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Preface

The subject of hydrometeorology encompasses a wide variety of topics that are of high inter-
est in study programs involving the atmospheric sciences, the transport of moisture in the
atmosphere, surface water, soil-water hydrology and moisture transport, and earth-surface
and atmospheric interactions. Additionally, building on the available computer power, this
field has witnessed an exponential increase in applications of computational engineering
mathematics (CEM) that has changed the interaction between hydrometeorology and the
typical consumer. Weather reports typically include examples of CEM applications such as
displays of Doppler radar and illustrations of airflow and other attributes, all developed by
modern CEM techniques.

The challenges to overcome for a better understanding of the umbrella of topics that fall un-
der hydrometeorology require multidisciplinary research. Since these topics have a direct
impact on human activities, efforts aimed at analyzing the role of weather and climate on
the above and related topics can advance the knowledge of hydrometeorology.

Hydrometeorology is a wide-ranging subject and it is difficult for any single book to detail
all the associated aspects. In this book, multiple experts present their work on some of these
topics. We hope that the topics discussed in this book will motivate researchers to realize the
challenges and complexities associated with addressing issues in hydrometeorology and
contribute their share toward advancing the knowledge in this upcoming area.

Theodore V. Hromadka II

Professor, Department of Mathematical Sciences
United States Military Academy

West Point, New York, USA

Prasada Rao

Professor, Department of Civil and Environmental Engineering
California State University Fullerton

Fullerton, CA, USA






Chapter 1

Introductory Chapter: An Introduction to Topics in
Hydrometeorology

Theodore V. Hromadka Il and Prasada Rao

Additional information is available at the end of the chapter
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1. Introduction

Hydrometeorology is the study of both the atmospheric and terrestrial phases of the hydrologi-
cal cycle, with emphasis on the interrelationship between them (i.e. the transfers of water and
energy between the land surface and the lower atmosphere). Accordingly, the science of hydro-
meteorology bridges across both hydrology and meteorology [1]. The subject of hydrometeo-
rology encompasses a wide variety of topics [2, 3] that are of high interest in programs involving
the atmospheric sciences, the transport of moisture in the atmosphere, surface-water and soil-
water hydrology, earth-surface and atmospheric interactions, and techniques in engineering
mathematics including the evolving applications in Computational Engineering Mathematics
or “CEM”. Recent advances in CEM are opening new opportunities for researchers to address
diverse challenging multi-dimensional applications in hydrometeorology. Because of the mas-
sive database sizes involved, both in hydrometeorology data collection (greatly augmented by
private observers equipped with highly accurate monitoring reporting equipment connected
to the web central databases), the evolving field of “visualization” has developed where focus
is upon generating depictions of these data to increase understanding [4], and to assemble the
data for further assessment and analysis for subsequent detailing and publication.

In the current book, a selection of data interpretations and experiences are presented as an
enticement to students and practitioners for motivating further intellectual growth in the
growing field of study known as “hydrometeorology.” Many universities borrow specific top-
ics from the field of hydrometeorology in related courses such as Computational Engineering
Mathematics or its earlier version, Engineering Mathematics (or other variants). Perhaps
few other demonstrations of vector calculus are as noteworthy and understandable as the
description of the vector calculus topics of vector curl and vector divergence, as by examin-
ing the evolution of a weather tornado or hurricane, or of the use of these vector concepts

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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in describing weather systems as they move over the planet. The notion of wind flow veloc-
ity readily leads to the description of multidimensional vectors, and the readily observable
effects of wind rotation as well as expansion and contraction of a moving stream tube of
air often invite the student or practitioner or hobbyist, to seek further understanding of the
mathematical underpinnings of these vector concepts.

Of particular value are the numerous weather hobbyists [5] as well as the more detailed and
validated databases [6, 7] that are increasingly made available for general use. Several publica-
tions containing highly descriptive diagrams and remarkable photographs are now available
both in hard copy and in the Internet, further exciting the observer and hydro meteorologist
to explore the various ways to describe the planet’s weather systems and related hydrologic
and earth-surface interactions.

The well-known “Moore’s Law” truly has application in this area of investigation in that
computational advances in power and mathematical capabilities have created an innovation-
rich environment where the understanding of the global transport systems can be better inter-
related and their interdependence linkages better identified and described. In the following,
a very brief introduction is made to each of the chapters in the book. The editors celebrate the
assemblage of knowledge achieved by these chapter authors and coauthors.

Bannari et al. used SMOS, OLI, and TRIS data to study the soil moisture that characterizes over
the Guelmim city and its neighborhood in the Southwestern of Morocco. This area has very
limited rainfall, and when it rains, it is intense over a short period, leading to flash floods. The
end results were compared with published data from NOAA climate prediction center. They
have described in detail their algorithm which can help other researchers to extend its applica-
tion for varying geographical domains. The approach used can be integrated with other appli-
cations and can help urban planners to design contingencies for any future flooding event.

Although the rainfall measured from gages are reliable, their sparse spatial distribution war-
rants developing techniques by which the measured gage rainfall values across a network can
be extended and corrected to arrive at rainfall estimate at other locations. Correction to the
measured values by incorporating altitude and topographical variation can provide reason-
able precipitation estimates for planning and design purposes. Dinka addressed this problem
by developing a conceptual regression model for the Matahara area, which is located in the
middle of Awash valley, about 200 km south east of Addis Ababa, Ethiopia. The relationship
between monthly rainfall totals and altitude over Matahara region was examined using the
optimized ordinary least square method.

Taffarello et al. presented the hydrometeorological characteristics of few chosen watersheds
from Brazil. The challenges in developing baseline performance data across various water-
sheds that have varying vegetal, anthropic, geological, topographical, land use patterns,
biodiversity, and soil characteristics have been discussed. The linkages between ecosystem
and soil moisture were reviewed. Salient data from chosen ecosystem-based adaptation (EbA)
projects that are being implemented for restoring the watersheds have been presented. Their
effort can translate to a valuable tool for decision-makers to review the efficacy of existing best
watershed management practices aimed at improving the capacity of aquifers and in devising
new practices that can be effectively implemented by integrating all the concerned parties.

Ghosh assessed the spatial and temporal drought intensity during 1991-2002 for the Gangetic
region in eastern part of India. The standard precipitation index was used in the analysis
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together with seven parameters to evaluate drought. The analysis showed that the deficit
precipitation in this region since the 1950s has been on upward trend, thus affecting the local
socioeconomic fabric in the society. This study sheds more reliable information related to
drought that can help area managers to streamline their drought preparedness strategies.
Additionally, this approach can be applied to other regions in the world, which rely largely
on rainfall for their agricultural needs.

Any effort aimed at conserving soil requires a reliable approach to predict soil erosion, the accuracy
of which depends on the input precipitation value. Since at many rainfall monitoring stations, the
recorded data are not continuous which need to be first addressed (Zanoni et al.). Three methods
(weighted likelihood, multiple regression, and weighted likelihood based on multiple regression)
for filling the gaps in measured rainfall values in Brazil watersheds were analyzed. Filling in the
rainfall gaps translated to a continuous data for 2001-2004 period from which the rainfall erosivity
was calculated at chosen stations in Parana river basin. The erosion values from the three methods
were compared, and weighted likelihood method was recommended for further analysis.
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Synergy between SMOS-MIRAS and Landsat-OLI/TIRS
Data for Soil Moisture Mapping before, during, and
after Flash-Flood Storm in Southwestern Morocco

Abderrazak Bannari, Hassan Rhinane and
Hicham Bahi

Additional information is available at the end of the chapter
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Abstract

This chapter deals with soil moisture (SM) characterization over the Guelmim city and its
neighborhood in the Southwestern Morocco that has been flooded several times over the
past 50 years. To achieve this, space-borne SMOS and Landsat-8 OLI/TIRS data were
preprocessed to correct several radiometric anomalies, and they were used. The SMOS
brightness temperature data acquired before, during, and after the storm with 1-day
temporal resolution and coarse spatial resolution (25 km) were transformed to the SM
maps. OLI and TIRS data with moderate spatial and temporal resolutions were converted
to Normalized Difference Vegetation Index (NDVI) and Land Surface Temperature (LST)
to retrieve the Soil Moisture Index (SMI) maps. The results obtained were analyzed,
intercompared, and validated against the compiled SM values from rainfall database
(SM-RFE) delivered by NOAA climate prediction center Rainfall Estimator (RFE) for
Africa. SMOS results show how the spatial variation of SM changes extremely at the
regional scale before, during, and after the flash flood day-to-day. The SMI results con-
verge toward the same conclusions showing a drastic SM change before and after flash
flood highlighting the impact of inundation and the mud accumulation. By reference to
the measured SM-RFE datasets, the validation of the derived SM maps exhibits a signifi-
cant correlation (R* > 0.89). Globally, we observe a good complementarity among the
considered data sources and processing methods for SM spatial information extraction,
and the potential of their integration for the development of a prediction and monitoring
model for flash flooding at the regional and local scales.

Keywords: soil moisture, SMOS, Landsat OLI/TIRS, land surface temperature, flash flood,
storm, inundation, SMI
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1. Introduction

Soil moisture (SM) affects the spatial variation of the biosphere and the atmosphere interac-
tions through its influence on the balance of latent and sensible heat flux. It has been adopted
by the Global Climate Observing System (GCOS) as an essential climate change variable and
water resource management [1]. Its estimation and monitoring from space at the spatial and
the temporal scales are useful information for hydrological, agricultural, and environmental
applications, and modeling. It is required for drought and flood forecasting, natural disaster
management, and assistance effort coordination during flooding periods. Moreover, it plays a
fundamental role in the prediction of erosion and sediment loads in watershed streams
according to topography and lithology [2—4]. In this context and in contrast with many con-
ventional methods, remote sensing science and technology significantly contributed in the
activities of SM estimation, flood damage assessment, and landscape management [5, 6].
Indeed, SM information can be derived from optical, thermal, passive, and active microwave
remote sensing satellite sensors [2]. Optical sensors such as Landsat Operational Land Imager
(OLI) exploring the wvisible-near-infrared (VNIR) and the shortwave infrared (SWIR) spectral
domains characterize the SM based on the absorption feature, i.e., increased SM generally
results in a decrease in reflectance. Moreover, the thermal infrared remote sensing, such as
Landsat Thermal Infrared Sensor (TIRS), related the SM to the soil temperatures based on the
heat and the thermal conductivity; thus, variation in SM is automatically related to the land
surface temperature [6]. The intensity of passive microwave emission from moist soil is related
to its dielectric constant; generally, the increase in SM leads to increase in microwave bright-
ness temperature [7]. For active microwave, the magnitude of the retrodiffusion coefficient is
related to the SM through the dielectric constants of soil and water [8]. Currently, Synthetic
Aperture Radar (SAR) represents the best approach for obtaining spatially distributed surface
SM at the medium local scale [2]. Nevertheless, developed by the ESA (European Space Agency)
in collaboration with the Centre National d'Etudes Spatiales (CNES) in France, and the Centro
para el Desarrollo Tecnoldgico Industrial (CDTI) in Spain, Soil Moisture and Oceanic Salinity
(SMOS) was the first space-borne mission transporting onboard the Microwave Imaging Radi-
ometer using Aperture Synthesis (MIRAS) instrument dedicated to near-surface (0-5 cm depth)
SM mapping on a global scale using L-band. According to many studies, this band is one of the
most promising approaches to monitor SM at the global scale with regular and high temporal
resolution [7-9].

Furthermore, during the last four decades, the impact of climate change became an undeniable
reality, with a broad consensus of the international scientific community on the significance of
its impact on the environment and economic and social factors, especially in African countries.
Morocco is a North-African country with a dominant (mostly) semiarid to arid climate and
presents typical characteristics of Mediterranean landscapes vulnerable to land degradation
processes, landslides, and desertification risks [10, 11]. Currently, Morocco is experiencing the
longest dry episode of its contemporary history characterized by a reduction of precipitation
and a rise in temperatures. In the southern regions of Morocco, the rainfall rarely occurs but
with high intensity during a short period of time, which causes flooding problems and accel-
erated the erosion phenomenon and land degradation [3, 4]. According to Erskine and Saynor
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[12], catastrophic floods are defined as events with a flood peak discharge at a rate of at least 10
times greater than the mean annual flood. Heavy rains often induce floods in Morocco,
including flash floods, river floods, and mud floods during the rainy season. Indeed, in
November 2014, violent storms caused flooding and impressive river floods in a large part of
southern Morocco, especially in the city of Guelmim and regions, which are localized at the
foot of the Atlas Mountains, with peaks rising to over 4000 m. According to SIGMA [19], this
natural catastrophe caused the death of more than 46 persons and a significant damage to the
infrastructure; villages were inundated causing thousands of houses to collapse, many oasis
and agricultural fields were destructed, and power and telephone networks and several roads
and bridges were damaged (Figure 1). Total losses were estimated about 0.6 billion US$ [13].
Consequently, the region of Guelmim was declared a “disaster area” by the Moroccan govern-
ment. This area was not devastated for the first time; it has been flooded several times over the
past 50 years, namely in 1968, 1985, 1989, 2002, 2010, and 2014. Unfortunately, in addition to
the climate change impact, this situation happened because of the lack of emergency measures
and a failure of development policy from the decision-makers. However, in order to improve
the management of water regulation structures, to maximize water storage capacity, and to
reduce the risks caused by floods, remote sensing (science and technology) has become a
fundamental solution for flood monitoring and its impact assessment through SM [14]. The
objective of this chapter is the SM mapping at the regional and local scales during the critical
time of flash-flood storm exploring combined approaches based on SMOS-MIRAS and
Landsat-8 (OLI and TIRS) datasets, respectively, and coarse and medium spatial resolutions.

Figure 1. Impressive flood and inundated village, destruction of road and bridge infrastructure, and driver rescues by
helicopter (Guelmim region on 24 November 2014, photos from the web).
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2. Material and method

The used methodology is summarized in Figure 2. It involves four fundamental steps: (i) data
preprocessing, (ii) SM mapping from SMOS-MIRAS data, (iii) Soil Moisture Index (SMI) map
retrieval from OLI and TIRS data, and (iv) obtained result analysis, interpretation,
intercomparison, and validated against the compiled SM values from rainfall database (SM-
RFE) delivered by NOAA climate prediction center Rainfall Estimator (RFE) for Africa.

2.1. Study site

Guelmim is a city in the south of Morocco (Figure 3) and is located at the foot of the western
Anti-Atlas Mountains with peaks rising to over 2400 m above sea level (28° 59’ 02” N, 10° 03’
37” W). It follows the course of underground shallow aquifers and dry rivers and it is charac-
terized by a semiarid and arid subtropical climate. The temperature range varies from 12°C in
January to 49°C in July. Annual rainfall averages between 70 and 120 mm/year. The geological
formations that feed alluvium are granite, schist, quartzite, sandstone, limestone, dolomite,
marl, conglomerate, andesite, and rhyolite. From a geological point of view, this region consti-
tutes a complex synclinal, framed and surrounded in the N, W, and S by three Precambrian

ADF (DPGS + CATDS
grid dependant)

s - -
‘w.rhce
ECNWF Temperature

L35M ] ltering
Processor

Aggregated LISA
1-day Produoct

Figure 2. Methodology flowchart.
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Figure 3. Study site.

anticlinal inlets [15]. The two main structural units in the region are the carbonate plateaus and
the folded Bani Hills. The most important Infra-Cambrian and Cambrian carbonate plateaus
are located in the north, consisting of a continuous area bordering from W to E the Ifni Inlet,
Akhsass plateau, and the southern flank of the Kerdous inlet. The second one, located south, is
formed by the external part of Jabal Guir-Taissa. These plateaus are surrounded by schist and
sandstone formations of the Georgian age. At their foot begin large and elongated plains
consisting of Acadian schist covered by Quaternary deposits. At the center of the Guelmim
basin, Jabal Tayert is found, which is formed by green Upper Acadian schist and covered at the
top by hard sandstone and quartzite bars. The Bani Jabal is a folded structure consisting of
several aligned and NE-SW-oriented synclinals alternating with narrow anticlinals formed by
Acadian or Ordovician sandstones and quartzites.

Furthermore, the Guelmim watershed covers a total area of approximately 7000 km?, forming
a network of wadis (rivers) along with several spreading floodwater areas (Figure 4). The
hydrographic network is made up of three subwatersheds of the following main wadis: wadi
Seyyad, wadi Noun, and wadi Oum Al-Achar. Wadi Seyyad originates at an altitude of 1200 m
on the southern slopes of the Anti-Atlas Mountain. It flows in an E-W direction, composed of
impermeable rocks and mainly receives numerous tributaries of its right bank; its watershed
covers about an area of 2860 km?. Wadi Noun drains the southern area, where the bit is
marked with river beds that promote natural flooding. With a length of 143 km, its watershed
comprises an area of about 2240 km”. The wadi Assaka begins in the Akhsass massive at an
altitude of 1150 m. It flows through the corridor between the Jebel Adrar and Guelmim west,
discharging into the Atlantic Ocean. Finally, Wadi Oum Al-Achar, with a watershed of
1170 km?, crosses a wide plain of 7 km and is located between the Tayert Hill and Ifni
boutonniére. It drains the southern slopes of the Akhsass region, and its main tributaries are
located in the plain. All three wadjis lie on schistous impermeable large valleys, covered by low
permeable Quaternary carbonates and fluviolacustrine silts. The confluence of the three wadis,
downstream from Guelmim city, forms Wadi Assaka, which begins in the Akhsass massif at an
altitude of 1150 m. It goes through the corridor between the Jabal Adrar and Guelmim west,

9
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Figure 4. SRTM-V4.1 DEM with 30-m pixel size and the hydrological network overlaid on the study site.

eventually discharging into the Atlantic Ocean after crossing narrow gorges. This hydro-
graphic system is often inactive, especially during the summer, when the flow is very low;
however, it becomes active during the winter period (December to March).

2.2. SMOS data

SMOS is the first active remote sensing space-borne mission measuring the near-surface SM
and sea surface salinity at the global scale [16]. Successfully launched on November 2, 2009, it
is a small satellite-platform transporting onboard a 2D interferometer instrument named
MIRAS composed of 69 small L-band receivers (21 cm and 1.4 GHz) measuring the phase
difference of radiation in vertical and horizontal (V and H) polarizations under various inci-
dent angles with a high temporal resolution [16]. SMOS has a sun-synchronous orbit at 757 km
altitude with a 06:00 Local Standard Time + 15 min ascending equator crossing time. It pro-
vides global SM information with an accuracy better than 0.04 m*/m> [17]. The pixel size of the
acquired images is nominally 35 km at the scene center and resampled to 25 km. This infor-
mation is used in predictive atmospheric, oceanographic, and hydrologic models to under-
stand the climate system and the water cycle, to forecast the extreme natural events (floods and
droughts), to manage the water resources adequately, and to improve the climate change
impact assessment at the global and regional scales. In this study, the SMOS daily Level 1 (L1)
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primary brightness temperature (BT) data acquired between November 1 and December 10,
2014, were preprocessed, processed, and downloaded using Centre Aval de Traitement des
Données SMOS, http://www.catds.fr/Products/Available-products-from-CPDC (CATDS).

2.3. Landsat OLI/TIRS data

Since 1972, the Landsat scientific collaboration program between the NASA and USGS consti-
tutes the continuous record of the Earth’s surface reflectivity from space. Indeed, the Landsat
satellite series support more than four decades of a global moderate resolution data collection,
distribution, and archive of the Earth’s continental surfaces to support research, applications,
and climate change impact analysis at the global, the regional, and the local scales [18]. On
February 11, 2013, the polar-orbiting Landsat-8 satellite was launched, transporting two push-
broom instruments: OLI and TIRS. The OLI sensor collects land surface reflectivity in the
VNIR and SWIR wavelength regions as well as a panchromatic band. The band passes are
narrower in order to minimize atmospheric absorption features [19], especially the NIR spec-
tral band (0.825 um). Its design results in a more sensitive instrument with a significant
amelioration of the signal-to-noise ratio (SNR) radiometric performance quantized over a 12-bit
dynamic range (Level 1 data); raw data are delivered in 16 bit. This SNR performance and
improved radiometric resolution provide a superior dynamic range and reduce saturation
problems associated with globally maximizing the range of land surface spectral radiance
and, consequently, enable better characterization of land-cover conditions. Furthermore, TIRS
sensor incorporates two narrow thermal spectral bands (band 10:10.8 pm and band 11:12 um)
with a spatial resolution of 100 m, but resampled and delivered with 30 m to match OLI bands.
These two bands use Quantum Well Infrared Photodetectors (QWIPs) to detect long wave-
lengths of light emitted by the Earth whose intensity depends on surface temperature. More-
over, they were designed to allow the use of “split-window” surface temperature retrieval
algorithms, which allow the distinction between the temperature of the Earth’s surface and
that of the atmosphere [18]. Because of limited clear-sky conditions and cloud presence over
the study site during the flash-flood storm that prevented the optical sensor observations, and
the 16 days temporal resolution, only two pairs of raw images acquired by OLI and TIRS
sensors were used in this research. The first pair (optic and thermic) was acquired on Novem-
ber 7, 2014, 2 weeks before the flash flood, and the second pair was collected on December 9,
2014, 8 days after the flash flood.

2.4. SRTM-V4.1 DEM data

The Shuttle Radar Topography Mission (SRTM) collected the most complete high-resolution
digital topographic database over 80% of the Earth’s land surface from 60° N to 56° S during
an 11-day mission, which was flown aboard the space shuttle Endeavor from February 11-22,
2000 [20]. The fundamental objectives of this mission are to provide important information for
NASA'’s Earth Sciences Enterprise, which is dedicated to understanding the total Earth system
and the effects of human activity on the global environment [21]. Since 2000, the SRTM data
have been provided in 30-m pixel size only within USA territory, while for the rest of the
world, the data were available for public use at 90-m pixel size. In January 2015, the US
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government released globally the full resolution of the original measurements (30-m pixel
size). The data are projected in a geographic coordinate system using a WGS-84 geodetic
reference and EGM-96 (Earth Gravitational Model 1996) vertical datum. According to USGS
[21], at 90% confidence, the absolute vertical height accuracy is equal or less than +16 m, there
is a relative vertical height accuracy of less than £10 m, and there is a circular absolute
planimetric error of less than +20 m and a circular relative planimetric error of less than
+15 m [20]. However, with reference to a topographic contours map (1:50,000), Bannari et al.
[22] showed that the derived global height surface accuracy is £3.15 m in Guelmim region.
Moreover, they demonstrated that this accuracy is significantly influenced by topography;
error is larger (+11.34 m) for high-altitude terrain with strong slopes, while it is smaller
(£1.92 m) in the low-to-medium relief areas with indulgent slopes. This SRTM-V4.1 DEM
was used for Landsat image preprocessing and for the study site topographic and hydro-
graphic network characterization.

2.5. Soil moisture from rainfall estimator

Thanks to the close connection between rainfall and SM. Definitely, the ground rainfall mea-
surement provides the accurate method to obtain information about daily rainfall, which is
automatically used to estimate SM [23]. However, the spatially sparse network of meteorolog-
ical stations and the temporally incomplete records at several stations across Africa leaves
large parts of the continent unobserved. To resolve this problem, satellite-based algorithms
have the advantage of providing full spatial coverage over Africa. The combination of the
ground rainfall measurements and the daily satellite-based rainfall observations with
contrasting estimation approaches are extremely valuable for rainfall monitoring and SM
estimation over African territory. The RFE database setup by NOAA [24] is a product based
on an algorithm exploiting four different data sources and several processing methods to
estimate precipitation appropriately [24] in order to calculate after the standard water require-
ment satisfaction index to estimate soil moisture (SM-RFE) over Africa [25]. This independent
SM-RFE database was used for the validation of the derived SM maps in this study.

2.6. Data preprocessing

2.6.1. SMOS

The SMOS data products are delivered in four levels. The LO is the raw measured data with
MIRAS radiometer and processed by the Data Processing Ground Segment (DPGS). The L1 is the
primary BT data converted from the raw data (LO). The levels L2 and L3 products are,
respectively, the retrieved SM and vegetation optical depth using an iterative scheme and
multiangular BT observations [26]. The fundamental difference between these products (L2
and L3) is that the product L3 considers simultaneously several revisit observations over each
pixel (multiorbit retrieval approach) to improve SM estimation [17]. These products are
derived based on complex preprocessing chains at CATDS involving Ancillary Data Files
(ADF), data obtained from SMOS combined with additional data from other sensors or models
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for calibration (Figure 2). In this study, the daily SMOS L3 multiangular BT data products
selected from CATDS data center were used to retrieve SM. The data were expressed at the top
of the atmosphere (i.e., without correction for select reflected extraterrestrial sky and atmo-
sphere contributions) and at predefined incident angles varying from 2.5 to 62.5° with 5° steps.
They were delivered for both ascending and descending orbits, and projected on a global
EASE grid with 25 km pixel size. The preprocessing steps consist of the following operations:
spatial resolution filtering, Radio Frequency Interference (RFI) detection (to exclude data with a
probability of RFI larger than 0.2, and urban or water cover fractions larger than 0.1), correc-
tion of grid nodes where sun specular effect occurs, computation of radiometric noise correc-
tion factor, computation of the initial validation index, and computation of atmospheric and
sky contribution [27]. The reader can find more details about the preprocessing steps in Kerr
etal. [17].

2.6.2. Landsat OLI/TIRS

Optical sensor calibration and atmospheric corrections are fundamental preprocessing opera-
tions to restore the images’ radiometric quality. The changes caused by these artifacts can be
mistakenly attributed to changes in the land use and ground biophysical components, and
errors can propagate in all subsequent image processing steps, such as spectral indices calcu-
lations, multitemporal analysis, climate change modeling, etc. [28, 29]. The Canadian Modified
Simulation of a Satellite Signal in the Solar Spectrum (CAMS5S) based on the Herman radiative
transfer code [30] was used for atmospheric parameter simulation in OLI spectral bands to
calculate all the requested atmospheric correction parameters. To preserve the radiometric
integrity of the images, absolute radiometric calibration and atmospheric effects were com-
bined and corrected in one step. Likewise, to eliminate the distortions caused by the relief and
the shadow impact, especially in the Guelmim study area with Atlas Mountains peaks of more
than 2400 m, an orthorectification was conducted using SRTM-V4.1 GDEM [22]. In addition,
topographic attributes such as altitude, slope, aspect, and sky view, integrated into the
orthorectification approach, were extracted from this DEM [31]. The Rational-Function Model
implemented in the Ortho-Engine module of PCI-Geomatica was used in this step that allows
the corrections of the parallax effect at the spatial arrangement of pixels along track, disruptive
effects caused by shadow and topographic variability, as well as the residual atmospheric
artifacts caused by altitude variability (Figure 2). To preserve the image radiometric integrity,
geometric corrections have been combined into a single step with the correction of topographic
effects [29]. Furthermore, the preprocessing of TIRS data (band 10) was done by conversion of
the digital numbers to BT using the Planck radiance function (Eq. (1)) and the thermal calibra-
tion constants (K; and K;) provided in the images’ metadata files [32]. Then, the BT was
transformed to Land Surface Temperature (LST), which is a key variable in Earth environment
research for calculating the Soil Moisture Index (SMI). The LST was calculated based on a
method that combines the vegetation cover fraction (P,) derived from the NDVI and the
emissivity (g), expressed by the Eq. (2) [33]. Based on the NDVI histogram thresholds
(Eq. (4)), the vegetation fraction (P,, Eq. (5)) was estimated from NDVI,;, and NDVI,.y
referring, respectively, to nonvegetated and very dense vegetated land covers.
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where T), is at-satellite BT, A is the wavelength of emitted radiance, and K; (774.89) and K,
(1321.08) are the calibration constants for the band 10. C, = 1.4388*10 > m K and it is presented
by Eq. (3). € is the emissivity computed from Eq. (4) [33]. h is Planck’s constant = 6.626%107>*J/s,
c is the velocity of light = 2.998%10° m/s, and s is Boltzmann constant = 1.38 * 10> J/K. &, is the
vegetation canopy emissivity, ¢ is the bare soil emissivity, and de is the internal reflection
emissivity due to cavity effect, while p,.q and py;, are the surface reflectance in the red (OLI-4)
and near-infrared (OLI-5) spectral bands, respectively.

2.7. Data processing

2.7.1. SMOS

The multiangular BT data products were processed using the SMOS retrieval algorithm to
derive SM. Based on the L-band Microwave Emission of Biosphere (L-MEB) radiative transfer
model [16], this algorithm considers an iterative approach minimizing the difference
between the observed and estimated BT at H and V polarizations, for a variety of incident
angles. Moreover, it includes a number of parameterizations to capture effects of vegetation
structure and soil roughness on polarization and angular properties of BT emitted from land
surfaces [34]. This algorithm has been calibrated and validated several times using in situ
measurements [26, 35], and recent validation process shows an accuracy around 0.04 m*/m?
in comparisons with observations from watershed networks [36]. The soil temperature prod-
uct derived from the European Centre for Medium-Range Weather Forecasts (ECMWF) was
introduced in this algorithm to provide a ground reference “calibration-information” useful
for the time series analysis to retrieve the most accurate possible SM maps [36]. A multilinear
regression approach was achieved over the considered data using calibrating coefficients
and several ancillary data extracted from ADF until the algorithm finds the best set of
parameters to derive the daily L3 SM maps. More details about the processing process are
described in Kerr et al. [17].
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2.7.2. OLI and TIRS

SM conditions at different times (i.e.,, between droughts and flood periods) can change
extremely. In the literature, we know that the SM in the first centimeters of the soil surface is
strongly related to the emitted BT measured with L-band [37]. Moreover, as mentioned before,
other studies have shown the potential of the combination of LST derived from thermal
infrared radiation and NDVI to estimate and to monitor SM conditions. The idea behind this
combination is the linkage between hydrological cycle (water content in soil) and biophysical
parameters (vegetation cover density), and the connection in turn interacts with atmosphere-
biosphere coupled system. Exploring this concept, an empirical parametrization was estab-
lished between LST and NDVI (scatter-plot in 2D space) by Zeng et al. [38] who showed how
land surface biophysical properties vary as a function of SM conditions. Then, they proposed
the SMI, whose values are ranged from 0 to 1 indicating, respectively, severe drought and very
moist conditions. This SMI is defined as follow [38]:

LSTmax — LST
MI = 7
5 I—JSTmax - LSTmin ( )
LSTmax = a1.NDVI + by )
LSTmin = azNDVI + b2 (9)

where LST,,.x and LST,y;, are the maximum and minimum of land surface temperatures for a
given NDVI. LST is the observed land surface temperature at the given pixel for a given NDVI.
a; and b; (i =1, 2) are parameters obtained by the linear regression (a is the slope and b is the
intercept) defining both dry and moist edges of the data.

3. Results analysis and discussion

3.1. Topographic and hydrographic network analysis

The topography controls the flow and speed of water, as well as the direction of its dispersion
during the inundation. To understand the SM and the flash-flooding mechanisms in the study
area, it is so important to analyze the geomorphologic and the topographic variations, and the
hydrographic network, and their contribution in these natural hazards. The study site has two
main geomorphologic units, the limestone plateau of the Anti-Atlas and quartzite ridges,
which is limited by the Atlas Mountains (in the N, S, E, and W) as a natural barrier, which
leads to water retention in case of high precipitation intensity. It is characterized by broader
valleys and depressions surrounded by hills with heights varying from 153 to 2060 m (Figure 4)
and steep slopes varying between 9.5 and 26°, which converge toward the interior of the
Guelmim plain. The topography of this plain is classified into seven classes whose altitude
range vary significantly between 200.0 and 573.5 m, starting from northeast to southwest with
approximately 373.5 m height difference. This morphology leads to water retention in the case
of rainstorm and, consequently, contributes to the risk of inundation. Thus, it is one of the
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factors supporting the risk of flash floods. Indeed, as illustrated in Figure 4, the hydrographic
network is made up of three subwatersheds and four main wadis (wadi Seyyad, wadi Noun,
wadi Assaka, and wadi Oum Al-Achar) that flow on a steep slope. It can be seen that the slope
orientation and direction of the Guelmim watershed are facing the center of the plain. More-
over, a hill in the East forms a natural barrier with a denivelation of approximately 100 m,
which creates a natural basin promoting the accumulation of water and sediments over
approximately 14 km distance. The topography variation starting from the foot of Guelmim
city (NE-SW) illustrates a very strong slope (26°), which ends on a terrain with concave
morphology forming a natural basin. This basin facilitates the accumulation of storm flood,
thereby concentrating runoff water, sediment, and mud load. The highest altitude values
(between 500 and 2400 m) with the steep slopes and ridges (corresponding to schist and soft
Quaternary deposits), representing the streams and drainage system, depressions, and
broader-valleys, are related to a relatively high slope gradient >20°. They contribute signifi-
cantly to the erosion’s aggressiveness associated with a significant degree of sediment trans-
portation and land degradation risk process. Hard rocks, such as Precambrian quartzite,
Adoudounian limestone and dolomite, Ordovician quartzite and sandstone, and Georgian
black limestone, characterize these zones. The lowest altitude values represent relatively flat
areas with a low slope (<4°) in the NE-SW direction, which is the hydrographic network
direction. In addition, morphological factors influence the susceptibility to flooding and sedi-
ment deposition and accumulation, because water tends to flow and accumulate in response to
gradients in gravitational potential energy. In general, this first analysis demonstrates clearly
that rainfall and topography are the major contributing factors to flash flooding and cata-
strophic inundation in the study area. The runoff waterpower delivers vulnerable topsoil and
contributes strongly to the erosion and land-degradation process after a flood storm in the
Guelmim basin. It then transports soil material and sediments to the plain through natural
action, i.e.,, water power and gravity. As illustrated by the photos in Figure 1 that were
acquired during the same day of the flood storm, the water color was dark-red because of its
turbidity as it was very rich with sediments and eroded particles. Certainly, the role of the
lithology associated with the terrain morphology is decisive in the erosion risk, land degrada-
tion, and spatial repartition of SM in this region. This analysis shows how the topographic and
hydrographic networks contribute to inundations in the study site and, therefore, highlight the
areas subject to different moisture levels.

3.2. SMOS result analysis

As discussed before, using the daily SMOS L3 data, SM maps were generated for each day
from the 1st of November to the 10th of December over the Moroccan territory. During these
40 days, Figure 5 illustrates the SM temporal variation over the Guelmim city and region day-
by-day before, during, and after the flood storm. These SM values are the average of four
SMOS pixels (2 by 2) covering the study site, which is approximately 50 by 50 km?. Increased
SM values are observed from 2% (1st of November) to 22% (4th of November) during the dry
period and after the first precipitations, respectively. Then, the moisture values gradually
decreased in the soil from 22 to 4%, respectively, between the 4th and 19th of November. A
strong increase of SM took place between the 19th and 21st of November reflecting events with
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Figure 5. Soil moisture variability over Guelmim region between the 1st of November and the 9th of December 2014
using SMOS satellite data.

a flood peak discharge. It can also be observed that the peaks marked these dates are followed
with succession periods of rain maintaining high SM conditions. In fact, during 1 week (19th to
26th of November), SM values remain above 40% with a high peak (SM of 72%) on the 22nd of
November. Then, a new flood peak discharge was registered (SM of 74%) on the 29th of
November, and progressively the SM values decreased to 23% on the 9th of December. Glob-
ally, the highest values (SM > 40%) were recorded between 21st of November and 03rd of
December, period when the floods were at their peak. In the following analysis, only six SMOS
SM maps reflecting six decisive temporal periods have been chosen to express changes of SM
values during these flood events. Figure 6a illustrates the SM map for the 2nd of November
expressing a severe drought situation over the Moroccan territory, especially over Guelmim
region with 2% water content in the soil. On the 07th of November (acquisition date of the first
Landsat OLI/TIRS image before the flash flood), the SM value gradually increased to 13% in
the southwestern Morocco, but in the center and north regions, the storm had already begun
and SM values were, respectively, around 35 and 60%. Figure 6c and d illustrates the SM maps
during the extreme flood events over the majority of the southern Moroccan territory, includ-
ing Guelmim city and neighborhood; recorded SM values were 73% and 43% for November 21
and 27, 2014, respectively. As a consequence of high precipitation causing very destructible
floods, strong changes of SM were also observed on the 1st of December recording 65% water
content in the soil (Figure 6e). Then, on the 9th of December that coincides with the acquisition
date of the second Landsat OLI/TIRS image (8 days after the flash flood), Figure 6f shows a
decrease in precipitation and the recorded SM content was around 22%. With reference to the
calculated SM from SM-RFE NOAA database, the validation of these SMOS SM maps exhibit a
significant correlation (R* > 0.90) at p < 0.05 using a first-order polynomial function. This
meaning is in agreement with several other results of SMOS validation around the world [36,
39, 40].
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Figure 6. SM maps derived from SMOS data over Morocco (Guelmim region surrounded by the white circle) for
November 2, 7, 21, and 27, 2014, as well as for December 1 and 9, 2014.

Furthermore, we observe generally that these derived SMOS maps allow SM characterization
and monitoring with excellent temporal resolution over a very large territory or at a country
scale, independently to the meteorological conditions. It is possible to predict day-by-day the
power, the cycle, and the direction of the storm progress. Obviously, the information is very
useful for a warning system development for flash-flooding prediction. Nevertheless, despite
these significant and positive potentials, unfortunately, the major disadvantage of SMOS data
for this type of application is the coarse spatial resolution that is not sufficient for detailed and
accurate information extraction at the locale medium or large scales. For instance, for rescue
organization, the roads and river networks are not visible on this kind of data. Moreover, it is
impossible to predict the river dynamics and their relation with topographic attributes for
relevant risk management in order to organize evacuations of the population and vehicles to
the less hazardous spots. Globally, this type of data does not allow us to understand and to
study what it is missing in the field (real world) to ensure the safety of population. Moreover,
according to high spatial distribution and heterogeneity of SM, there is a need to characterize it
at relevant spatial scale to improve the representation of runoff and precipitation in hydrologic
and weather prediction models, resulting in improved predictive skills (drought, flood, etc.).
Also, the challenge will be mainly to characterize complex mixed pixels including a variety of
targets: water, crops, fallow layer, urban, roads, etc. Indeed, the SMOS-MIRAS sensor observes
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a very large watershed as a whole target in one pixel, and the Guelmim city and regions are
covered by 4 pixels that are considering the city as a bare soil. In addition to the pixel
complexity, in this mountainous area, SMOS pixels present a mixture of different topographic
facets with varying slopes and azimuths, shadowing and adjacency effects, inducing effects
which may eventually render the SM estimation less accurate. Indeed, in areas with strong
topography such as the Moroccan Atlas Mountains, we know that SM is controlled automat-
ically by gravity-driven water to horizontal regions or areas with very low topographic varia-
tion. In such case, SM can be related to topographic features through catchment hydrologic
models that require a medium spatial resolution. While, in flat areas, soil mineralogy compo-
sition and texture and vegetation cover properties have a stronger impact than topography.
Obviously, for addressing the monitoring of SM for flash-flood storm and hydrological appli-
cations in areas with high altitude variations and complicated soil mixt-pixels, medium spatial
resolution is required. This conclusion is corroborated by several other studies about flood
modeling [41], hydrological model calibration [42], and flood simulation [43]. Other studies
have revealed that the contribution of satellite remote sensing for SM for runoff modeling is
still imprecise [44]; others obtained moderate improvement in hydrological modeling through
the assimilation of SM derived from satellite data [45], while others obtained insignificant
performances [46]. These distinct results have to be attributed to the inherent uncertainties
and issues involved in the use of satellite with coarse spatial resolution for SM estimation and
its integration in flood prediction and hydrological modeling. However, other optimistic
studies summarize the emerging SM applications, the open issues, and the future opportuni-
ties given by new generation of satellites planned for near future [47]. Of course, we share this
optimism because, for instance, the synergy between the SMOS coarse spatial resolution and
medium spatial resolution of optical and thermal data is likely helpful to achieve a
multiresolution SM retrieval approach. Several downscaling methods and integration with
medium or low resolutions data such as Landsat-8 or MODIS, as well as using other ancillary
data, are required to quantify subpixel heterogeneity of SM. Certainly, the combination and
integration in GIS environment of SM subpixel values with the density of the hydrographic
and road networks, as well as topographic features (as discussed above), will contribute
significantly to inundation monitoring and management.

3.3. MSI result analysis

Figure 7 illustrates the geographic location and density of vegetation cover mapped with
NDVI before the flood storm. As a consequence of climate change impact and deforestation
in the region, scattered vegetation cover (in green color) is observed in the middle of the
Guelmim plateau and along the river beds, represented by small agricultural fields and oases
with palm trees. At the top of the mountain (N-W and N-E), a relative high grass and shrub
density can be observed, because this high-altitude region benefits from a mild oceanic climate
(near to the coast) and the dew, which irrigate significantly this vegetation. Contrariwise, in the
south, southeast, and southwest, the vegetal cover is completely absent. Despite the fact that a
vegetation index alone is not generally helpful for flood impact assessment or sediment
accumulation estimation, the NDVI before and after the flood storm was calculated and
integrated with LST for the SMI map derivation. Only the NDVI before flooding is presented
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Figure 8. A scatter plot between LST and NDVI before (a) and after (b) the flood storm.

here; after flooding, it showed similar patterns except a very modest increase of herbaceous
vegetation density in high-altitude areas. Furthermore, SMI maps show their usefulness in this
study before and after the flood storm and we will discuss them thereafter.

Exploiting the scatter plots between LST and NDVI, before (Figure 8a) and after (Figure 8b)
the flood, the necessary coefficients (a1, a2, b1, and b2) for SMI (Eq. (7)) were obtained using
linear regression for both dry and wet edges (Egs. (8) and (9)). Then, the final SMI equations
were established and implemented using OLI and TIRS data acquired before and after flood
storm (SMI-1, Eq. (10)) and (SMI-2, Eq. (11)).

—17.00 NDVI +308.21 — LST
SMLL = —37.68 NDVI + 23.72 (10)
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—22.64.NDVI +305.88 — LST
SML2 = —39.93.NDVI +24.39 (a1

Figure 9 illustrates the SMI map before the flash flood, named SMI-1, highlighting the water
content variability over the study site in different classes. High SM (> 60%) value classes are
observed in areas located at the top of the mountains, surrounding Guelmim city, where
vegetation cover is relatively dense. Also, significant SM content (~35%) characterizes small
agricultural fields and oases with scattered vegetation cover, hydrographic network, water-
shed, and ravines. In the Guelmim plain, SMI values are very low and close to 0. In general,
these lower SMI values indicated heavier drought occurrence, which is coherent with SMOS
SM values over the study site during the same day. Furthermore, we observe that SMI-1
based on LST is sensitive to rock thermal properties, soil surface composition (roughness and
mineralogy), soil hydraulic properties (unseen water, capillarity, and evaporation) that typ-
ically occur in the subsurface, topographic variation, and steady state groundwater temper-
ature with a spatially homogeneous temperature distribution. Therefore, these sensitivity
variations highlight the SM as a function of the geomorphology and the topography on the
terrain. Statistical fit between several homologous points extracted from SMI-1 and the SM-
RFE database shows significant correlation (R* of 0.90). Furthermore, Figure 10 illustrates
the derived SMI map, named SMI-2, from the OLI/TIRS data acquired on the 9th of Decem-
ber, i.e., after several days of flooding that occurred between November 21st and December
1st. It describes different SM classes following the subwatersheds, topographic variations,
rock properties, and soil composition. Highest SM values (>75%) are detected in high alti-
tude (read color class) associated with dense vegetation cover. However, in the south and
southeast without vegetation cover, the high SM values are related to the rock types forming
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Figure 9. SMI-1 before the flood storm.
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Figure 10. SMI-2 after the flood storm.

a synclinal located at high altitudes. In areas where water flow coming from the mountains
following narrow streams via dejection cones, as well as the wadis (rivers) and their tribu-
taries, was drained by gravity toward the plain of Guelmim where water and mud are
accumulated forming a vast pool (E-W direction), the calculated SM values are very signifi-
cant (45% < SM < 70%), i.e., green, yellow, and brown color classes. Areas of this class are
covered by low permeable Quaternary carbonates and fluviolacustrine silts, allowing the
water retention. Finally, the areas with relative medium slopes (9.0° to 20°) exhibit SM values
between 30% and 42% (blue-cyan color class), while low SM values (<10%) are identified in
areas with steep slopes facilitating water transition (blue color class). These highest SM
values detected by SMI-2, 15 days after the flood storm, testify the strength of this tempest
that killed 46 people and severely damaged the region’s infrastructure (Figure 1). These
results are in agreement with those retrieved from SMOS, and its validation against SM-
RFE database also shows a significant correlation (R* of 0.95).

4. Conclusions

Flood-storm forecasting requires data collection, preprocessing, processing, and derived prod-
uct interpretation to estimate the amount of runoff that will occur spatially and temporally.
Then, the forecaster can identify when and where problems could occur for natural disaster
management, and people assistance effort coordination during flooding periods. Among
others, monitoring SM is a fundamental key for decision makers to predict and to manage
flood event before, during, and after flash-flood storm. To meet these concerns, the past
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10 years have witnessed the emergence of potentially transformative new remote sensing
technologies and methods for SM estimation, which are beginning to fundamentally alter the
possibilities for water-cycle and flood risk monitoring at different scales. The aim of this
chapter is SM characterization over the Guelmim city and its neighborhood in the Southwest-
ern Morocco that has been flooded several times. To achieve these, space-borne SMOS and
Landsat-8 OLI/TIRS data were used. The SMOS BT data acquired before, during, and after the
storm with 1-day temporal resolution and coarse spatial resolution (25 km) were preprocessed,
processed, and transformed to the SM maps. OLI and TIRS data acquired 2 weeks before and 2
weeks after flood storm were preprocessed and transformed to NDVI and LST, and then
combined to retrieve the SMI maps. The results obtained were analyzed and validated against
the compiled SM values from rainfall data (SM-RFE) delivered by NOAA climate prediction
center RFE for Africa.

SMOS results show how the spatial variation of SM changes extremely before, during, and
after the flash flood with excellent temporal resolution over a very large territory (or at a
country scale) independently to the meteorological conditions. It is possible to predict day-
by-day the power, the cycle, and the direction of the storm progress. Obviously, this informa-
tion is very useful for a warning system development for flash-flood prediction. By reference to
the measured SM-RFE database considered as a ground truth, the validation of the derived
SMOS SM maps exhibit a significant correlation (R* > 0.90). However, despite these significant
and positive potentials, the major disadvantage of SMOS data for several hydrological appli-
cations, especially flash-flood storm monitoring, is unfortunately the coarse spatial resolution
that is not sufficient for detailed and accurate information extraction locally or regionally at the
large or medium scales. Furthermore, although the SM maps have been derived from OLI and
TIRS based on different wavelengths, unlike acquisition modes, and using different image-
processing methods, the results converge toward the same conclusions. The MSI results show
a drastic SM change before and after flash flood, highlighting with more details the impact of
inundation and the mud accumulation in the study site. Based on NDVI and LST, the SMI-1
shows certain sensitivity to the soil and rock thermal properties, the soil surface composition,
the soil hydraulic properties, etc. Moreover, these variations highlight the SM as a function of
the geomorphology and the topography on the terrain. For validation purposes, statistical fit
between several homologous points extracted from SMI-1 and SM-RFE database shows a
significant correlation (R* of 0.90). Likewise, 15 days after the flood storm with a saturated soil
moisture, SMI-2 describes SM correctly. Indeed, significant correlation was obtained (R* of
0.95) when validating the derived SMI-2 map against SM-RFE datasets.

In this chapter, although the SM maps have been derived from data acquired with different
sensors and using different image-processing methods, the results converge toward the same
conclusions, before and after the flood storm. However, even if the spatial resolution of SMOS
observations is adequate for several global applications, it is restricted to regional and local
studies for flash-flood storm monitoring that requires medium spatial resolution. On the other
hand, despite the potential of Landsat-8 (OLI and TIRS) medium scale data, they remain
sensitive to other environmental factors especially meteorological conditions, which make the
SM retrieval impractical during the storm. Nevertheless, the synergy between coarse spatial
resolution microwave data and medium resolution optical-thermal data is likely helpful to
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achieve a multiresolution SM retrieval approach as previously discussed. Their integration in a
GIS environment with other ancillary data will contribute significantly in the development of a
prediction and monitoring model for flash flooding at the regional and local scales.
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Abstract

Rainfall data available, in tropical regions with undulating topography, may provide a valu-
able information for water resource development as well as for predicting and preventing
natural disasters. But in developing countries like Ethiopia, rain gauge stations are sparsely
populated, and rainfall data are the limiting factor. Hence, estimation of rainfall is extremely
important. The current paper deals with the development of a rainfall-altitude relationship
for Matahara area, Awash Basin of Ethiopia. A conceptual rainfall-altitude regression model
was formulated and its performance evaluated. The relationship between monthly rainfall
totals and gauge elevation over Matahara region (including Lake Basaka catchment) was
examined using the conceptual regression model (ordinary least square). The regression
parameters were identified and estimated and then used to map the spatial rainfall for Lake
Basaka catchment in ArcGIS. The regression analysis showed a strong positive correlation
(r = 0.85) between the long-term average monthly rainfall and altitude of the region. It is
shown that the rate of increase of rainfall with altitude is in the range of 0.020 mm/h at
Matahara to 0.067 at Welenchiti, with average value of 0.0475 mm/m/month. The best fit
(R*=0.9187, p = 0.015) was obtained between observed and estimated rainfall depths for all
the stations with total standard error of 12.97 mm. The high R? reveals that the developed
equation is acceptable for the area at 98.5% (p > 0.015) confidence limit. The performance
of the developed model is found to be within reasonable accuracy, which is limited by the
elevation difference and distance from the base station. Therefore, the spatial and temporal
structures of rainfall distribution (daily, monthly or annual) for Matahara region (including
Basaka Lake catchment) can be determined from the available records of rainfall data at
the Matahara Research Station (Merti) meteorological station with acceptable reliability. In
general, the performance of the developed model is found to be within reasonable accuracy,
which is limited by the elevation difference and distance from the base station.

Keywords: Matahara, orography, performance, rainfall, regression model
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1. Introduction

Accurate estimates of the spatiotemporal distribution of rainfall have been found to play a
key role in hydrological applications and water resource management [1]. Tropical regions
with heavy rainfall and variable topography are characterized by serious natural disasters.
Rainfall estimates, in such region, provide valuable information for water resources develop-
ment and for predicting and preventing natural disasters [2].

Rainfall shows variations in amount and distribution depending upon the factors: wind (speed
and direction), topography (altitude and slope), barrier characteristics, mountain scales, etc.
(e.g. [2-4]). Although the seasonal and spatial distribution of the rainfall is the key parameter
for further differentiation of climate, orography is the crucial parameter for the development
of the regional climatic behavior in Ethiopia [3, 5]. It is evident from the previous investiga-
tions that rainfall increases with altitude (e.g. [1, 5]). However, understanding the nature of
rainfall-elevation relationships in mountainous regions is much difficult.

Matahara area, including Lake Basaka catchment, has a wide range of topographic elevations,
ranging from 949 m at the Lake to over 1900 m at the top of Fentalle Mountain [4]. Hence, a
spatial rainfall variation in the region is expected. The reliable estimate of rainfall spatial dis-
tribution is extremely important for the determination of the regimes of hydrologic processes
(runoff, erosion, sedimentation) within the lake catchment and the resulting regime of lake’s
water balance. No profound study has been made so far on the stochastic model of rainfall-
altitude relationship in the study area.

In this study, the topographic effects on rainfall distribution has been investigated and
explained. An attempt was made to determine the spatial distribution of the rainfall from the
available rainfall recording stations within the region with similar agroclimatic condition and
variable altitude coverage. A conceptual rainfall-elevation regression model was formulated
and then simulated for Matahara region in order to see its practicability for the area. The
regression model formulation is based on the hypothesis: rainfall at certain location is the
function of rainfall data measured at the base station, the elevation difference between the two
locations, and the incremental rainfall per altitude.

2. Materials and methods

2.1. Study area

Matahara area is situated within Awash River Basin, central rift valley of Ethiopia. It is located
within Oromia region. Matahara plain area, in general, has semiarid climate [4], with a mean
annual rainfall of about 543.7 mm (Figure 1). As evident from Figure 1, the plain area is
characterized by bimodal and erratic rainfall distribution. Details of Matahara area including
Lake Basaka are well documented [4, 6-9]. The study area is attracting the attention of many
scholars due to the fact that the highly expanding Lake Basaka is situated within the region.
The lake is expanding at very fast rate in the past about 5 decades. The main problem with



Development and Application of Conceptual Rainfall-Altitude Regression Model: The Case of Matahara Area...
http://dx.doi.org/10.5772/intechopen.80694

140 1 . Rainfall 1%
120 = # = Temperatune a0
- s &
B = =F - - -
E 100 .- MR 1T
= " - ., &
2 &0 120 §
E g
> 60 T 15
] e
[
g 40 10 §
=
20 4 15
-0

Jan,

Feb Mar Jun Jul Sap Oct MNov Dec

Apr May Aug

Manth

Figure 1. Mean average seasonal variability of rainfall and temperature in Matahara area.

the lake expansion is due to its poor water quality (high salinity, sodicity and alkalinity), and
it is not usable for domestic or irrigation purpose. Moreover, the lake is also situated within
the main rift valley of Ethiopia (at a close distance to Afar Triangle), where many changes are
happening.

2.2. Rainfall estimation

There are two meteorological stations in Matahara region with long years of recorded data:
one at Matahara Breeding Station (MSF) and one at Matahara town just near to the lake
(Figure 2). Unfortunately both stations are outside the Lake catchment and even cannot be
representative for the entire catchment since they are located almost at the lower elevation.
There are also other two meteorological stations (Awash and Nura-Era) in the vicinity of the
Lake. Though the second station is being located at the southern most part within the Lake
catchment, it cannot be representative for the entire catchment too. Furthermore, there are
a number of rain gauges (about 12) distributed in the sugar plantation section with 12-year
(1996-2008) rainfall records, 4 of which are located in the lake catchment from Abadir side.
Even these rain gauges are concentrated at one location (with low elevation), and their mea-
surements are less reliable.

Therefore, an attempt was made to determine the spatial rainfall distribution for the area
from the available rainfall recording stations within the region with similar agroclimatic
condition (semiarid) and variable altitude coverage. About seven rain gauge stations with
long year’s measurement data were selected, namely, Matahara Research Station (MRS) at
Merti, Matahara, Nura-Era, Awash, Welenchiti, Adama and Wonji Research Station (WRS)
(Figure 2). These stations have good-quality, continuous records of data for the period of
1966-2010. As confirmed by quality check, the recorded data of the seven stations are homo-
geneous (at the >95% confidence level) and consistent. Data records of Welenchiti station are
found to be relatively poor compared to the others.
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Figure 2. Distribution of meteorological stations considered in the region.

2.3. Formulation of the regression model

Most studies conducted in the mid-latitudes have proved that a simple linear rainfall-altitude
regression model well fits the observed data [10]. Accordingly, a conceptual regression model
(Eq. (1)) was first formulated based on the hypothesis that rainfall at certain location is the
function of rainfall data measured at the base station, the elevation difference between the two
locations, and the incremental rainfall per altitude. The simple linear regression model was
fitted by ordinary least squares (OLS) method:

w=08+k¥(H-H,)te 1)

where P (mm) = rainfall at elevation H, P, = rainfall at base station H,, H (m) = elevation at
which P is to be determined, H, (m) = elevation of the base station, k (mm/m) = constant as
function of rainfall increment per altitude and e = error term that considers the effect of error
in measurement and effect of other factors on rainfall. The rainfall increment per altitude (k)
value is different for monthly and annual rainfall values. The expectation from the regression
model is that the rainfall increases with altitude, i.e., k should be positive.

The above equation (Eq. (1)) was optimized until the computed and measured rainfalls (P) are
approximately equal or until the sum of the deviations between the observed and computed
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rainfalls are approximately zero (standard error). For the lake catchment (Matahara area),
the meteorological station at MRS was considered as the base station since it has long years
of measurement data and its records are found to be relatively reliable and consistent (as
checked by double mass curve) and is also at close vicinity to the lake and its catchment.

3. Results and discussion

3.1. Rainfall-altitude relationship

The temporal variability of long-term (1966-2008) mean monthly rainfall values for the selected
meteorological stations (excluding Adama and Awash Melkassa) is plotted in Figure 3. The
regression analysis showed a strong positive correlation (r = 0.85) between the LYA monthly
rainfall and altitude of the region (Figure 4). The correlation becomes even stronger (r = 0.97)
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Figure 3. Temporal variability of LYA annual rainfall of Awash valley at six recording stations.
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Figure 4. Correlation analysis between rainfall and altitude (for all considered stations).
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between the long years” average annual rainfall and the elevation, which reveals how topog-
raphy (orography) is the most decisive factor for rainfall pattern of the region, which is also
true for most part of Ethiopia.

The rainfall of the area is highly erratic and of bimodal type with the main rainy season
concentrated to few months (July-September). Analysis of the seasonal rainfall distribution
pattern showed that the most intensive hydrologic processes (runoff, erosion and sedimen-
tation) in the area are expected in the month of July and/or August, which was also con-
firmed by other studies [4, 9]. It possible to suggest that the irregular rainfall patterns of
the area may be related to the cyclic events of climate such as QBO and ENSO in the tropics
[11]. African rainfall variability is mostly related to the ENSO indices [11, 12]. Like tropics,
Southern Africa regions have high climate variation and hence susceptible to droughts and
floods [13-15].

3.2. Developed conceptual regression model

A conceptual regression model was formulated (see Eq. (1)) based on the correlation obtained
between rainfall and altitude of the region (Figure 4). The conceptual regression model was
optimized until the computed and measured rainfalls (P) are approximately equal or until the
sum of the deviations between the observed and computed rainfall are approximately zero
(standard error). After optimization, the regression model (Egs. (2) and (3)) was developed
for the area. After inserting the elevation value (H, = 956 m) for the base station (MRS), Eq. (2)
is reduced to Eq. (3):

PiH) =B, +00475%(H - H,) =09 (monihiv]
P(H=F +0560%(H -H)—-09 (Annual) ()
P=P 0075 5308 (3)

The incremental rainfall per altitude obtained for the considered seven stations is in the range
of 0.020 (Matahara) to 0.067 (Welenchiti), with average value of 0.0475 mm/m/month. The
monthly rainfall of each of the considered stations was computed using Eq. (3) and compared
to the observed values (Figure 5). The performance of the developed regression model was
evaluated based on the RMSE (Table 1). Welenchiti and Wonji have shown the highest RMSE
of 70 and 120 mm, respectively. Conversely, the other four stations (MRS, Matahara, Awash
and Nura-Era stations) in the close vicinity to the lake have the lowest RMSE, indicating the
better fit of data. That means those stations very far (distance > 50 km) and with high elevation
difference (>200 m) from the base station perform poor.

The scatter plot of the observed and simulated rainfall for the considered stations in the region
is shown in Figure 6. The best fit (R*> = 0.9187, p = 0.015) was obtained between observed
and estimated rainfall depths for all the stations (Figure 6b) with total standard error of
12.97 mm. The correlation (R* = 0.9988) is very strong for the selected four stations (MSE,
Matahara, Awash and Nura-Era) in the vicinity of the lake (Figure 6a). The high R* reveals
that the developed equation is acceptable for the area at 98.5% (p > 0.015) confidence limit.
Therefore, the monthly or annual rainfall for the lake and its catchment can be estimated from
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Station RMSE (mm) Elevation difference (m) from base ~ Approximate distance from base station
station (km)

MRS 0.90 0 0

Matahara 0.20 -2 8

Awash 4.01 =30 30

Nura-Era 6.02 165 40

Wonyji 70.00 550 100

Welenchiti 120.00 535 70

RMSE, root mean square error.

Table 1. Performance of the developed regression for the different stations.

the measured data at the MRS meteorological station with acceptable reliability. Of course,
some discrepancy between the estimated and measured rainfall is expected due to certain
factors: measurement error, wind oscillation effects, altitude difference in the watershed, etc.
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Figure 6. Scatter plot of observed and model estimated monthly rainfall depths: (a) for four stations in the vicinity of the
lake and (b) for all stations considered.

4, Conclusion

The rainfall of the area is found to be erratic and of bimodal type, with great seasonal and
annual variation. The seasonal variation is indicator of the occurrence of the most intensive
hydrologic processes (runoff, erosion and sedimentation) in the months of July and August.
Unlike rainfall, temperature showed an increasing trend. The mean average temperature
increment observed for the area (+2.4°C) in the past 4-5 decades is slightly higher than that
of the country’s average and of the globe (+2°C) in the postindustrial period. This could be
attributed to the massive deforestation and tectonism (volcanic activity). This change has
significant implications on the hydrologic cycle of the area (local scale) and on the global
warming (global scale).

Good correlation was observed between altitude and rainfall. The developed conceptual
regression model (after optimization) showed that the incremental rainfall per altitude
obtained for the eight stations in the region is in the range of 0.25-0.80, with average value
of 0.56 mm/m/year. The model performance is in line with the formulated hypothesis and is
found to be satisfactory for the region. However, the best performance was observed for four
stations in the vicinity of the lake and its catchment. Therefore, the developed conceptual
regression model can be applied for the computation of a spatial rainfall distribution of the
area, including Lake Basaka catchment.

Author details

Megersa Olumana Dinka
Address all correspondence to: magarsol@yahoo.com

Department of Civil Engineering Sciences, Faculty of Engineering and the Built
Environment, University of Johannesburg, Johannesburg, South Africa


mailto:magarsol@yahoo.com
https://0.25�0.80

Development and Application of Conceptual Rainfall-Altitude Regression Model: The Case of Matahara Area...
http://dx.doi.org/10.5772/intechopen.80694

References

(1]

[13]

[14]

[15]

Suzuki Y, Nakakita E, Hasebe M, Ikebuchi S. Study on rainfall-topography relation-
ships in Japan with regard to the spatial scale of mountain slopes. In: Sixth International
Symposium on Hydrological Applications of Weather Radar; Melbourne, Australia. 2004

Kuraji K, Punyatrong K, Suzuki M. Altitudinal increase in rainfall in the Mae Chaem
Watershed, Thailand. Journal of the Meteorological Society of Japan. 2001;79(1B):353-363

Gissila T, Black E, Grimes DIF, Slingo JM. Seasonal forecasting of the Ethiopian summer
rains. International Journal of Climatology. 2004;24:1345-1358

Dinka MO. Analyzing the extents of Basaka lake expansion and soil and water qual-
ity status of Matahara irrigation scheme, Awash Basin (Ethiopia) [PhD dissertation].
Vienna, Austria; BOKU University; 2010

Seleshi Y, Zanke U. Recent changes in rainfall and rainy days in Ethiopia. International
Journal of Climatology. 2004;24:973-983

Abejehu G. Assessment of salinity & sodicity status of Matahara Sugar Estate [MSc the-
sis]. Ethiopia: Alemaya University of Agriculture; 1993

Dinka MO, Loiskandl W, Furst J. The expansion of highly saline Basaka Lake and its
effects on the sustainability of Matahara Sugar Estate. In: Proceedings of the 34th-WEDC
International Conference; Addis Ababa, Ethiopia. Refereed Paper. 2009;296:571-579

Dinka MO. Analysing the extents (size and shape) of Lake Basaka expansion (main
Ethiopian Rift Valley) using remote sensing and GIS. Lake and Reservoirs: Research and
Management. 2012;17:131-141

Dinka MO, Loiskandl W, Ndambuki JM. Hydrochemical modelling for Lake Basaka:
Development and application of a conceptual water budget model. Environmental
Monitoring and Assessment. 2014;186:5365-5379

Brunsdon C, McClatchey J, Unwin D]J. Spatial variations in the average rainfall-altitude
relationship in greatbritain: An approach using geographically weighted regression.
International Journal of Climatology. 2001;21:455-466

Abtew W, Melesse A, Dessalegne T. Blue Nile basin hydrology relationship to climate
indices. In: Proceedings of workshop on Hydrology and Ecology of the Nile River Basin
under extreme conditions; Addis Ababa. 2008. pp. 76-89

Jury MR. Intra-seasonal convective variability over southern Africa. Principal com-
ponent analysis of pentad outgoing-longwave radiation departures. Theoretical and
Applied Climatology. 1998;62:133-146

Jury MR. An intercomparison of model-simulated east-west climate gradient over South
Africa. Water SA. 2012;38:467-478

Lyon B, Dewitt DG. A recent and abrupt decline in the east African long rains.
Geophysical Research Letters. 2012;39:L02702

Dedekind Z, Engelbrecht FA, van der Merwe J. Model simulations of rainfall over south-
ern Africa and its eastern escarpment. Water SA. 2016;42(1):129-143

37


http://dx.doi.org/10.5772/intechopen.80694




Chapter 4

Linkages between Water and Forests in South
American Watersheds under Restoration

Denise Taffarello, Diego Alejandro Guzman Arias,
Danielle de Almeida Bressiani,

Davi Gasparini Fernandes Cunha,

Maria do Carmo Calijuri and

Eduardo Mario Mendiondo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.82526

Abstract

Water security is threatened by the rapid growth of the human population in areas where
there were native forests before coupled with climate change scenarios. One of the main
elements which ensures water security is water stored in soil, which is fundamental for
maintaining ecohydrological processes at the watershed scale under forest land-use
change. In South America, aiming to restore and recover changing catchment areas, best
management practices (BMP) have been widely proposed as a strategy for water-forest
resource sustainability. Based on forest evapotranspiration demand, this chapter presents
fundamental concepts related to soil-water-forest cycles, watershed restoration, and case
studies of BMPs in South American watersheds (e.g., Brazilian and Colombian projects for
watershed conservation or restoration). It has become clear that there is an opportunity in
setting baseline data and quantifying the effectiveness of these BMPs. By using ecohydro-
logical monitoring and suitable indicators of these BMPs in the long term, an integrated
understanding of water-forest relationships is needed. Furthermore, the more successful
watershed management projects are, the more effective decision-making regarding BMP
linking water and forests is.

Keywords: water yield, watershed restoration, hydrological services, ecohydrological
processes, South America
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1. Introduction

There is no life without water. Before the earliest writing systems evolved, humans were hunters
and food gatherers. Then, with the onset of the Neolithic revolution, humans started settling
alongside rivers and developed into early state civilizations, often referred to as “hydraulic
civilizations.” During the late Holocene, in Latin America, the Maya and Inca empires developed
ancient water systems based on empirical observations. Urban civilization replaced small vil-
lages with towns and cities, and agriculture progressively took the place of native forests.
However, new concerns arose in dealing with the multiple uses of water resources. On one hand,
an evolution of public and industrial water supply systems was needed for human well-being.
On the other hand, the development of such technologies, as well as other anthropogenic
impacts, made ecosystems even more vulnerable than they already were.

Since the mid-twentieth century, rapid human population growth, technological development,
and rising resource consumption have increased water pollution and scarcity. The Food and
Agriculture Organization (FAO) of the United Nations [1] estimates that there will be a need to
increase the global food production by 60% to feed more than 9 billion people foreseen to live
in the world by 2050. The human impact on Earth seems to reflect a new period in the
geological time scale: the so-called Anthropocene [2]. Waters et al. [3] summarized the key
markers of functional changes due to anthropogenic actions, which are indicative of the
Anthropocene, for example, biotic changes, which include species invasions and accelerated
extinction. Furthermore, human-induced stressors are altering freshwater, marine, and terres-
trial ecosystems in an unparallelled way [4].

The water cycle connects the abiotic environment with the bio- and anthropospheres, thereby
leading the distribution of life on Earth [5]. In turn, freshwater ecosystems have been recog-
nized among the most threatened ecosystems in the world from at least 20 years ago [6-9]. At
least 10,000-20,000 freshwater species are already extinct or at risk, with loss rates comparable
to those of the late Pleistocene-Holocene succession. Overexploitation and habitat loss trends
are pushing Earth to the sixth mass extinction process [3]. It has been shown that 65% of
Earth’s river discharge and associated habitats are moderately to highly threatened [10].

In his pioneering work, Tansley [11] proposed the term “ecosystem,” encompassing abiotic and
biotic factors, as well as their functional and structural relationships. Moreover, terrestrial ecosys-
tems influence freshwater by moving and modifying flows through a series of ecohydrological
processes. The relationships among ecohydrological processes are strongly nonlinear (see [12-15];
also called geo-bio-hydrologic processes by [16]). This ecohydrological processes in both aquatic
and terrestrial ecosystems provide benefits for humans, which are called ecosystem services
[17, 18]. Various authors (i.e., [19-23]) have defined ecohydrological processes when relating
ecological aspects of the hydrological cycle. For example, by the time correlation of the variable
fraction of flooded areas with the duration of flood pulse can better integrate both the nutrient
cycling and the river flow as part of a local biogeochemical cycle.

In the scope of this chapter, linked to water resources, three classes of ecosystem services,
provisioning, regulating, and supporting and their links, are presented. All these types of ecosys-
tem services have been progressively damaged by anthropogenic pressures:
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*  Provisioning services involve the production of renewable resources (e.g., freshwater, food,
and extraction of pharmaceutical and cosmetic products from biota; [18]).

*  Regulating services are those that indicate benefits arising from regulating ecological processes
and, hence, lessen environmental change (e.g., climate regulation, water regulation throughout
attenuation of hydrologic extremes such as floods and droughts, disease control; [18, 24]).

*  Supporting services are the cycles of transformation of energy and mass at ecosystems, and they
are the basis for providing other ecosystem services (such as nutrient cycles, soil formation; [18]).

Land-use/land-cover (LULC) changes due to anthropic activities are the main threats to the
ecosystem regime shifts. Unbalanced water flows, biodiversity losses, and interruption of nitro-
gen, phosphorus, and other biogeochemical cycles deplete ecosystem services on large scales
[17, 25]. Considering these significant changes, we need to understand how the ecohydrological
processes work, if we want to develop better policies on watershed management [26].

The quantity and quality of water resources of each headwater are related to geology, topog-
raphy, soil type, climate, type and amount of vegetal cover, and to the degree and type of
anthropic activity in the watershed. Watershed restoration provides a variety of goods and
services for humans and nature, including regulating water and ecosystem flows, improving
water quality, reducing sediment loads, and affecting pollination and biodiversity.

The ecosystem-based adaptation (EbA) concept emerged at the beginning of the 2010 to mitigate the
impacts of the climate change and anthropic activities. EbA means the use of biodiversity and
ecosystem services to help people adapt to the adverse effects of climate change. This concept was defined
by the Convention on Biological Diversity in the 10th Conference of the Parties [27]. Protecting
ecosystem services is essential to promote watershed-scale sustainability to decrease ecosystems”
and people’s vulnerability, as well as increase their resilience to global change impacts [28, 29].
The watersheds restoration in South America can be achieved through projects of payment for
ecosystem services (PES) since PES projects are considered a method of EbA [30].

Neither integrated quali-quantitative analysis nor combined indicators of human-ecosystem
appropriation of freshwater resources have been established in Brazilian basin plans [31, 32].
On the one hand, among these indicators, we highlight the water footprint—WF [33, 34]. It
encompasses gray, blue, and green portions of water into a unique indicator to evaluate
sustainability arising from water resource pollution and consumption. For sustainable water
allocation planning, river plans must be built based on accurate data on actual water availabil-
ity per basin, taking into account (i) water needs for humans, (ii) environmental water require-
ments, and (iii) the basin’s ability to assimilate pollution [34]. On the other hand, we suggest
the study of forest-climate-water interactions as a hydraulic analogy since changes in forest
cover can alter precipitation at regional scales [25].

2. A water-forest interface through hydraulic analogy

To address water-forest restoration perspectives, it is worth studying the water-forest system.
It can be shown as a transpiration system which is analogously analyzed as any other closed
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system that transports fluids, for example, a pipeline. Figure 1 indicates, from a hydraulic
similarity, the energy grade line concept applied to liquid and vapor phases of the system.
Because of low velocities, velocity head is neglected due to laminar flow. Energy is required to
(1) extract water, (2) transport water through the soil, (3) transport it through the plant, (4)
vaporize water, and (5) transport water into the atmosphere. All these energy phases have
losses. In Figure 1, the change in the point-to-point energy level gives the head losses and
energy sources. Flow direction is toward the negative energy gradient. Accounting for the head
losses through the liquid phase of the transpiration process, the total frictional head loss is.

he = hs +hy + hy + Iy, 1)
in which h is the dissipated head with the subscripts “s,” “r,” and “x” and “1” refers to the soil,
root, xylem, and the leaf components, respectively. These subscripts will designate the same
flow components when used hereafter with other hydraulic terms. Assuming that the flow is
laminar, Darcy’s flow (qDarcy = k-h/L) and continuity equation (Q = qDarcy-a) may be applied
to each component of flow in the liquid phase. For any given hydraulic component, gDarcy is
the velocity, k is the hydraulic conductivity, L is the length toward the flow directs, a is the
cross-sectional area to the flow, and Q is the total flow rate. If the expression h = Q/a - L/k is
substituted into each component, it yields the hydraulic factors that affect transpiration in the
liquid phase.

Liquid phase Vapor phase
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Figure 1. Hypothetical energy grade line in the transpiration process for condition s = Hy (adapted from [35]; Ross and
Salisbury [36]; and Stewart et al. [37]). See explanation in the text.
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The terms within brackets in Eq. (2) are resistance terms and could be replaced as Rs for the
soil’s resistance and Rp for the plant’s resistance, as follows:

Ls
R = 3
S agk, @)
L L L
Ry=—/+—+ (4)

ak,  ack,  ak

in which Rs and Rp are the equivalent hydraulic resistances of the soil and plant, respectively.
Rs is dependent on the soil moisture content and the type of soil, and Rp depends on the type
of the plant and the stage of growth that includes the extent of the root system development.
From Eq. (2), a more simplified equation is obtained:

Figure 2. The 12 major river basins in Brazil. Source: [38].
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Q=—"—, ®)

which states that the flow rate that is delivered in the liquid phase is dependent on the ratio of
the total head available and the hydraulic resistances of the soil (depending on water content)
and the plant (depending on the vegetation type and growth phase). Eq. (5) shows that the
lower the value for Rp and the more head, hf, that can be developed, the more drought
resistant the plant is.

It should be mentioned that the vertical distance between the plant-conduit and the energy
grade line (EGL) represents the pressure head because the velocity head is negligible. Further-
more, the water-forest cycle shown in Figure 2 is the key element for restoration and conser-
vation measures, such as BMPs, in different spatiotemporal scales and under several scenarios
of climate and land-use changes explained in the following sections.

3. Water resource conservation strategies for South American watersheds:
Examples from Brazilian watersheds

Brazil is the largest South American country and is the fifth largest country in the world (both
geographically and in population). It presents 87% of urban population and most of the
population lives near the Atlantic coast in the east [39]. Due to Brazil’s large area (8.5 million
km?), each region presents different meteorological patterns and biomes. Moreover, several
river basins were selected for hydropower production, representing ca. 87% of all the energy
demand in Brazil [40].

3.1. Hydrometeorological aspects of Brazilian watersheds

The hydrological and meteorological characteristics of the major Brazilian river basins, some of
them for hydropower generation, are presented in Table 1 and Figures 2 and 3.

A mixture of climate zones characterizes Brazil [41]. These climate zones can be divided into
(1) atmospheric circulation; (2) thermic regions, which are related to the monthly extreme
temperatures; and (3) categories related to droughts (Figure 3).

The Amazon river basin (3,870,000 km?) occupies around 45% of the Brazilian territory. The
mean flow in the region corresponds to 74% of the national flow in Brazil (179.516 m?/s). In
spite of its abundance of water, just a minor part of the Brazilian population lives in this region,
with a demographic density of 2.51 hab./km? (10 times less than the national mean), and the
water demand is very reduced, as it is only 3% of the national water demand [38].

The Parand river basin (879,873 km?), which occupies 10% of the Brazilian territory and
includes the metropolitan regions of Sao Paulo and Curitiba, represents the most economically
developed region in Brazil and has a high population density, approximately 69.7 hab./km?. Tt
presents the highest water resource demand in the country, near 31% of the national demand.
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River basin Drainage Mean Mean Specific Evapotranspiration Native
area (km®)  precipitation discharge discharge  (mm/year) vegetation
(mm/year) (m%/s) (L/s/km?) cover (%)

Major Brazilian river basin regions

Amazon 3,870,000 2205 132,145 34.1 1128 85
East Atlantic 388,160 1018 1484 3.8 897 35
Western Northeast 274,300 1700 2608 9.5 1400 48
Atlantic

Eastern Northeast 286,800 1052 774 2.7 967 50
Atlantic

Southeast Atlantic 214,629 1401 3167 14.8 936 31
Southern Atlantic ~ 187,552 1644 4055 21.6 962 39
Paraguay 363,446 1359 2359 6.5 1154 58
Parana 879,873 1543 11,831 134 1119 16
Parnaiba 333,056 1064 767 2.3 991 75
Sao Francisco 638,466 1003 2846 4 862 53
Tocantins- 920,000 1774 13,779 15 1302 53
Araguaia

Uruguay 274,300 1623 4103 15 1151 31

Selected strategic river basins for hydropower generation in Southeast Brazil

Cantareira 2279 1475 35 15 988 26
Emborcagao 29,076 1485 456 16 991 29
Trés Marias 51,576 1404 657 13 1003 20
Furnas 52,197 1484 905 17 937 19
Mascarenhas 71,649 1238 890 12 847 19

Table 1. Hydrometeorological aspects of the major Brazilian river basin regions and selected watersheds draining to
strategic reservoirs for hydropower in Southeastern Brazil.

Figure 3. The complex blend of climate zones by average annual precipitation, humidity, and temperature in Brazil.
Source: Bressiani et al. [42]. Reproduced with the permission of the authors.


http://dx.doi.org/10.5772/intechopen.82526

46 Topics in Hydrometerology

However, the mean flow in the region represents only 6.6% of the national flow [38]. This fact
reveals the imbalance in the distribution of the water resources in the country. The Amazon
region also presents the higher pluviometric index of the country, 25% higher than the national
mean. This occurs because the Amazon river basin is located in a hot and humid climate
region, classified as equatorial (Figure 3). This region is characterized by the presence of
equatorial air masses, of the continental type, by the action of the intertropical convergence
zone (ICZ), formed by the convergence of trade winds [43].

In contrast, the Atlintico Leste river basin (388,160 kmz), the Atlantico Nordeste Oriental
(286,800 km?), Parnaiba (333,056 km?), and Sao Francisco (638,466 km?), present minor annual
mean precipitations, as a consequence of hot and dry climates, with sparse and irregular rains
and a mean rainfall of 500 mm per year [43].

Regarding vegetation, most of the Amazon river basin is covered by its native vegetation,
consisting of the Amazon (approximately 87% of its original cover), the “Cerrado,” or Savan-
nah (approximately 60% of the original vegetation). On the other hand, the Parana is the basin
which presents the smallest area covered by native vegetation proportionally. In comparison to
the original area, only 18% of Savannah and 15% Atlantic Forest biomes remain. The Uruguay
(274,300 km?) and Atldntico Sudeste river basins also drastically reduced their native vegetal
cover, as shown in Table 1.

Table 1 also provides data of the drainage area of important reservoirs for the Southeast region
of Brazil. The Cantareira Water Supply System (2300 km?), hereafter referred to as the
Cantareira System, encompasses 1000 hm® of reservoirs and is the main source of water supply
for the metropolitan region of Sao Paulo and Campinas [38]. This region (Figures 4 and 5) was
severely affected by the water crisis in 2013-2015, which brought water supply problems to the
metropolitan region of Sao Paulo and Campinas and hydroelectric power generation concerns
throughout the country [44—48].

Regarding Table 1, drainage areas of reservoirs Emborcagao, Trés Marias, Furnas, and Mascar-
enhas, which are essential for hydroelectric power generation, irrigation, and water supply,
have less than 30% of native forest cover [40]. The Emborcagao reservoir is the most affected
with high deforestation rates (only 6% of the original cover remains). On the other hand, the
Cantareira System, considered with the lowest deforestation rate, only has 33% of native
Atlantic Forest, partially due to watershed restoration programs (see [29]).

3.2. Biomes in Brazil

Brazil is the country with the highest biodiversity of vegetation in the world. There are more
than 55,000 cataloged plant species of an estimated total ranging between 350,000 and 550,000
[49]. A significant part of this biodiversity is found in the Atlantic Forest, a biome that stands
out for its high levels of richness, endemism, and devastation. Despite having 20,000 species of
vascular plants [50], of which between 7000 and 8000 are endemic [51], only 11% of the
Brazilian Atlantic Forest still remains [52]. Since Brazil’s colonization, the Atlantic Forest
deforestation has narrowed the delivery of ecosystem services. This progressive devastation
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Figure 4. Watersheds of the Cantareira water supply system (left) and its position in South America (top right) and in Sao
Paulo state (bottom right).

Figure 5. A general view of the Cantareira system region, a 2300-km? drainage area connected to the 1000 hm® of
reservoirs in the anthropized Atlantic Forest biome. Photo by Denise Taffarello, December 2012.

was caused by the exploration of forest resources, advancements of agricultural borders and
by coastal urbanization, as well as a zone going between 40 and 50 km into the inland [53].

The large area of Brazil encompasses six biomes. They consist of the following Brazilian
names: Amazonia, Caatinga, Cerrado, Mata Atldntica, Pampa, and Pantanal.
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First, the Amazon rainforest is the largest forest in the world, conditioned by the humid
equatorial climate (Figure 3). It represents around 35% of the forest areas globally. However,
recent predatory agricultural practices, new acts, and decrees have (1) reduced environmental
licensing requirements, (2) suspended the ratification of indigenous lands, (3) reduced the size
of protected areas, and (4) allowed land grabbers to obtain the charters of deforested areas [54].
This has led Amazon deforestation to 17%, which makes it difficult for Brazil to fulfill the Paris
Agreement.

Second, Caatinga occurs in the Brazilian Northeast. Its vegetation is formed by palm trees
which usually grow in dry and poor (in terms of nutrients) soils. Rossato et al. [55] used
weather data from the CPTEC/INPE platform to estimate the Palmer Drought Severity Index
(PDSI) in Brazil in the 2000-2015 period and found that the PDSI achieved severe to extreme
dry scales over time in the Northeast, where the dry conditions are a socioeconomic and
environmental problem. They concluded that the PDSI is useful to assess different soil mois-
ture water conditions and design risk maps.

Third, the Cerrado, which presents diverse regions, ranging from clean fields devoid of woody
vegetation to cerraddo, a dense tree formation, is also in danger [54].

Fourth, the Atlantic rainforest encompasses 35% of Brazilian’s biodiversity and boasts high
levels of species richness but also has critical rates of deforestation. Only 11-16% of the
Brazilian Atlantic Forest still remains on the coastline [51], and the hydrometeorological
patterns of the region are very different. However, the presence of humid winds from the
ocean is remarkable, and it favors vegetation development.

Fifth, the Pampa is composed of different herbaceous species, and in some areas, their envi-
ronment is integrated with several Araucaria trees, in the South region of Brazil.

Last but not least, the Pantanal is an alluvial plain influenced by rivers that drain the Upper
Paraguay basin, where it develops a fauna and flora of rare beauty and abundance. The flood
regimes are seasonal, and during the increased flows of the Paraguay river, the water chemistry
changes depending on the mineral composition of parent material, soil use, and vegetation cover.
Consequently, not only flow direction and magnitude fluxes change but also transparency, tem-
perature, and the macro-ionic composition of the water. These environmental variabilities induce
a habitat pattern that influences the composition of aquatic communities. It favors those that have
adopted strategies to exist within a specified range of environmental conditions. Karr and Chu
[56] described five dynamic environmental factors that regulate the structure and functioning of
any aquatic ecosystems shown in Figure 6. These factors can be applied to explaining, for
example, the beauty and high abundance of organisms found in the Pantanal biome.

3.3. Some Latin America projects for watershed restoration

Research has shown that degraded watersheds are related to higher poverty levels [57]. Thus,
restoration and creation of wetlands have been recommended for the development of human
populations in an integrated way [58]. Most restoration projects have multiple purposes regard-
ing the quality of the biological community and the hydrological functioning of the system.



Linkages between Water and Forests in South American Watersheds under Restoration
http://dx.doi.org/10.5772/intechopen.82526

BIOTIC
INTERACTIONS [

Figure 6. The dynamic environmental components structuring ecosystem functioning. Source: Adapted from Karr and
Chu [56].

However, the nature of ownership in forested areas (e.g., whether private or government
property) greatly affects forest management and, consequently, affects the water yield, water
quality, and their services. In Latin America, forest plantation, that is, Eucalyptus and Pinus,
mostly occurs on private land, whereas native forests prevail in public areas. Moreover, the
Brazilian government has recently signed decrees, which potentially threat native forests, due
to political bargaining [54]. This fact is very worrisome to the risks associated with hydrolog-
ical extremes, climate/environmental changes, and losses of ecosystem services.

The most common actions to enhance hydrological services and resilience front disturbances,
which can be conducted in both private and public lands, are hydrological control, wetland
construction, denitrification barriers, biogeochemical barriers, and food web manipulation. A
successful restoration strategy, according to the Society for Ecological Restoration (2011),
consists of the steps highlighted below.

Use of rr—
Use of native functional [y -sustaining
species - groups ecosystems
ﬂmtf“‘i‘j;;; Integrated
Social and ackin G 4= landscape
cultural values - degradation resili

Causes

Thus, there are some initiatives in Latin America which can achieve this goal (the watershed
restoration), mainly through EbA methods.
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Latin American countries were pioneers in development and implementation of PES projects
as a kind of EbA method. There is a wide range of initiatives, which apply PES on various
scales, in different contexts and with diverse specific objectives [59], serving as a general
mechanism to align economic investments in human and ecosystem welfare [60].

Previous formal PES programs began in Cauca Valley, Colombia, in the mid-1990s, where
silvopastoral practices were used in a pilot project to protect upper watersheds [61, 62]. PES
research reflects the watershed’s particularities, different topographic, soil, and climate condi-
tions, that hold a major part of the world’s unique biodiversity [63].

Costa Rica was the first country to establish a formal PES, called Programa de Pagos por Servicios
Ambientales, in 1997. There are governmental subsidies to help water users (such as hydro-
power companies) to pay land owners for benefits generated by their conservation actions in
the watersheds. In Quito (Ecuador), the water and hydropower companies pay for the
protected area’s upstream withdrawal, which is a source of a significant amount of clean water
[64]. Currently, there are EbA projects under ongoing implementation in all the 20 countries of
Latin America [63, 65]; however the freshwater PES experiences that have been developed still
act on a very small scale, contributing to the conservation and restoration of a small area
related to the total area in each country).

The first publication about ecosystem services in Latin America is from 1997: a researcher from
the National Institute for Research in the Amazon (INPA) proposed a strategy for achieving
sustainable development in rural Brazilian Amazonia, which required both short-term and
long-term measures [66]. Later, the improved strategy was proposed for the Cocibolca Lake
watershed, Nicaragua, showing four scenarios built on the Soil and Water Assessment Tool
(SWAT) model to reduce the potential of sediments and nutrient loads. Currently, various
initiatives have spread throughout Latin America, especially the platform called “Water
Funds” [60, 65], but the majority are still small scale and present failures in the forest growth
and hydrological monitoring.

3.3.1. Some Brazilian examples

The Brazilian Atlantic Forest is a biodiversity hotspot in the world and constitutes a carbon
sink. For these reasons, it offers an economical opportunity for establishing restoration or
conservation practice [67, 68]. One of these initiatives is the Atlantic Forest Restoration Pact
[69, 70], a public-private partnership with the aim to restore 150,000 km? of forest by 2050
using native species. Another initiative was the “Produtor de Agua/PCJ Project” [71]. This
project aims to stimulate actions of forest restoration, conservation of fragments, and soil
conservation practices on private properties to provide remuneration to the farmers to create
and/or maintain ecosystem services [72].

The following EbA projects are or were implemented in the five regions of Brazil:
*  “Bolsa Floresta Program” (North)

¢ “Monte Pascoal-Pau Brasil Project” (Northeast)
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¢ “Manancial Vivo Program” (Central West)

e “Mina d’Agua Project” (Southeast)

*  “Corredores Ecologicos Chapeco-Timbo Project” (South), to quote only a few examples

There are public-private partnerships working with EbA for the restoration of watersheds
and carbon sink, as well as private companies and nongovernmental organization initiatives.

In some of these, there is support from Brazilian universities in the ecohydrological monitoring
of the projects [46, 47]. See the EbA initiatives in the Brazilian Atlantic Forest developed until
2015. You can find more details on these and more initiatives in the paper by Taffarello et al. [29]

(Table 2).

Starting Number Project’s total Investment Average payment Adaptive measures considered for long-
year of cases  area (km?) value value per project term changes
(million US (US$/ha/year)
$)
1997 1 0.5 14 77-254 No
2005 1 28.5 (by 2011) 2.986 77.5 UFEX Yes. Monitoring partnership with Esalg-
(March/2010) USP, EESC-USP, IAG-USP, and Vigosa
Federal University
Fiscal Unit of Extrema municipality (UFEX
in Portuguese) (1 UFEX = USD 0.70 in 2018)
2006 3 20.9;1640; 148  1.112 33-242 Partially. Vegetation, hydrographic, and
property management monitoring occur in
the Oasis Project
2008 1 323 2.846 88 No. The Bolsa Verde operations manual (IEF,
2010) does not mention monitoring
2009 8 12.48; 36.77; 1.12; 14.828 4.4-968 Yes. The Camboriu Project and Water
22.22;19.62; Producer/PCJ (EESC-USP), through water
10.00; 0.41; 31.99 quantity (rainfall and runoff measures);
water quality (turbidity, total suspended
solids, pH, dissolved oxygen, electrical
conductivity, organic matter, and nutrients
such as ammonia, nitrogen, nitrates, and
total phosphates); hydrologic health
(geomorphologic analyses of the water
bodies’ structure)
2010 4 0.39; 11.6; 11,000; 3768 17.79-633.43 Partially. Mina d’Agua: monitoring plan and
8.8 impact assessment developed with the
support of specialists from the World Bank
2012 1 Priority areas of 25 UM No
the town for 1 UFM = US$ 46,62
public supply

Source: Adapted from [29].

Table 2. Case studies of EbA projects for watershed restoration at the Brazilian Atlantic Forest.
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Current research has been developed to improve existing methodologies and market-based
policy tools to identify the generation and maintenance of the ecosystem services by the
watershed restoration [73, 74].

The potential provision of the ecosystem hydrological services depends on the equilibrium of
the hydric balance, namely, the relation between the hydric availability and demand (variable
given natural oscillations or induced by impacts from anthropic activities), besides the state and
functional distribution of the ecosystems on the watersheds. From this interaction, the composition
“water+climate” is the principal element of sustainability [75, 76], directly influencing the
biodiversity. Therefore, the ecosystemic approach is a strategy for the integrated management
of soil, water, and biodiversity, promoting a balanced conservation and sustainable use of
natural resources.

3.3.2. Some Colombian examples

The Paramo biome is a set of neotropical alpine grassland ecosystems covering the upper
region of the northern Andes. It plays a key role in the hydrology [77-79]. It is characterized
by elevations between 3000 and 5000 miles above sea level (MASL) and a constant mean
monthly temperature with large diurnal temperature fluctuations. The precipitation patterns
in the Paramo are exceedingly complex in terms of amount and seasonality; the precipitation
varies from approximately 600 to 4400 mm from a bimodal pattern to a unimodal one
depending on the location [80]. Over the last years, these ecosystems have been strongly
impacted by human interventions and climate change [77, 81-85]. This has shown its

Water fund name Phase, stage Year Ecosystem description Conservation
founded target area (ha)
Bogota, Water We are Operation 2009 Paramo system and high Andean 60,000
forests
Valle del Cauca, Water for Life and Operation 2009 Some Paramo areas, high Andean 65,000
Sustainability Foundation forests, and inter-Andean valleys
Medellin, Green Basin Operation 2013 High Andean forests and Paramo 22,300
Cali, Madre Agua Creation 2015 Humid forest, tropical forest, cloud 4550
forest, and Paramo
Clcuta, Biocuenca Alliance Creation 2015 Paramo system and high Andean 15,900
forests
Cartagena Water Fund Creation 2016 Riparian wetland 138
Sierra Nevada de Santa Marta Idea and TBD Mountainous coastal system isolated ~ TBD
prefeasibility from the Andes and Paramo
Santa Marta y Ciénaga Idea and TBD TBD
prefeasibility
Santander, Bucaramanga Idea and TBD Paramo system and high Andean TBD
prefeasibility forests

Table 3. Colombian water funds description projects (modified from [86]).
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vulnerability and importance as a water supply source of some of the main cities in South
America. Therefore, initiatives, such as PES, are tools that in recent years have been
implemented in Colombia, but they are not yet common practice. Recently the Colombian
government, through law 870 of May 2017, established the payment for environmental ser-
vices and other incentives for conservation. Among the most recognized PSE implementation
projects in Colombia are the Water Funds (see Table 3), an initiative led by The Natural
Conservancy (TNC), which is currently benefiting nearly 12,295,247 million people [86]. These
Water Funds projects, which are in the operational phase, were established to benefit
populations from the Valle del Cauca (Water for Life and Sustainability Water Fund Cauca
Valley, Southwestern Colombia) and the cities of Medellin (Cuenca Verde) and Bogota (Agua
Somos), all these with the particularity of being developed for a complex and fragile Paramo
Andean ecosystem [80]. While in the creation and feasibility phase, there are funds such as
Cucuta (Biocuenca Alliance), the Cartagena Water Fund aiming to conserve the riparian
wetland areas and the Sierra Nevada de Santa Marta Fund, a mountainous coastal system
isolated from the Andes, and Santander, designed for water conservation in the metropolitan
area of Bucaramanga with major conflicts over mining exploitation in the Paramo area [87, 88].

4. Conclusions

Relationships between water and forests depend on the soil characteristics, including mois-
ture dynamics, which in turn impacts the water security and overall sustainability of water
resource management. As a result of the interaction among soil, water cycles, forest, and
climate, we address further parameters and guidance for the conservation of the hydrologic
and forest resources in the watersheds. In this chapter, we discussed ecohydrological processes
and the associated ecosystem services provided by the catchments and promising opportuni-
ties for watershed restoration. In this context, we argue that EbA strategies can help to develop
the economy of Latin American countries, where the population is expected to increase more
and more over the next few years. Such strategies would require the creation or expansion of
markets for ecosystem services, hydrologic and forest participative monitoring (e.g., through
hydrosociology and citizen science), human resource development, and training. Thus, linking
water and vegetation is essential to secure diverse hydrometeorological services and the
resilience of the biodiversity hotspots. In South America’s biomes, these services can be used
to optimize annual costs and benefits of conservation and provide financial support for resto-
ration projects in most affected communities. Not only South American society’s demands, but
also environmental needs in Latin America in general, can be achieved through holistic and
transdisciplinary PES projects, some of them briefly summarized in this chapter. The PES
initiatives can also increase income and, to a certain extent, boost employment rates and
community development. For example, the Water Funds can help comprehend the relation-
ships between water yield and forests through “research-for-action” initiatives. This integrated
management can reduce people’s and ecosystems’ vulnerability, as well as increase their
resilience to cope with global change impacts.
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Abstract

This chapter presents spatio-temporal (1901-2002) appraisal of the intensity, duration,
frequency and trend of drought over Gangetic West Bengal (GWB), Eastern India using
standardized precipitation index (SPI). The study reveals that, after 1950s the magnitude
of deficit precipitation has increased substantially. Stepping up of the mean intensity
of most intense drought events; average drought duration; severe and extreme drought
frequency in this agricultural tract at the latter half of the twentieth century are also some
alarming events. The western degraded plateau is more sensitive to extreme droughts
but, the impact is expected to be rigorous over the adjacent areas. In an nutshell this work
provides the evidences demonstrating the intensification of aridity in the northern Rarh
plain and moribund delta which may corresponds to degradation and lowering of water
resources especially ground water which may also lead to increase of socio-economic
vulnerability to drought. Such altered hydrolo-meteorological system hence calls for
review of the agricultural practices and water use in this counterpart.

Keywords: standardized precipitation index (SPI), drought intensity, drought duration,
drought frequency, threshold rainfall

1. Introduction

Monsoon region of South Asia remains one of the important worries with respect to frequency
and magnitude of drought in the contemporary scenario of climate change [1]. About 23 mil-
lion hectares of Asian rice producing areas experience frequent yield loss due to drought [2].
Afghanistan, India, Pakistan and Sri Lanka have reported droughts at least once in every
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3 year over the past 5 decades [3]. In India the net sown area is about 140 Mha, out of which
as much as 50% area is considered as severely drought prone [4]. Therefore, a comprehensive
assessment of drought is needful for monsoon based agro-economy of India.

Gangetic West Bengal (GWB), the leading agricultural hubs of Eastern India, severely experi-
enced the effect of climate change over the last few years [5]. Late monsoon arrival has been
observed with less intensity, duration of summer has become longer and drought has become
more frequent [6-10]. Moreover, this region is less experienced of coping with droughts
resulting in poor preparedness. Growing population, lacking water resource management
initiatives etc. further compounded the problem. Therefore, we need to improve our knowl-
edge on drought jeopardy in this densely populated tract with vast agricultural expanse. The
present chapter is an attempt in this regard to ensure two folds objectives—i. to portray a
comprehensive and holistic picture of droughts over GWB-its intensity-duration-frequency
and trend and ii. to identify areas exposed to drought.

2. Geographical personality of the study area

The study focuses on the southern half of West Bengal below Farakka barrage (Figure 1) located
between latitudes 21°32"23"N to 24°51'20"N and longitudes 85°49'49” E to 89°8'48" E (area:
63,879 km?, elevation range: 0-677 m) surrounded by Jharkhand in the West, Odisha in the
Southwest and Bangladesh in the East. Physiographically, GWB forms the transitional zones
between Chhotanagpur plateau in the West and Ganga-Brahmaputra delta in the southern
and eastern section. River Bhagirathi and its tributaries/distributaries drain this region [11].
The climate is typical sub-tropical monsoon type having four main seasons namely, winter
(Jan-Feb); Pre-Monsoon (Mar-May); Monsoon (Jun-Sep) and Post-Monsoon (Oct-Dec) [12].
Out of the total annual rainfall, about 70-80% occurs during the monsoon and contributing as
much as 90% to the discharge of the rivers.

GWB is a densely populated (1051 person/km™) tract, coupled with vast stretch of fertile
alluvial soil and is the heart of rice and jute cultivation as well as freshwater fish production
of eastern India, the gross cropped area and cropping intensity of this region count about 112
and 184% respectively [13]. Agriculture in this region is mainly rain-fed and rainfall extremi-
ties put heavy stress on not merely agricultural activities but also other economic activities.
Average water demand in this region varies from about 0.9 to 1.8mm?® per km~2 in compare to
the average water availability of 0.5 to 1.0mm? per km=2 [14]. These demonstrate sensitiveness
to drought of this region.

According to the study of Ghosh [9] there is a considerable decrease in rainfall during early
monsoonal month June and mid monsoonal month August in this tract. In the year 2010 10
districts of GWB have received <33% of the normal monsoon rainfall, which severely affected
the sowing of paddy [15]. In the northern Rarh and moribund delta there are significant
decreasing trend of rainfall (Figure 2) which is a sign of strengthening of drier condition of
these two regions. Nath et al. [16], WBSAPCC [6], RPAPCC [8] etc. have roughly addressed
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Figure 1. Reference map of the Gangetic West Bengal showing elevations, district boundaries, physiographic divisions
and location of the weather stations used in the analysis.

the way for drought management of the state. Nevertheless, comprehensive assessment of
drought jeopardy of this region in prime prerequisite before chalking out the management
plan and the present chapter opt to do so.
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Figure 2. Site (meteorological station) specific annual rainfall trend during 1901-2002.

3. Materials and methods

For the present study continuous time series rainfall data [http://www.indiawaterportal.org/]
belonging to 12 meteorological stations (one representative station per district) of the GWB
(Figure 1) for the period of 1901-2002 have been used. The Indian Meteorological Department
(IMD) assembles the data as well as controls the data quality.

Over a geographic area deficit of rainfall from normal during a period is broadly accepted
as drought. In this study standardized precipitation index (SPI) has been used to detail the
geographical variations of drought at multiple time steps. Different dimensions of drought
(like- drought intensity, duration, frequency etc.) following Dracup et al. [17] have been cap-
tured for the holistic appraisal.

3.1. Standardized precipitation index (SPI)

SPI, developed by McKee et al. [18, 19] is a simple but flexible tool to monitor drought at
multiple time step. SPI is recommended by the WMO as a standard drought monitoring index
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[20] and is calculated by taking the difference of the precipitation, Xi from the mean, X for a
particular time step, and then dividing it by the standard deviation, ¢ [21].

spp = X=X 1)

SPI is used to monitor both dry and wet conditions [22]. Negative values indicate dry and
positive values indicate wet periods [23]. As SPI becomes more negative or positive, the con-
ditions become more severely dry or wet (Table 1).

McKee et al. [18] originally calculated the SPI for 3-, 6-, 12-, 24- and 48-month timescales.
For the present case, typically SPI for 3- and 12-months step SPI are calculated to explore the
drought variation at inter-seasonal and inter-annual time scales.

3.2. Drought evaluation parameters

Drought intensity (I,): I, annotates departure of a climate index from its normal value [24].
According to McKee et al. [18] a drought event is defined as a period in which the SPI is
continuously negative and SPI reaches a value of —1.0 or less. Hence, 1| indicates the absolute
value of SPI less than —1.0. Lesser the value more will be the drought intensity.

Drought duration (D,): D, equals the number of months between its start and end [25]. A
drought event starts when the SPI is continuously negative and reaches an intensity of —1.0 or
less while, the event ends when the SPI becomes positive.

Drought magnitude (M) and mean intensity, (MI_): M, corresponds to the cumulative water
deficit over a drought period [26] and the average of this cumulative water deficit over the
drought period is MIL. Thus, M_ is the absolute value of the sum of all SPI values during a
drought event and MI refers to magnitude divided by duration.

Drought frequency (F_): F_ is used to assess the drought liability during a study period [27]. The
number of droughts per 100 years was calculated as:

SPI values Draught severity class D-scale
2.0+ Extremely wet W3
1.5t01.99 Very wet w2

1.0 to 1.49 Moderately wet Wi
—-.99 to .99 Near normal N
-1.0to -1.49 Moderately dry D1
-1.5t0 -1.99 Severely dry D2

—2 and less Extremely dry D3

Source: http://www.wamis.org/agm/pubs/SPI/WMO_1090_EN.pdf.

Table 1. Precipitation excess (wet) or deficit (dry) severity class according to SPI values.
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F =100 (%) @)

D,100 in

where F. | is the frequency of droughts for timescale i in 100 years; Ni is the number of
months with droughts for timescale i in the n-year set; i is timescale (3-, 6-, 12-, 24-months); n

is the number of years in the data set.

Trend analysis: The rank-based nonparametric Mann-Kendall test [28-29] is applied to the
long-term data in this study to detect statistically significant trends. Sen’s nonparametric
method [30] is used to estimate the trends slope in the time series data.

Return period or recurrence interval (Tr): Bonaccorso et al. [31] expressed Tr as a function of the
statistical characteristics of historical long records of precipitation and of a threshold param-
eter. In the present study the original concept of the return period [32] is used, i.e. the average
number of years between events above a threshold magnitude.

Rainfall threshold/critical rainfall (T, ): To calculate the threshold rainfall, first we have to calculate
the X and o (Eq. (1)) for a particular time step (say, for 3 month Dec-Jan—Feb of 30 years of
continuous rainfall data), for a given station and specify the desired SPI value (say —1.0) in Eq.
(3) for which critical rainfall is to be calculated.

Xi = oSPI + X (3)

3.3. Data processing and related calculations and mapping

The complete set of raw data for the said period (Jan 1901 to Dec2002) in the current study have
been tested to check if there are any missing data or irregularities in the data series. SPI
is then calculated for different time steps using ‘SPI Calculator’ of the National Drought
Mitigation Centre (NDMC) as recommended by WMO [20]. Afterwards drought-related
indicators as indicated in Section 6.2.2 are calculated. SPSS 14.0 and XLSTAT 2015 Excel
plug-in have been used for the MK test and Sen’s slope. For the purpose of revealing the
spatial variation over GWB Choropleth maps are then prepared using GIS software.

4. Results and discussion

4.1. Spatial and temporal assessment of the drought intensity
4.1.1. Time series assessment of draught intensity

On 12-month time lag 10 significant droughts have occurred during 1901-2002 (Figure 3a)
among which, 1966-1967 is the most significant with D of 14 months; PI of —2.82 and
a MI, of —2.06. On 48-month time step the last century roughly exhibit some consecu-
tive surplus and deficit phase (Figure 3b): (i) slight deficit (1901-1917), (ii) short surplus
(1918-1922); (iii) oscillating or near normal (1923-1940); (iv) short surplus (1941-1953); (v)
longest and peak deficit (1954-1970); (vi) peak surplus (1971-1982); (vii) short deficit
(1983-1986) and (viii) longest surplus (1987-2001). Noticeably, at the longer time scales,
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droughts become less frequent but their duration increases (Figure 3b) and after 1950s the
extremities of surplus and deficit as well as duration have increased substantially. Most of
the drought event reaches to its maximum intensity during the pre-monsoon months of
March to May (Table 2).

4.1.2. Spatial character of the drought intensity

During the 102 year time span the MI at the 3- and 12-month time step was —0.81 and - 0.77
respectively. MI for most stations (69.44%) at all the time scale were >—0.8 but did not cross

12 month lag

888852552000 00322883337 008 YsUNEREEEEER22R3088R00

sP1
=

et 3 BERECORELEEAEIREAREG
Vear 1]
Figure 3. SPI time series (1901-2002) for GWB for (a) 12- and (b) 48- month time scales.
Lag time Observed peak intensity (PI,) during 1901-2002 Mean intensity (MI))
SPI Year Month

3-Month -3.72 1999 April —2.68 (gross avg. —0.81)
6-Month -3.65 1922 March —2.64 (gross avg. —0.77)
12-Month -2.83 1939 June —1.68 (gross avg. —0.77)
24-Month -2.62 1968 January —2.13 (gross avg. —0.81)
48-Month —2.43 1968 May —1.49 (gross avg. —0.79)

Table 2. Drought intensity at different time scale for GWB during 1901-2002.
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Figure 4. Iso-mean intensity drought map for (a) 3-, (b) 12- month SPI

the limit of mild drought (i.e. 0 to —0.99). Regional MI,, varies between —0.75 (Krishnanagar)
and —0.86 (Purulia). Spatially (Figure 4a and b), average drought intensity is the greatest in
the degraded plateau region and western fringe of the Rarh region; it is less in the mature &
active delta region and eastern fringe of the Rarh plain. Roughly the drought intensity gradu-
ally decreases from West to East and South East.

At the 3-month step observed peak intensities are maximum in the mature delta region
(Figure 5a and b). At the 12-month step it was greatest in the western degraded plateau
region, extreme northern part of moribund delta and Rarh plain region. Thus the western
degraded plateau region is more sensitive to long-duration droughts.

4.2. Duration and magnitude of drought events

During 19012002, average drought duration identified by SPI on 12-month scale for most sta-
tions (>90.0%) was 4-6 months (Table 3) and the regional average value was 4.18. The maxi-
mum drought duration at all the stations was more than 20 months (Table 3) and the regional
average of the most intense drought was 7 month. The average magnitude of the longest
drought and the most intense drought event on 12 month scale is about —29 and —16 respec-
tively with their mean intensity of —1.37 and —2.29.

Spatially at the shorter time span (3-month lag) the coastal plain followed by the southern
Rarh and parts of the lower Ganga plain are sensitive to relatively longer drought duration
(Figure 6a). At the 12-month lag, it was relatively longer in the degraded plateau and pla-
teau fringe fans of the Rarh Bengal (Figure 6b). Noticeably the area suffered from lengthier
drought, magnitude was also counted high there (Figure 7).
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Figure 5. Observed maximum intensity drought map at (a) 3-month and (b) 12-month time scale.
Weather station Longest duration (< — 1.0 for consecutive ~ Most intense duration (< — 2.0 for D,AM)
months) consecutive months)
D,L(M) Year M, D, L(M) Year M,
Berhampore 24 Sept, 2000 to Aug, —32.18 11 July, 1982 to May, -27.87 4.57
2002 1983
Krishnanagar 23 July, 1966 to May, —42.33 8 Sept, 1982 to -18.09 4.19
1968 April, 1983
Chinsurah 21 Sept, 1957 to May, —28.13 7 Oct, 1935 to April, -15.53 3.93
1959 1936
Uluberia 20 Oct, 1957 to May,  26.05 8 Oct, 1935 to May, —19.97 4.46
1959 1936
Alipore 21 Sept, 1957 to May, —28.28 7 Oct, 1935 to April, -16.72 3.98
1959 1936
Basirhat 23 Sept, 1957 to July, —37.63 8 Oct, 1935 to May, —-21.02 4.55
1959 1936
Purulia 25 Aug, 2000 to Aug, —46.23 12 July, 1966 to June, -33.34 5.17
2002 1967
Bankura 23 Sept, 2000 to July, —36.58 12 July, 1966 to June, -31.59 5.08
2002 1967
Sriniketan 23 Sept, 2000 to July, —34.06 7 Aug, 1966 to Feb, -16.15 5.15
2002 1967
Burdwan 23 Sept, 2000 to July, —31.73 8 Aug, 1966 to Mar, -19.4 455
2002 1967
Midnapore 20 Sept, 1957 to April, —25.75 8 Sept, 1935 to -20.55 5.07
1959 April, 1936
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Weather station Longest duration (< — 1.0 for consecutive ~ Most intense duration (< — 2.0 for D,AM)
months) consecutive months)
D,L(M) Year M, D,L(M)  Year M,
Sagar Island 20 Oct, 1957 to May, = —24.52 9 Sept, 1935 to May, -29.43 4.17
1959 1936
GWB 21 Sept, 1957 to May, —28.76 7 Sept, 1966 to Mar, -16.05 4.18
1959 1967

Note: DD(M): duration (month); DDL(M): observed longest duration (month); DDI(M): observed most intense duration
(month); DDA(M): average duration (month); MD: magnitude.

Table 3. Drought duration and magnitude at 12 month time scale for different weather stations of the GWB during
1901-2002.
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Figure 6. (a) Average duration of drought events for (a) 3-, (b) 12-month time scale.

4.3. Assessment of the frequency of drought occurrences
4.3.1. Regional average frequency

Percentage frequencies of drought occurrences of varying drought categories at different time
steps have been outlined in Table 4. At all the time steps, more or less 16% years (i.e. once in
every 6 year) have recorded drought of all categories.

4.3.2. Spatial character of the frequency of drought occurrences

At the 12-month time steps the moribund delta followed by parts of northern as well as south-
ern Rarh has experienced higher occurrence severe droughts (Figure 8a). Extreme drought
occurrences, on the other hand, are more pronounced in the western degraded plateau region
(Figure 8b). This means that the western degraded plateau suffers from extreme drought
condition frequently while parts of Rarh Bengal and northern extreme of the deltaic Bengal
suffer from frequent severe drought conditions.
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Figure 7. Magnitude for (a) longest and (b) most most-intense duration draughts on 12-month time step.

Draught severity class SPI values 3-Mlag 12-Mlag 24-Mlag 48-Mlag
Moderately dry (1.0 to —1.49) 8.76 10.80 7.83 13.08
Severely dry (-1.5t0 -1.99) 4.09 4.20 5.66 391
Extremely dry (=2 and less) 3.11 1.24 2.66 1.10
Total (%) of all categories drought 15.96 16.24 16.15 18.10

Table 4. Frequency of drought occurrences (%) in GWB at different time steps.

4.4. Phase-wise pattern of drought intensity, duration and frequency

To evaluate the Phase-wise change of drought variables during 1901-2002, the annual rainfall
data series have been fitted with LOWESS or locally weighted regression curves [33, 34] to
identify the patterns over time (Figure 9) and thereby to divide the entire time span into some
clearly distinct phases (Table 5).

Regional average as well as peak drought intensity has increased significantly during first two
consecutive phases. Meanwhile, there is no obvious change in average and maximum drought
intensity between phase-II and Phase-IIl. The average drought duration has increased from
2.6 months in the phase-I to 5.5 month in the Phase-II and again has decreased to 4.4 months in the
phase-III. Meanwhile, the most intense duration has increased from 8 month (Phase-I) to 11 month
(Phase-II) again has equalized to 7 months in Phase-IIl. This may seem to be a good sign, but
there is significant increase in mean intensity in the most intense duration drought from —1.46 in
phase-I to as maximum as —2.06 in phase-III. This signifies that extreme drought events become
short duration but its intensity is escalating as a signature of climate change. The regional extreme
drought frequency during 1965-2002 compared to 1901-1933 has increased from 0 to about 2%.
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Figure 8. (a) Severe and (c) extreme drought occurrences at 12-month time steps.
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Figure 9. Locally weighted regression (LOWESS) and scatter plots of the average annual rainfall in GWB for the period
1901-2002.

4.5. Drought trend assessment

The MK test has been used to identify trend of drought intensity (Table 6). Here, in case
of drought analysis, positive trend will indicate intensification of wet condition and nega-
tive change will indicate amplification of dry condition because trend of drought intensity is
inversely related to the rainfall trend i.e. if rainfall declines drought event will amplify.
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Drought indicators Phase-1: 1901-1933  Phase-II: 1934-1964 Phase-III: 1901-2002
1965-2002

Average drought -0.71 —-0.82 -0.77 -0.77

intensity (MID)

Maximum drought —1.98, 1903, July —2.83, 1939, June —2.82, 1967, June —2.83, 1939, June

intensity (PID)

Average drought 2.61 5.54 4.39 4.18 month

duration (DDA(M))

(SPIL: < 1.0 for
consecutive months)

Maximum drought 10 month (August, 21 month (Sept, 14 month (July, 21 month (Sept, 1957 to
duration (DDL(M)) 1927 to May, 1928) 1957 to May, 1959) 1966 to August, May, 1959)
(SPL: < -1.0 for 1967)
consecutive months)
Most intense duration 8 month (July, 1903 11 month (Sept, 7 month (Sept, 1966 7 month (Sept, 1966 to
(DDI(M)) (SPI: < -2.0 to Feb, 1904). Mean 1938 to July, 1939).  to March, 1967). March, 1967): Mean
for consecutive months) intensity: —1.46 Mean intensity: Mean intensity: intensity: —2.06
-1.68 —-2.06
Moderate drought 10.65 10.65 12.73 10.80
frequency (%)
Severe drought 2.69 6.72 4.30 4.20
frequency (%)
Extreme drought 0 1.32 1.97 1.24
frequency (%)

Table 5. Regional intensity, duration and frequency of drought events identified from SPI values at a 12-month scale for
different periods in GWB.

At all the time steps, stations Berhampore, Purulia, Bankura, Sriniketan and Burdwan, irre-
spective of their level of significance, have experienced amplification of dry condition over
the assessed period. For the 3-month step, significant positive trends (on 95% sig. level)
have been detected at Berhampore, Sriniketan and Purulia of the Moribund delta, northern
Rarh and western degraded plateau respectively (Figure 10a). For the station Sriniketan and
Purulia the trend remains analogous for the 12- and 24-month time series also (Figure 10b
and Table 6). However, on longer time span of 24-month scale, station Berhampore of the
Moribund deltaic Bengal has experienced insignificant growth on 95% level of significance
unlike the 3- and 12-month scale (Table 6).

4.6. Drought returns periods

In case of mod drought, the return periods are lesser in parts of deltaic Bengal and Rarh plain
(Figure 11a). However, the circumstances roughly reversed in case of the extreme drought
(Figure 11b) and the western degraded plateau and some parts of the plateau fringe fans
and moribund delta part return periods count lesser. Thus, on entire regional scale the del-
taic Bengal & Rarh plain are more sensitive to frequent attack of severe drought but extreme
drought attack more recurrently in the western degraded plateau and some adjacent parts of
the Rarh plain.
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Weather stations SPI-3 SPI-12 SPI-24

V4 Q Tr V4 Q Tr V4 Q Tr
Berhampore -1.30° -0.21 In’ —2.05' —0.49 In” -1.87" —-0.59 In*
Krishnanagar 0.44 0.07 De 0.94 0.22 De 1.49 0.39 De
Chinsurah 117 0.17 De 1.86 0.48 De 2.52¢ 0.75 De*
Uluberia 1.75% 0.24 De*  2.77* 0.71 De*  3.23* 0.99 De*
Alipore 1.46* 022 De*  2.40* 0.61 De"  2.98* 091 De*
Basirhat 1.98* 0.32 De*  3.27¢ 0.81 De*  3.88* 0.15 De*
Purulia -1.26 —-0.18 In* -1.79* —-0.44 In* -1.95 —0.60 In*
Bankura —0.53 —-0.10 In —-0.80 -0.18 In -0.63 -0.20 In
Sriniketan —1.49* —0.24 In” —2.53" -0.63 In” —2.77* -0.85 In*
Burdwan —0.45 —0.06 In —0.81 -0.18 In —0.61 -0.16 In
Midnapore 1.33 0.20 De 2.22 0.55 De 2.81" 0.80 De*
Sagar Island 2.17* 0.34 De*  3.48* 0.89 De*  4.00* 0.25 De*
GWB Avg. 0.53 0.08 De 0.92 0.24 De 1.56 0.44 De

Note: Z: standardized test statistics of MK test; Q: Sen’s slope estimate; Tr: trend of drought; In: increasing and De:
decreasing trend of dry condition. Significant trend at 0.05 level of significance.

*Significant trend at 0.1 level of significance.

Table 6. Result of MK test, Sen’s slope and trend of drought (1901-2002) over GWB.
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Figure 10. Single-site trend of drought intensity for SPI at different time scales.
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Figure 11. Return period of (a) severe drought (SPI < —1.5 to —1.99) and (b) extreme drought (SPI < —2.0) on 12-month
time steps.
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Figure 12. Critical rainfall values for (a) 3-months and (b) 12-month time lag.

4.7. Critical (threshold) rainfall analysis

Critical rainfall is the least amount of rainfall below which can initiate drought. The criti-
cal rainfall demands for no-drought occurrences roughly increases from West to East and
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South-east (Figure 12a and b). Therefore, it is likely that the interior region immediately after
the coastal and lower Ganga delta will be more exposed to droughts particularly the non-
irrigated croplands due to relatively more demand of water.

5. Summary and conclusion

This chapter has provided results on the assessment meteorological drought condition for the
Gangetic West Bengal of Eastern India over the last century in the context of climate change.
The patterns of drought frequency, magnitude, trend etc. portrayed through statistical assess-
ment, visually interpretive maps and geographic description so as to improve our under-
standing of drought jeopardy of this region.

The study confirmed that, the last century exhibits some consecutive deficit and surplus phases
and after 1950s extremity of surplus and deficit as well as duration have been increased sub-
stantially. Stepping up of the maximum drought intensity; mean intensity of the most intense
drought event; average drought duration; severe and extreme drought frequency from 1940s
in this agricultural tract are some alarming events to think over. At the intra-regional scale,
average drought intensity as well as duration was the greatest in the western degraded pla-
teau and Rarh region and are also sensitive to extreme droughts. The impact of drought is
expected to be rigorous at or adjacent areas of the western degraded plateau, particularly the
northern Rarh and moribund delta where the drought intensities are tend to increase while
the rainfall as well as recurrence interval of drought are tend to lessen. The western degraded
plateau is widely known for its drought proneness [35]. But, this work provides evidences
demonstrating the extension and intensification of dryness at and in the adjacent areas of this
traditional drought prone region namely, towards the northern Rarh plain and moribund
delta. All of these indicate potential threat to the rain-fed agriculture, food security and socio-
economic vulnerability to drought of this region. Therefore, a more detailed study to explore
the drought risk as well as trend and pattern of other hydro-climatic variables is essential.
Work related to this issue is in progress and will be reported elsewhere.
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Abstract

To improve the use of soil and its conservation, precipitation data are necessary. With the
Universal Soil Loss Equation (USLE), the study of historical precipitation series is a main
factor, but in these series, there are gaps that need to be filled. This study had, as a basis,
the methods of weighted likelihood, multiple regression, and weighted likelihood based
on multiple regression to fill the gaps of the rainfall data for the rainfall gauges in the
Brazilian biomes (Cerrado and Pantanal, municipalities of Campo Grande, Bandeirantes,
Sidrolandia, Miranda, Fazenda Ponte, and Ribas do Rio Pardo). With this, it became pos-
sible to calculate the rainfall erosivity (R factor in the USLE). Therefore, the consistency
of the filled rainfall data was analyzed by the double mass method. The value of the rain-
fall erosivity calculated varies from 2304.80 to 13562.10 M] mm ha™ h™ year. With this
data, it was possible to identify particular results that differed from the rainfall erosivity.
Comparing all the gap-filling methods, numbers varying from 0-12% at the same rainfall
gauge were obtained.

Keywords: water and soil conservation, USLE, water resources

1. Introduction

Climate changes are each day more and more notable throughout the world, and based on
this fact, scientific studies are being developed, having as one of the main subjects studied
being rainfall and its historical series [1].
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In studying rainfall and its historical series, gaps in its data (these gaps can occur due to equip-
ment failure or data observer’'s mistakes, which are the most common reasons) were found.
These gaps can occur in hourly, monthly, or annually collected data. In some situations, these
gaps make it impossible to use the data in some studies [2].

With the need of filling these gaps, some methods were developed and are often used in
studies. These methods include the artificial neural network (ANN) method, as it can be seen
in [3-5], weighted likelihood method [6, 7], multiple regression method [8, 9], and weighted
likelihood based on multiple regression method [1, 2].

Consequently, with the development of these methods, it was necessary to create a method
to analyze the data consistency when its gaps were filled. According to this, [10] developed a
method called double mass.

A continuous historical rainfall series, with filled gaps and analyzed consistency, can be applied
in many studies such as urban drainage, soil conservation, and water conservation. In the soil con-
servation field, many studies have been developed about soil loss due to water erosion [11-13],
which is described by the equation proposed by [14], which considers variables like the soil erod-
ibility, topographic factor, soil use and management, conservation practices, and rainfall erosivity.

The rainfall erosivity (Rc) is calculated based on historical rainfall series, and to obtain these
continuous historical series, certain methods are used, where the resultant data can be dif-
ferent depending on the used method. Based on this, this study was developed aiming to
analyze the differences obtained in the rainfall erosivity results calculated with filled rainfall
data using the methods—weighted likelihood, multiple regression, and weighted likelihood
based on multiple regression—and to obtain a better correlation coefficient between different
hydrological data sources (radar, satellite, and local).

& Campo Grande QNMETJ
* Fazenda Ponte (ANA)

= Sidrolindia (ANA

* Ribas do Rio Pardo (ANA]
* Miranda [.-"LN.-\{

+ Bandeirantes (ANA

® Mato Grosso do Su

Figure 1. Rainfall gauges.
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2. Area of study

In order to fill the gaps in historical series, an auxiliary rainfall gauge is used. For each gap in
the series, it is advised to use at least three other values from an auxiliary rainfall gauge [2].
Therefore, six rainfall gauges (Figure 1) were used: Campo Grande, Bandeirantes, Sidrolandia,
Miranda, Fazenda Ponte, and Ribas do Rio Pardo. These stations are located in the Parana River
Basin, in the central area of the state of Mato Grosso do Sul, Brazil. With the stations defined,
values of historical series from the Agéncia Nacional de Aguas (ANA) and Instituto Nacional
de Meteorologia (INMET) data base were collected. The range with the fewest gaps was from
January 1, 2001, to December 31, 2014, and for filling the gaps, three methods were used.

3. Methods used to fill gaps

3.1. Weighted likelihood method

As it can be seen in [2], the month without data is filled with Eq. (1):

)

where:

P _=data to be filled (mm),

n = number of auxiliary stations,

N, = annual average rainfall at the station without data (mm),
N, = annual average rainfall at the auxiliary station (mm),

P, = rainfall at the auxiliary station in the month to be filled (mm).

3.2. Multiple regression method

As pointed out in [15], the multiple regression method is based on applying multiple regres-
sion, establishing a relation among the auxiliary stations and the station with the data gap,
and it uses Eq. (2):

yIXraX,teeta X ta, 2)

where:

y. = data to be filled (mm).

n = number of auxiliary stations.

a_= coefficient to be estimated by multiple regression.

X,y X; = data in auxiliary stations (mm).

17/
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3.3. Weighted likelihood based on multiple regression (mixed)

As it can be seen in [16], weighted likelihood based on multiple regression is based on mixing
both of the previous methods. To make it easier to understand the name of this method, it will
be denoted as mixed. First a multiple regression between the gap station and each auxiliary
station is calculated separately, and then the weight of each station related to the gap station
is calculated, using Eq. (3):

WyXi=ryXi/ (ryxl+ryx2+m+ryxn) (3)

where:

W, ;= weight factor between the station (y, gap station, and xj auxiliary station),

r,, = correlation coefficient between the gap station and auxiliary station (linear regression
coefficient),

n =number of auxiliary stations.

For each auxiliary station, a value of W, was obtained. With all the weight factors calculated,
their sum must be equal to 1. After this is calculated, the data for the gap is calculated with

Eq. (4):
YC = XI Wx1+ X2 Wx2+‘”+xn Wxn (4)

where:
y, = station data to be filled (mm),
x_=rainfall data at the auxiliary station in the month of the data to be filled (mm),

W _ = weight factor between gap station and auxiliary station.

X

3.4. Double mass method

With the data gaps filled by all three methods, it was necessary to analyze the data consistency.
To achieve this, the double mass method was used as it can be seen in [17-19], described by
[10], which consists of comparing two rainfall gauges using the amount of rainfall during the
period of the study, developing a chart using a reliable station on the x-axis and the station to
be compared on the y-axis. The chart developed tends to be a straight line; the inclination of
the straight line represents the correlation between the reliable station and the station to be
analyzed.

In some cases, the dots of the chart may not tend to be a straight line, or it may appear as
ranges in the chart with different inclinations from the straight line found in the linear regres-
sion. These differences may be because of the failure in obtaining the data, changing the
observer at the station, changing the environment nearby the station, or changing the location
of the monitoring equipment [10].

To analyze the consistency, the station in Sidrolandia was determined as reliable and, there-
fore, used as a reference, since during the period of study, there was only one value gap.
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4. Rainfall erosivity

To obtain the value of rainfall erosivity, Eq. (5) was used described by [20]
R = PP ®)

where:

Rc = rainfall coefficient (mm),

p? = monthly rainfall (mm),

P = annual average rainfall (mm) according to [21] who has defined these parameters in Eq. (5)
to be applied in Campo Grande, as it can be seen in [11]. These parameters are shown in Eq. (6):

R=139,44X(p/\2/13)/\0,6784 ©

where:

R = rainfall erosivity factor (M] mm ha™ h™ year),
p = monthly rainfall,

P = annual average rainfall.

With this equation the rainfall erosivity for each method and for each rainfall gauge was cal-
culated. After that, the rainfall erosivity for each station was classified for each method used.
The following chart was used to classify the rainfall erosivity level (Table 1).

Erosivity (MJ mm ha™ h™) Erosivity classification

R <2452 Low erosivity

2.452 <R <4.905 Moderate erosivity

4905 <R <7.357 Moderate to high erosivity
7.357 <R <9.810 High erosivity

R>9.810 Very high erosivity

Source: [22], modified to I.S. metric of unity according to [23].

Table 1. Rainfall erosivity classification.

5. Gap filling

All the rainfall gauges had gaps in their historical rainfall series; with the total data having
156 values, the stations had the following gaps: Campo Grande 17.3%, Bandeirantes 3.2%,
Sidrolandia 0.6%, Miranda 2.6%, Fazenda Ponte 1.9%, and Ribas do Rio Pardo 3.2%.

For the gap filling using the weighted likelihood method, the values were analyzed with the
double mass method, and the dots close to the linear regression were satisfactory with R?
values above 0.9936.
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With the multiple regression method, the dispersion of the dots tended to be a straight-line
regression with R? values above 0.9938.

And with the weighted likelihood based on multiple regression the dispersion of the dots
tended to be a straight-line regression with R? values above 0.9938.

Even if the dispersion of the dots in all methods used had a satisfactory R? value, the double
mass method shows consistency in all stations but for the Fazenda Ponte station, because the
dispersion of the dots at this station for all methods showed a different inclination along the
straight-line regression.

These differences are explained by [10]; these differences can happen because of many factors
like changing the monitoring equipment operator, changing the environment nearby the sta-
tion, or changing the location of the monitoring equipment.

6. Calculating the rainfall erosivity

With the results filled and the continuous historical rainfall series, the rainfall erosivity was
calculated for each station and for each method. The values obtained can be seen in Table 2, for
Campo Grande.

The period with higher rainfall erosivity at the Campo Grande station was in 2013 according
to the weighted likelihood method and in 2011 for the other two methods. The year with the
lowest rainfall erosivity was in 2002 and was equal for all methods. The consistency analysis
can be seen in Figure 2.

It can be noticed that for all methods, the dispersion of the dots tends to be a straight-line
regression; this implies that the inclination of all methods tends to be a straight line. The rain-
fall erosivity in Bandeirantes can be seen in Table 3.

For the Bandeirantes station, the years of maximum and minimum rainfall erosivity were the
same for all methods, in 2011 and 2002, respectively. Furthermore, the amount of the annual
rainfall erosivity differs 5% (between weighted likelihood and weighted likelihood based on
multiple regression). The consistency analysis can be seen in Figure 3.

For the double mass comparison for all three methods, the same dispersion pattern of the dots
can be noticed. They tend to be a straight-line regression, showing a consistency in the filled
gaps. The rainfall erosivity in Sidrolandia can be seen in Table 4.

The year 2002 had the lowest rainfall erosivity for all methods, and 2003 had the highest rain-
fall erosivity, also for all methods. The rainfall erosivity in Miranda can be seen in Table 5.

For the Miranda station, the period with the highest rainfall erosivity was in 2001 according
to the weighted likelihood and multiple regression methods and in 2003 according to the
weighted likelihood based on multiple regression method. The period with the lowest rainfall
erosivity was in 2002 for all methods. The percentage difference between the weighted likeli-
hood and weighted likelihood based on multiple regression methods was 10%. The double
mass analysis can be seen in Figure 4.



Rainfall Erosivity: Gap-Filling Method Differences in the Brazilian Pantanal and Cerrado Biomes
http://dx.doi.org/10.5772/intechopen.77064

Year Weighted likelihood Multiple Mixed
2002 7390.3 7835.8 7498.0
2003 8699.5 9254.8 9953.1
2004 8115.8 8115.8 8115.8
2005 8988.5 9228.9 9045.0
2006 8054.3 8085.0 8059.2
2007 9680.6 9757.8 9696.3
2008 8394.8 8394.8 8394.8
2009 9849.2 9849.2 9849.2
2010 8437.2 8539.1 8479.4
2011 9795.6 10324.2 10134.4
2012 9507.7 9507.7 9507.7
2013 9857.1 9857.1 9857.1
2014 9480.0 9848.4 9671.3
Total 116,250 118,598 118,261
Dif. % 2% 0% 2%
Maximum 9857.10 10324.20 10134.40
Minimum 7390.30 7835.80 7498.00
Average 8942.40 9123.00 9097.00

Table 2. Rainfall erosivity in Campo Grande.
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5
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BOOD -
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Figure 2. Campo Grande station analysis of double mass.
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Year Weighted likelihood Multiple Mixed
2002 7207.4 72074 6822.3
2003 9844.8 9844.8 10997.9
2004 8140.5 8140.5 8103.9
2005 9988.7 9988.7 10952.6
2006 9802.7 9802.7 11484.1
2007 8953.5 8953.5 8.317.3
2008 8655.5 8321.0 8894.2
2009 10440.0 10440.4 10807.4
2010 10214.0 10214.5 11654.5
2011 11396.0 11396.3 12128.6
2012 10469.0 10469.0 11168.3
2013 9492.0 9492.8 8812.0
2014 9268.0 9822.6 9864.4
Total 123,874 124,094 130007.6
Dif. % 0% -5% 5%
Maximum 11396.3 11396.3 12128.6
Minimum 7207.40 7207.40 6822.30
Average 9528.80 9545.70 10000.60

Table 3. Rainfall erosivity in Bandeirantes.
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Figure 3. Bandeirantes station analysis of double mass.
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Year Weighted likelihood Multiple Mixed
2002 6959.2 6959.2 6430.5
2003 10078.8 10078.8 11049.6
2004 8525.7 8525.7 9011.1
2005 8479.7 8479.7 8133.8
2006 8043.5 8043.5 7797.5
2007 8676.2 8676.2 8401.6
2008 7330.7 7330.7 6718.1
2009 8521.0 8521.0 7545.5
2010 9491.9 9491.9 10599.2
2011 8927.3 8927.3 8170.2
2012 8607.5 8607.5 7826.6
2013 9686.7 9686.7 9271.5
2014 9513.2 9688.3 10015.3
Total 112,841 113,016 110,970
Dif. % 0% 2% 2%
Maximum 10078.80 10078.80 11049.60
Minimum 6959.20 6959.20 6430.50
Average 8680.10 8693.60 8536.20

Table 4. Rainfall erosivity in Sidrolandia.

The data consistency of the Miranda station can be analyzed through its dispersion of dots
compared to a straight-line regression, showing the same inclination. The rainfall erosivity at
the Fazenda Ponte station can be seen in Table 6.

The period with the highest rainfall erosivity at the Fazenda Ponte station was in 2007
(weighted likelihood and multiple regression) and in 2003 (weighted likelihood based on
multiple regression), and the period with lowest rainfall erosion was in 2008 (weighted likeli-
hood and multiple regression) and in 2009 (weighted likelihood based on multiple regres-
sion). For this method the largest percentage difference was 12%. The double mass analysis
can be seen in Figure 5.

Analyzing the dispersion of the data dots from this station, it is noticed that in some parts, the
dispersion of the dots has different inclinations along the chart, even if the statistic approach
is satisfactory (R?=0.9936). These differences along the straight-line regression show us incon-
sistencies described by [10]. These different inclinations can be explained by facts such as
changes of monitoring station operators, environmental changes nearby the location of the
station, and changing of the location of the monitoring equipment. The rainfall erosivity in
Ribas do Rio Pardo can be seen in Table 7.
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Year Weighted likelihood Multiple Mixed
2002 6221.7 6221.7 4736.0
2003 8780.3 8780.3 9272.5
2004 8533.0 8533.0 8798.5
2005 9185.4 9185.4 8589.9
2006 6520.9 6566.2 5745.0
2007 7139.4 7139.4 5382.3
2008 8047.4 8047.4 7246.6
2009 9359.5 9351.6 8434.3
2010 7978.7 7978.7 7239.7
2011 9506.9 9506.9 8547.2
2012 8201.3 8201.3 6987.4
2013 8160.9 8160.9 6650.1
2014 8142.1 8778.2 8415.1
Total 105,777 106,450 96,044
Dif. % -1% 10% -10%
Maximum 9506.90 9506.90 9272.50
Minimum 6221.70 6221.70 4736.00
Average 8136.70 8188.50 7388.10

Table 5. Rainfall erosivity in Miranda.

Figure 4. Miranda station analysis of double mass.
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Year Weighted likelihood Multiple Mixed
2002 8228.4 8228.4 8784.0
2003 8961.6 8961.6 10735.4
2004 5677.4 5677.4 3777.0
2005 8042.9 8042.9 6903.9
2006 7737.0 7886.2 8070.0
2007 9977.0 9977.0 8967.4
2008 5207.0 5341.9 3296.7
2009 5458.3 5458.3 2304.8
2010 9229.6 9229.6 9228.5
2011 9580.5 9580.5 8822.1
2012 8481.8 8481.8 7609.0
2013 7937.3 7937.3 6229.6
2014 7290.4 7290.4 5918.4
Total 101,809 102,093 90,647
Dif. % 0% 11% -12%
Méximo 9977.0 9977.0 10735.40
Minimo 5207.00 5341.90 2304.80
Média 7831.50 7853.30 6972.90

Table 6. Rainfall erosivity in Fazenda Ponte.
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Figure 5. Fazenda Ponte station analysis of double mass.
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Year Weighted likelihood Multiple Mixed
2002 8564.3 8564.3 9544.8
2003 8549.5 8549.5 9251.4
2004 9306.9 9306.9 10365.7
2005 8835.9 8835.9 8506.0
2006 9246.2 9246.2 10475.0
2007 9750.6 9750.6 9898.2
2008 7252.5 6992.6 6352.9
2009 8998.5 8998.5 8213.7
2010 9541.0 9541.0 10217.7
2011 12165.6 12165.6 13562.1
2012 7957.2 7957.2 6592.5
2013 8270.9 8270.9 6724.7
2014 8506.9 8779.3 8773.6
Total 116,946 116,958 118,478
Dif. % 0% -1% 1%
Maximo 12165.60 12165.60 13562.10
Minimo 7252.50 6992.60 6352.90
Média 8995.90 8996.80 9113.70

Table 7. Rainfall erosivity in Ribas do Rio Pardo.
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Figure 6. Ribas do Rio Pardo station analysis of double mass.
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The period with the highest rainfall erosivity at the Ribas do Rio Pardo station was in 2013
and with the lowest rainfall erosivity was in 2008. This rainfall gauge had the lowest percent-
age difference among all the stations (1%). The double mass analysis can be seen in Figure 6.

The data of the Ribas do Rio Pardo station is noticed to be consistent; the dispersion of the
dots tends to be a straight-line regression, with no change in inclination along the line.

The values of erosivity that were found in the study are in agreement with [24].

However, in the author’s study, erosivity is classified only as high, and the gap filling can
range from moderate to very high. This can be explained by the fact that the author [24]
did not mention gap filling and used fewer stations in the study area (Cerrado and Pantanal
biome).

7. Rainfall erosivity classification

After filling the gaps and analyzing the consistency of all rainfall gauges, the rainfall erosiv-
ity was classified according to Table 1. The rainfall erosivity in all stations was filled by the
weighted likelihood method, which can be seen in Table 8.

The classification of rainfall erosivity using the multiple regression method to fill gaps can be
seen in Table 9. The weighted likelihood based on multiple regression method and its clas-
sification results can be seen in Table 10.

After the classification was finished for each method, it can be noticed that the Bandeirantes
and Fazenda Ponte stations had different rainfall erosivity classifications between the meth-
ods. Bandeirantes had a rainfall erosivity classification of very high erosivity (weighted like-
lihood mean based on multiple regression) and of high erosivity (weighted likelihood and
multiple regression). The Fazenda Ponte station had a rainfall erosivity classification of mod-
erate to high erosivity (weighted likelihood based on multiple regression) and high erosivity
(weighted likelihood and multiple regression).

The results reported here may help to identify a more adequate methodology to fill the gaps in
the region. It will subsidize appropriate plans and projects to infer the best land-use strategies
to improve water and soil conservation and quality and promote agriculture sustainability.

Station Average Classification
Campo Grande 8942.4 High erosivity
Bandeirantes 9528.8 High erosivity
Sidrolandia 8680.1 High erosivity
Miranda 8136.7 High erosivity
Fazenda Ponte 7831.5 High erosivity
R. do Rio Pardo 8995.9 High erosivity

Table 8. Rainfall erosivity classification, using weighted likelihood method.

95


http://dx.doi.org/10.5772/intechopen.77064

96 Topics in Hydrometerology

Station Average Classification
Campo Grande 9123.0 High erosivity
Bandeirantes 9545.7 High erosivity
Sidrolandia 8693.6 High erosivity
Miranda 8188.5 High erosivity
Fazenda Ponte 7853.3 High erosivity
R. do Rio Pardo 8996.8 High erosivity

Table 9. Rainfall erosivity classification, using multiple regression method.

Station Average Classification
Campo Grande 9097.0 High erosivity
Bandeirantes 10000.6 Very high erosivity
Sidrolandia 8536.2 High erosivity
Miranda 7388.1 High erosivity
Fazenda Ponte 6972.9 Moderate to high
R. do Rio Pardo 9113.7 High erosivity

Table 10. Rainfall erosivity classification, using weighted likelihood based on multiple regression method.

Mainly, this is important because the Cerrado is one of the Brazilian biomes that has been
subjected to the highest agronomic pressure, according to [25], with high interaction with the
Pantanal biome.

8. Rainfall data sources combined: satellite, radar, and local

When it is necessary to study rainfall, a couple of variables need to be determined, for exam-
ple, the size of the area, duration of the historical rainfall series, and data source. Nowadays
there are some kinds of sources available: satellite, radar, and local. How to choose among
them? A very important detail when choosing the data source is to identify the size of the
study area. When the study area is a state, a country, or a continent, the satellite data achieves
a better accuracy. On the other hand, if the study area is a state or an area with a couple of
cities, radar data is more advised. Finally, if the study area is a city, a small watersheds, or a
couple of cities, the local data (rainfall gauges) provides a better result.

Satellite data is possible to be obtained using Precipitation Estimation from Remotely Sensed
Information using Artificial Neural Networks-Climate Data Record (PERSIANN- CDR)
[26], Tropical Rainfall Measuring Mission (TRMM) [27], and Gravity Recovery and Climate
Experiment (GRACE) [28]. An important characteristic is the rainfall amount; some studies
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show that the same satellite data can provide different accuracy depending on the rainfall
amount. Some characteristics are important to observe; in developing countries the number of
local rainfall gauges is low, and some studies need to use two data sources combined.

Satellite data are widely used to calculate hydrological parameters for areas that are sparsely
equipped with rain gauges; thus it is possible to obtain data for a large area. On the other
hand, its accuracy for high rainfall quantities is low, for example, [26] describes a correlation
coefficient of 0.62 between PERSIANN-CDR and data from local gauges, in a heavy rainfall
event.

Consequently, different studies for each data set are required to obtain a better combina-
tion according to each study. This paper provides an approach to obtain more accurate data
through different gap-filling methods. In this way, more studies are needed to sensor gap
filling, providing future studies with bettered methods and combinations.

9. Conclusions and recommendations

1. Thevalueofrainfallerosivity calculated varies from2304.80t0 13562.10 M]mmha'h'year. It
was possible to identify variations in rainfall erosivity classification, comparing all the gap-
filling methods; numbers varying from 0-12% at the same rainfall gauge were obtained.

2. In the double mass analysis, even if statistic approaches are satisfactory and tend to be a
straight-line regression, the inclination along the straight-line regression should be considered.

3. The consistency analysis can explain the different results obtained. The Fazenda Ponte
station was an example where a break in the slope was found and the results obtained
diverged 12%.

4. The weighted likelihood mean and multiple regression methods had similar performances
in filling gaps; the rainfall erosivity values had a 2% maximum difference.

5. The weighted likelihood based on multiple regression was not often found in scientific
articles even if it is adopted in books.

6. For future studies the use of the weighted likelihood based on multiple regression gap-
filling method combined with a satellite data source is recommended.
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