy’s law in its simplest form expresses
the proportionality between the average velocity v of a fluid flow and the flow potential,
comprised by the pressure gradient Δp existent through porous media and the gravitational
contribution and is applicable to multiphase mixtures as opposed to Fick’s law, which
requires the assumption of a homogeneous mixture [19]. The proposed relationship is
as follows:

v ¼ k
Δp
Δx

ð6Þ

in this expression, k is the hydraulic conductivity and describes the ease with which a fluid can
flow through the pore spaces. Darcy’s equation is valid for incompressible and isothermal
creeping flows. In a complex form of Darcy’s law, the rate of flow is related to the pressure
gradient in the liquid, ∇〈Vl〉

l [33]. Eq. (7) expresses the relationship between the liquid-phase
velocity 〈Vl〉

l and solid one 〈Vs〉
s as follows:

〈Vl〉
l ¼ 〈Vs〉

s � K
εlμl

� ð∇〈Pl〉
lÞ ð7Þ

where K is the permeability of the porous medium, εl is the liquid fraction, μl is the liquid
dynamic viscosity and Δ〈Pl〉

l is the gradient of fluid pressure.

3.3.3. The falling rate period

The stage 2 is governed by vapour diffusion through the porous medium. This period is
divided in a first decreasing-rate period (FDR) characterized by breaks in the uniformity of
water content close to the surface and slight augmentation of the heat surface; and a second
decreasing-rate period (SDR), correlated with a discontinuous liquid network into the porous
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medium and with the development of a dry receding front from the free surface of the porous
sample [38].

The falling rate period is expected to be short for two reasons: (1) the liquid mass corre-
sponding to the films is small compared to the mass of liquid initially present in the medium
and (2) the external mass transfer length scale (the mass external boundary layer typically) is
typically greater than the thickness of the medium, which implies that the mass transfer
resistance due to the receding of film tips within the medium is weak compared to the external
mass transfer resistance [39].

3.4. Mathematical models of moisture evaporation from porous media

The drying behaviour of porous material can be described with a model and the porous media
is described in multiple length scales [40, 41]. The macroscopic length scale is defined by the
overall physical domain indicated by the length scale L. The microscopic length scale captures
the detailed morphology and is indicated by d. A REV is defined as a volume whose size LREV
lies between length scale d and L, i.e. d≪ LREV ≪ L [19]. Thus, the modelling of drying process
of porous media can be developed at different scales in a process that should be initiated
typically to the pore-scale and then model it at larger and larger scales up to dryer scale or
product scale in the case of designs of dryers.

The macroscopic variables of the drying process are commonly defined by the volume average
of the microscopic variables over the REV and the nature of the product is the result of a
diversity of multiple factors and their relationships among themselves that increases the com-
plexity of the evaporation process [19, 41]. In the formulation of EPNs, the interesting scale is the
product scale, being one single granular biopesticide. The continuum approach and pore net-
work models are approaches for the modelling of the drying process of the porous media [41].

3.4.1. The continuum approach

In the continuum approach, variables (e.g. temperature) are averaged over the volume, the
REV. Equations for the conservation of liquid, air and energy are supplemented with boundary
and initial conditions. The continuum approach can be solved by efficient numerical tech-
niques at a large scale in comparison to the pore scale, which is a great advantage. The effective
parameters, such as vapour diffusivity, permeability, thermal conductivity and capillary pres-
sure have to be determined by dedicated experiments. The continuum approach fails when the
pores are large compared with the system and is not able to easily take structural features of
the medium into account. Moreover, the computation of the effective properties at the scale of
a REV is necessary in the continuum approach [41]. The parameters of the continuum model
can be assessed for a certain pore structure using a pore network model.

3.4.2. The pore network approach

Porosity is a primary property of the granules, which dominates a wide range of secondary
properties as water flow or air entrapment, both strongly linked to the microstructure [42, 43].
Pore network models are based on a porous structure represented as a network of pores and
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throats and these models can be used to simulate the drying process at the pore level because
they can take into account important features of the microstructure as the role of large pores
and their distribution on motion of the gas-liquid menisci in the pores, diffusion, viscous flow,
capillarity and liquid flow [40, 41, 44]. The developing of models that permit to analyse the
influence of the porous microstructure has at least two motivations. One is the computation of
the effective parameters at the scale of a representative elementary volume REV of the micro-
structure. A second one is to analyse drying at the scale of the product without assuming a
priori existence of the REV that is associated with the continuum approach. Pore network
models have been used in both cases and have been described in two and three dimen-
sions [44].

3.4.3. Pore network models

A pore network model for the evaporative drying of macroporous media was presented
in [30]. The model takes into account the heterogeneity of the pore size distribution and the
pore wall microstructure, expressed through the degree of pore wall roundness for viscous
flow through liquid films, gravity, and for mass transfer, both within the dry medium and also
through a mass boundary layer over the external surface of the medium. The model is used to
study capillary, gravity and external mass transfer effects through the variation of the three
dimensionless numbers: a film-based capillary number Ca0f, that expresses the ratio of viscous
forces to capillary forces in the films;

Ca0 f ¼
4μ1DMCe

ρ1γrt
ð8Þ

the Bond number, Bo, that expresses the ratio of viscous forces to capillary forces in the films;

Bo ¼ gxρ1r
2
t

γ
, ð9Þ

and the Sherwood number, Sh, that describes mass transfer conditions within the mass bound-
ary layer over the product surface.

Sh ¼ λ
δ
¼ λrt

Δ
, ð10Þ

where λ ¼ Def f , sþ
Def f , s�

> 1 is the ratio of external to internal effective (volume-averaged) diffusivities,

δ ¼ Δ=rt is the dimensionless value of the mass boundary layer and Δ is its corresponding
thickness. gx is the gravity acceleration component in the flow direction, μ1 and ρ1 are the
liquid-phase viscosity and density, γ is the interfacial tension, rt is the average throat radius
within the porous medium, DM is the molecular diffusivity and Ce is the equilibrium (at vapor
pressure) concentration of the volatile species. The film and dry pore regions are coupled
through mass conservation at the front evaporation in a single scalar variable, Φ, mass trans-
port through both the film and dry regions:
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Φ ¼ JðρÞ � BoIxðξÞ þ Ca0 f ζ
Jp þ Ca0f

ð11Þ

where the variable Φ is subject to the following boundary conditions; at the percolation front P,
where the films emanate as ζ = 1 and ρ = 1, at the evaporation front I as ζ = 1 and ρ = p and at
the top of the mass boundary layer as ζ = 0 and ρ = 0. The effect of gravity is analysed for
two cases, when it is opposing and when it is improving drying. For the second case, a
two-constant rate period evaporation curve was found when viscous forces are strong and
mass transfer in the dry region is fast enough compared to gravity forces. Especially in this
regime, water flow is driven primarily by gravity to compensate for evaporation occurring at
the film tips [30].

The incorporation of gravity can be done by considering a well-chosen invasion throat poten-
tial dependent on variables such as its width of the throat, the relative position in the gravity
field and the Bond number [30]. If thermal effects are not included, the pore network model
requires to be coupled with mass transfer at the open surfaces and under isothermal condi-
tions. But certainly, temperature has an effect on viscosity and surface tension of the liquid and
vapour diffusion coefficient, among others. Moreover, the temperature gradient affects the
drying process and distribution of moisture during its development. The effect of heat and
mass flow on the drying process in simulation has been reviewed recently in [45].

3.4.4. The diffusion model

Until now, the unique effort to study the moisture migration from GB was the application of a
classical temporal surface evaporation model (Eq. (12)) of Crank [7] based in the Fick’s second
law to calculate the moisture content of a diatomaceous earth pellet at any given time in the
drying process [3]. In this model, differences at initial and final concentration are the driving
force of change of moisture in time of a sphere and to take into account all relevant physical
transport mechanism in the drying process all effects are lumped on the diffusion coefficient,
implying that the detailed effects of the pore microstructure are ignored.

MCðtÞ �MC1

MC1 �MC0
¼
X∞

n¼1

6 � L2 � expð�β2nDt=R2Þ

β2nfβ2n þ L � ðL� 1Þg

" #
ð12Þ

The use of a large number of series term in Eq. (12) makes their practical use difficult. Also, this
approach model is limited to the two phases’ system (solid and liquid) and the experimental
determination of the effective diffusion coefficient is difficult because of its variation in
space [3]. The evaluation of moisture diffusivity using numerical techniques has become a
usual methodology in recent years [46] and these numerical methods seem to be a powerful
tool for the researchers in formulation of EPNs in GBs.

3.4.5. Drying-strain relation

Studies for optimal control of drying of porous media focused on the assessment of drying
effectiveness were found in the literature review. Although for now the use of dryer
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Φ ¼ JðρÞ � BoIxðξÞ þ Ca0 f ζ
Jp þ Ca0f

ð11Þ
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The use of a large number of series term in Eq. (12) makes their practical use difficult. Also, this
approach model is limited to the two phases’ system (solid and liquid) and the experimental
determination of the effective diffusion coefficient is difficult because of its variation in
space [3]. The evaluation of moisture diffusivity using numerical techniques has become a
usual methodology in recent years [46] and these numerical methods seem to be a powerful
tool for the researchers in formulation of EPNs in GBs.

3.4.5. Drying-strain relation

Studies for optimal control of drying of porous media focused on the assessment of drying
effectiveness were found in the literature review. Although for now the use of dryer
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technology where GBs could be properly dried is non-existent, these approaches are of interest
for the formulation process of EPNs. The work of Kowalski and co-workers [47] is dedicated to
numerical simulations of optimal control applied to saturated capillary-porous materials
subjected to convective drying based in a thermo-hydro-mechanical model. The differential
equation expressed in terms of strains, temperature and moisture content is as follows:

½2Mεij þ ðAεþ γTϑ� γXθÞδij�, j þ ρgi ¼ 0 ð13Þ

where K andM are the elastic shear and bulk modulus, ε is the volumetric strain, ρ is the mass
density of the body, g is the gravity acceleration (neglected in further considerations), T is the
temperature, X is the moisture content and the index (j) denotes differentiation with respect to

coordinate j ¼ {x, y, z}. A ¼ ðK � 2MÞ ⁄ 3, γT ¼ 3KkðTÞ, γX ¼ 3KkðXÞ. Here, k(T) and k(X) are the
respective coefficients of linear thermal and humid expansion. Eq. (13), after differentiating
with respect to the coordinate j and using the tensor of small strains expressed by the deriva-
tive of displacement ui, becomes

εij ¼ 1
2
ðui, j � uj, iÞ ð14Þ

which is the displacement differential equation, jointly with the differential equations
expressing liquid concentration and temperature supplemented with appropriated initial and
boundary conditions that allow to realize numerical estimations of the drying kinetics and
deformations of the drying media, and by implication, of the drying-induced stresses. The
whole set of differential equations were initially elaborated for the 2-D geometry of a cylindri-
cal shape [47]. The optimization procedure is illustrated on the kaolin-clay material in the form
of cylindrical samples (40 mm in radius and 40 mm in height) and the genetic algorithm
method was used to simulate the optimal work of the dryer. The authors conclude that drying
rates are accelerated if the drying induced stresses are small, and slowed down if the stresses
tend to overcome the strength of the material. The formulation of mathematical optimization
procedure based in such rigorous principles of rational control of drying and their experimen-
tal validation are useful to find optimal drying processes of porous media [47].

3.4.6. Drying of droplets

Drops are subject to theoretical and experimental analysis to determine how the moisture is lost
under different conditions [41, 48–56]. Theoretical models for the drying of single droplets are of
interest for applications of formulation of EPNs since GBs can be made by liquid penetration in
powders or can contain soluble and insoluble adjuvants subject to evaporation. The theoretical
study of evaporation of liquid droplets on solid substrate is based on the assumptions of
diffusion-controlled mass transfer in the gas phase, constant temperature over the whole system
(isothermal conditions) and neglects the effect of convection in the vapour phase [41]. However,
when the thermal effects due to evaporative cooling in the classic model are introduced, the
results show that the evaporation slows down by increase of the latent heat of evaporation and
the substrate thickness as well as by a decrease of the substrate thermo-conductivity. The
theoretical predictions using this model do not have good agreement if the substrate
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temperature deviates from the room temperature and the possible reason of this deviation is the
increasing importance on thermal-buoyancy convection at higher temperatures [54].

The regular regime method is useful to determine the content-dependent diffusion coefficient
for systems in which the relation among moisture diffusivity and moisture content are lineal
and the last one decreasing below the critical moisture concentration or also for situations
where the drying rate is dominated by mass transfer inside the drying specimen [57]. Under
this theory, the drying curves show an induction period in which the drying rate is conditioned
by the moisture distribution at the beginning of the drying process and a regular regime period
in which the drying rate is not correlated and thereby of the moisture distribution at the
beginning of the process. The establishment of the moisture range at which the regular regime
occurs during the isothermal drying is the condition to apply this method, particularly for a
given material and conditions, the drying curves will converge in a regular regime curve, even
for different moisture contents in a single curve named the regular regime curve [49].

The objective of the work of [49] was to develop a method for quantitatively calculating the
effective moisture diffusivity of isothermally dried biopolymer drops and to acquire activation
energy to be used as a discriminating parameter for selecting effective wall materials against
lipid oxidation. The biopolymer´s effective moisture diffusivity was dependent on moisture
content and temperature. Therefore, air temperatures must be lower than 80�C for an appro-
priate analysis of the water diffusion mechanism using the regular regime methodology. Also,
the activation energy provides a quantitative measurement for selecting potential good wall
materials against lipid oxidation [49].

In other approach, the interactions of droplets during its deposition on porous material for
the agglomeration of particles by spray-fluidized process were studied by [55]. In this work,
the penetration of liquid into the porous layer was assumed to be governed by Darcy’s law.
In reference [48] the molecular kinetic theory was used to model the droplet spreading,
and Darcy’s law to describe the one-dimensional liquid penetration into the substrate. Par-
ticularly, this approach is of interest for applications of formulation of EPNs because the
elemental principle of the methods of formation of GBs is to deposit droplets of aqueous
suspension containing EPNs over a layer of a mixture of material (carrier and adjuvants) and
then the penetration of the liquid carrier happened [5, 9]. After that, the materials are mixed
and compacted in different ways (i.e. agitation, eccentric rotational motion and compaction
by rolling, among others). These are reasons to optimize the capillary penetration of aqueous
suspension into the porous layer; the initial moisture content and moisture evaporation
are critical factors in the design of granules for storage and transport of EPNs for
biological applications [3, 50]. Following this approach, in [56] was developed a method to
quantitatively describe the evaporation effect on radial capillary penetration of liquids in
thin porous layers.

3.4.7. Natural convection in cavities

The case study of Prakash et al. [32] is moisture migration in a rectangular cavity (2 m in height
and 1 m in diameter) with half the cavity filled with silica gel and their paper presents a
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general method of solving heat and moisture transfer by analysing a two layer system with a
fluid overlying a hygroscopic porous medium where turbulence in the fluid layer affect the
natural convection flow. Also, these approaches are of interest for applications of formulation
of EPNs if the phenomenon is scaled adequately to small containers in which GBs are depos-
ited for storage, transportation and commercialization, because they permit air in the container
to contact the exposed surfaces of the packages for oxygen exchange with EPNs [58, 59]. The
model is based in equations for fluid flow and heat transfer and equations for moisture
migration in porous media. The model equations were discretized using the control volume
formulation and solved using the SIMPLE algorithm. The model is capable of simulating flow
only when turbulence in the porous medium can be considered to be negligible. However, this
would not be the case for porous media of high permeability. In order to overcome this
limitation, the authors suggest that a turbulence model for the porous medium needs to be
incorporated into the existing model.

4. Concluding remarks

According to this review focus, it has been found that the evaporation theory from porous
media is well developed, and is affected by temperature, atmospheric pressure, humidity,
water quality, topology, size and organization of particles and pores, fissures, type of elabora-
tion process and shape of surface among others in an interdependent form. Therefore, as a
design object, GBs are the porous granular structure whose key evaporative processes are
subject to multiple extra- and intra-structure factors that affect the way of water removal and
even other physical, chemical and mechanical processes in a complex way. For the above,
considering all the phenomena in the design process of GBs without theoretical support and
mathematical tools for the analysis of the transport processes limits the design of optimized
solutions. Nevertheless, it is reasonable to think that some improvements can be achieved on
this topic because the optimization methods (as the topology optimization procedure used to
design heterogeneous materials and stochastic optimization methods employed to reconstruct
or construct such microstructures gave limited but targeted structural information) provide a
systematic means of designing of microstructures with tailored properties for a specific appli-
cation. Also, mechanistic and correlative models of evaporation are available to analyse the
desiccation of GBs, i.e. describe most of the moisture evaporation process from GBs that could
be useful to estimate the time required to reach optimum moisture or conditions to achieve the
adequate drying rate of different EPNs. The theory of drying processes in two stages for
porous materials with high moisture content seems to be a starting point to explore further
the moisture evaporation from GBs at different scales. We suggest that considering the com-
plex physical, chemical and mechanical processes carried out in soil to supply the necessary
conditions (i.e. oxygen, humidity, temperature, mechanical strength) for the nematodes to
achieve their survival and persistence in soil, and the actual development of the research area,
new characteristics should be accomplished in the formulates to mimic the anhydrobiosis
induction processes and maintain the stationary state of quiescence for the successful long-
term storage of viable EPNs, as if the formulates were a microstructured porous reservoir. This
also implies previous work to improve the EPNs biology fitness, e.g. on the pre-acclimatization
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of IJs before and after formulation. For which, the use of desiccators’ technology to gradual
drying of large amounts of IJs is a potential topic not commonly explored in the formulation
process of EPNs.
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