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Abstract

In this study, the SEBAL (Surface Energy Balance Algorithm for Land) model
was used to map the spatio-temporal distribution of actual evapotranspira-
tion in the Yamoussoukro department (Cote d’Ivoire). Like other regions of
the country, the Yamoussoukro district is confronted with the phenomenon
of evapotranspiration (ET). This is a very important component that comes
into play in the water balance but also in the calculation of the water needs of
agricultural crops. Consequently, its estimation is of paramount importance
in research related to the rational management of water resources, particular-
ly agricultural water. The objective of this study was to analyze the spa-
tio-temporal distribution of actual evapotranspiration (AET) as a function of
land cover and land use. The methodology used is based on the SEBAL model
which uses remote sensing (Landsat 8_OLI/TIRS) and climatic data to esti-
mate actual evapotranspiration and analyze the spatio-temporal distribution
of AET. The results reveal that the AET varied from 0 to 5.44 mm/day over
the period from December 2019 to February 2020 with an average value of
4.92 mm/day. The highest average values occurred for water bodies (4.90
mm/day) and flooded vegetation (4.88 mm/day) while the lowest values oc-
curred in residential areas (2.04 mm/day). Furthermore, the results show that
the difference between the SEBAL model and the FAO-Penman-Monteith
method is minimal with an average RMSE of 0.36 mm/day for all the satellite
images. This study demonstrates the considerable potential of remote sensing
for the characterization and estimation of spatial evapotranspiration in the
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Zatta irrigated rice-growing area.
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1. Introduction

One of the main problems faced by most actors in the rice sector is the efficient
use of available water resources for crop irrigation. In this sense, a rational
management of these water resources for rice production remains the only solu-
tion to overcome this problem.

Like many countries, Cote d’Ivoire is experiencing strong population growth
based on a high average annual growth rate of 2.9%, high immigration of 22%
and a high rate of urbanization of 48.8% [1]. Rice, with its culinary assets, is the
most consumed cereal in this country [2] and is one of the staple foods of the
majority of the population [3]. However, rice is one of the most water-intensive
crops. Therefore, reducing irrigation water consumption while increasing rice
yields has become an urgent problem to be solved. Yamoussoukro, with its eight
peri-urban areas, including that of Zatta, also with dams, offers an appropriate
framework for the analysis of this problem.

Indeed, evapotranspiration (ET) is one of the key factors in water balance and
water resources management [4] [5]. It is also important that this component be
estimated with precision, as it is an indicator of the water resources available in
an area [6]. In addition, food demand and wealth creation from agriculture are
important reasons for understanding and control evapotranspiration. Thus, wa-
ter management through the understanding of evapotranspiration is of great in-
terest in developing countries, including Céte d’Ivoire.

In recent years, several studies have been carried out to shed light on the
phenomenon of evapotranspiration [7] [8] [9]. Most of these studies have used
expensive if not limited, methods [10] as they only provide point values.

In contrast, the SEBAL (Surface Energy Balance Algorithm for Land) method
coupled with remote sensing data is more promising since the model estimates ET
at large spatial scales and uses a small amount of climate data [11]. The SEBAL
method is robust and has been widely used and validated worldwide [12] [13] [14]
[15]. However, no study using SEBAL method has yet been carried out in the de-
partment of Yamoussoukro (Cote d’Ivoire) which serves as the study site.

Considering the water-related issues and the problems mentioned above,
knowledge of evapotranspiration values for different types of land use is neces-
sary to help in water resources management. Therefore, the general objective of
this study is to analyze the spatial distribution of actual evapotranspiration in the
area of the irrigated rice perimeter of Zatta (Yamoussoukro, Cote d’Ivoire) using
the SEBAL model (Surface Energy Balance Algorithm for Land).
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2. Materials and Methods
2.1. Study Area

This study was conducted in the irrigated rice perimeter of Zatta. Zatta is a vil-
lage in the center of Cote d’Ivoire in the department and autonomous district of
Yamoussoukro. This district is located more at coordinates 06°49' and 06°47'
North latitude and 05°16' and 05°15" West longitude (Figure 1) and covers an
area of 3500 km?. It benefits from a hydrographic network essentially composed
of the Marahoue (Red Bandama) and the N’Zi, two tributaries of the Bandama.
The climate in this area is of the attenuated transition equatorial type, characte-
rized by more or less moderate solar radiation, a dry season with an average
temperature of around 25.8°C and a rainy season marked by an annual rainfall
of the order of 1145.60 mm (Figure 2). I’ average annual relative humidity is
78.3% and wind speed 1.5 m/s. The relief is made up of plains and plateaus
spread out between 200 and 500 m, separated from each other by a low slope of
10 to 30 m.

2.2. Data Used

2.2.1. Climatic Data

The climatic data used are from the meteorological station of SODEXAM
(Company of Exploitation and Development and Airport, Aeronautics and Me-
teorology). This station is located at 06°54'11" North Latitude and 05°21'18"
Longitude and at an altitude of 213.05 m. These data are collected on a daily ba-
sis and include several variables including air temperature, wind speed and rela-

tive humidity.
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Figure 1. Location of the study area.
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Figure 2. Precipitation, temperature and total evapotranspiration of the study
area during the rice growth cycle from 2019 to 2020.

2.2.2. Satellite Data

They are represented by four (4) Landsat 8 OLI/TIRS type images acquired dur-
ing the rice growth period (2019-2020) on the dates 29 December 2019, 14 Janu-
ary 2020, 30 January 2020 and February 15, 2020 and a digital terrain model
(DTM). The four images consist of eleven (11) spectral bands in the visible,
infrared and thermal infrared range. They were downloaded free of charge from
the United States Geological Survey (USGS) site, considering low cloud cover.
The characteristics of the images studied are presented in Table 1.

As for the digital terrain model (DTM), it comes from SRTM (Shuttle Radar
Topography Mission) and was downloaded from the website:
https://earthexplorer.usgs.gov. It is a 30 m resolution image data used to consid-
er topographic effects (slope and elevation) in order to estimate the net radiation

reaching the ground surface.

2.2.3. Classification of Land Use and Cover
In order to estimate the actual evapotranspiration for the different types of land
use and land cover in the Zatta hydro-agricultural scheme area, we used a global

land cover map provided by the study of [16]. It is a composite of ten (10) land
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cover classes produced by a deep learning model using ground-sampled image
pixels with an overall accuracy of 86% (Figure 3). Seven (7) main covers were
chosen for the analysis of the estimated AET: 1) water, 2) vegetation, 3) flooded

vegetation, 4) cropland, 5) grassland, 6) shrub and 7) bare and built ground.

Table 1. Main characteristics of Landsat OLI/TIRS satellite images.

Band Name of the band

Spectral range (um)

Spatial resolution (m)

1 Aerosol 0.435 - 0.451
2 Blue 0.452 - 0.512
3 Green 0.533 - 0.590
4 Red 0.636 - 0.673 30
5 Near infrared 0.851 - 0.879
6 SWIR 1 1.566 - 1.651
7 SWIR 2 2.107 - 2.294
8 Panchromatic 0.503 - 0.679 15
9 Cirrus 1.363 - 1.384 30
10 TIR 1 10.60 - 11.19
11 TIR 2 11.50 - 12.51 100
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Figure 3. Classification of land use and land cover in the Zatta rice

perimeter area [16].
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transpiration.

2.3. The SEBAL Model

In this study, the SEBAL model was used to spatially estimate the real evapo-
transpiration of a canopy. Indeed, SEBAL is an image processing model based
on the energy balance equation at the surface of the earth and which calculates
the ET as well as other energy values. The principle is that, during a given time
interval, the energy which arrives at the surface of a cover is equal to the energy
which leaves the same surface. According to [17], the equation for a given sur-

face is written as follows:

AET =R -G-H (1)

where AET: the latent heat flux (representing the fraction of evapotranspiration
in W-m™); R,: the net radiation (W-m™); G ground heat flux (W-m™); A the
sensible heat flux (W-m™2).

The conceptual diagram of the SEBAL model used in this study is shown in
Figure 4.

For the use of the SEBAL model, it is first necessary to correct the atmospheric
effect for each of the spectral bands of the satellite images due to a disturbance
during the recording of the light signal. Atmospheric corrections consist of the
extraction of this signal, information that does not depend on the effects of the
atmosphere [18]. Atmospheric corrections are made in order to transform the
raw numerical values of the images in ground reflectance values. For this pur-
pose, we used the FLAASH model (Fast Line-of-sight Atmospheric Analysis of
Spectral Hypercubes) of the ENVI software which very easily performs these

corrections and which integrates a radiation transfer code [19].

2.4. Estimation of Evapotranspiration

As mentioned above, estimating evapotranspiration amounts to solving the sur-

face energy balance equation by determining its different components.
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Figure 4. Flowchart of the SEBAL model which uses remote sensing and climate data to estimate actual evapo-

DOI: 10.4236/jwarp.2023.1510030

544 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2023.1510030

J.L.Kraetal.

2.4.1. Net Radiation (R,)

Net radiation (R,) represents the radiative energy balance at the earth’s surface.
This balance involves the albedo (a), the surface emissivity (&), incoming short
wavelength radiation ( Rj ), outgoing ( RI ) and incoming ( Ri ) long wavelength

radiation at ground level [20]:
R,=(1-1,)R{ +R —R/ —(1-&,)R! )

The incoming short wavelength atmospheric radiation is given by the follow-

ing formula:
Ry =G, xC0sOxd, x7,, 3)

where G, the solar constant; cosé the cosine of the angle of solar incidence, d:
inverse of the square of the relative Earth-Sun distance, 7,: the transmissivity of
the atmosphere.

Incoming long-wavelength atmospheric radiation can be estimated from the
air temperature (7), the emissivity of the atmosphere (&) and the Stephan-
Boltzmann constant (o) [21]. Atmospheric radiation is expressed according to

the following relationship:
Ri =g, xoxT} (4)
The terrestrial radiation emitted from a tracked pixel is estimated by also ap-
plying the Stephan-Boltzmann formula:
R =g xoxT? (5)
where 7 is the surface temperature:

T, = It

1+ 2T 1n g,

2

(6)

where 7} the brightness temperature of the sensor; G: the product of Planck’s
constant (& = 6.626 x 107*J s) and Boltzmann’s constant related to the speed of
light (c=2.998 x 108 m/s); A: is the wavelength of the emitted radiance (um); 2
is Planck’s constant (6.626 x 1073 J/s).

2.4.2. Soil Heat Flux (G)
The heat flux in the soil is estimated from the empirical formula of [22] cited by
[20] [21]. This expression considers surface temperature (73), albedo (a), nor-

malized difference vegetation index (NDVI) and net radiation (&,):

RE:L[o.oossa +o.oo7a2][1—o.98NDV| 4] )
o

Albedo (a) is the ratio of reflected radiation to incident radiation. It is calcu-
lated by the expression proposed by [23]:
a=0.356xT,+0.13xr, +0.373x 1, +0.085x r, +0.072x r, —0.0018 (8)

where 5, 1, 5 are respectively the reflectances in the blue, red, near infrared

channels and r;, 17 the reflectances in the short infrared of the sensor.
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As for the vegetation index (NDVI), its calculation involves the reflectances in
the red (r3) and near infrared (1) channels according to [24]:
r5 B r4
I+,

NDVI =

)

2.4.3. Sensible Heat Flux (H)
The sensible heat flux (H) corresponds to the transfer of heat by convection be-
tween the surface and the air [25] expressed by the equation below:

PCy

rah

H:

dT (10)

where p and G, are respectively the density of air and the specific heat of air at
constant pressure (1004 J-kg™'-K™); dT* the temperature difference 7; and 7
between two atmospheric levels z and 2z (generally at 0.1 and 2 m from the
ground respectively); r.;: the aerodynamic resistance to heat transfer [26].

Since the temperature difference and the aerodynamic resistance are unknown,
an iteration process described by [27] is used to calculate the sensible heat flux
(H). To facilitate solving the equation, we choose two pixels (hot pixel and cold
pixel) in the studied area where reliable values of A and d7 can be predicted.
The hot pixel includes dry, uncultivated land. The ET is assumed to be zero in
the hot pixel. The cold pixel should be selected in well-irrigated and fully vege-
tated agricultural fields.

Indeed, the aerodynamic resistance is a function of the wind speed, the ther-
mal stability regime and the surface roughness. Several approaches have been
used to estimate the aerodynamic resistance, including [28]. These approaches
are mainly based on the use of logarithmic profiles of mass and energy transfer
in the surface boundary layer and on the surface-surface boundary layer coupl-
ing which takes place at the level of the fluxes at the base of the convective
boundary layer [25]. According to [27], the aerodynamic resistance to heat trans-
port (r.s) is calculated as follows:

ZZ
|5 Vinie) Vi)
r, = L "™ (11)

where U’ is friction velocity (m/s) which quantifies turbulent velocity fluctua-
tions in air, kis Von Karman’s constant (=0.41), ¥, and y; are respectively sta-
bility correction functions for the transport of momentum and heat.
* I(uzoo
200

In(J — ¥, (200m)

om

(12)

where i is the wind speed (m/s) at the mixing height 200 meter, z,, is the
roughness length and ¥, (200 m) is the stability correction function for mo-
mentum transport at 200 meters from the floor.

The determination of the sensible heat flux also requires the calculation of the
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surface temperature difference d7 for each pixel. Assuming a linear relationship
between d7'and T;[29]:

dT =aT, +b (13)

where a and b are correlation coefficients calculated by definition of pixel prop-

erties in extreme water conditions.

2.5. Estimation and Spatialization of Evapotranspiration

The AET is determined from the residual term in the energy balance equation.
In the first step, the evapotranspiration at the time of the satellite pass (E£7}s) is
calculated for each pixel contained in the image according to the equation below.
It also corresponds to the hourly evapotranspiration:

AET

Pl

ET

inst =3600 (14)
where p. is the density of water (1000 kg/m®) and A is the latent heat of vaporiza-
tion (J/kg).

The daily estimate of the actual evapotranspiration is more practical than the
instantaneous actual evapotranspiration. The SEBAL model calculates the real
daily evapotranspiration by assuming that the fraction of the reference evapo-
transpiration (E7F, = ratio between the instantaneous ET and the reference ET
calculated by the climatic data) is an average fixed in 24 hours [20]. The daily ET
is given by the equation proposed by [26]:

AET,, = ETF, xET, (15)

A reference evapotranspiration value (£7;) can be obtained by the FAO Pen-
man-Monteith formula according to the following relationship:

900

T +273
A+y(1+0.34u,)

0.408A(R, -G)+y u, (e, —e,)

ET, = (16)

where 7: mean daily air temperature at a height of 2 m in (°C); y: psychometric
constant (kPa-°C™); w: wind speed at 2 m height; e;: saturation vapor pressure in
kPa; e;: actual vapor pressure in kPa; e, — e, saturation vapor pressure deficit in
kPa.

In this study, the spatial estimation of AET is automated using open-source
image processing. ENVI 5.1 and GRASS GIS 7.8.7 software were used in the
SEBAL model process and the maps were produced by QGIS 3.22.13 software.

2.6. Evaluation of the SEBAL Model

An evaluation of the model is necessary in order to know its performance but
also to appreciate and/or judge its capacity to best represent a phenomenon. The
evaluation of the results of the SEBAL model was done by comparing the evapo-
transpiration values simulated by the model and those obtained from the
FAO-Penman-Monteith method [15] [30] in the rice-growing area of Zatta on
the dates of acquisition of the satellite images.
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In this study, four (4) statistical parameters were used to evaluate the perfor-
mance of the SEBAL model, in particular the root mean quare error (RMSE). It
measures the difference between the predicted values and the observed values.
The lower the value of the RMSE, close to zero, the better the model evaluated in

terms of accuracy [31]:

RMSE = (s-0) (17)

1 N
N
where O, representing the observed values of the FAO-Penman-Monteith equa-
tion, S; representing the estimated values of the SEBAL algorithm; and O, and §;
are the mean values of the FAO-Penman-Monteith model and SEBAL, respec-

tively.

3. Results and Discussion

Figure 5 illustrates the spatial distribution of evapotranspiration estimated by
the SEBAL model on the dates of 29 December 2019, 14 January 2020, 30 Janu-
ary 2020 and 15 February 2020. For all these images, the estimated evapotrans-
piration values range from 0 to 5.44 mm/day with an average value of 4.92
mm/day. [32] and [33], using MODIS images and the SEBAL model, obtained
an average evapotranspiration value equal to 4.9 mm/day on the left bank of
Udawalawe in southeastern Sri Lanka and 3.30 mm/day in the Indo-Gangetic
Basin, respectively. According to [17], evapotranspiration is determined by me-
teorological parameters, crop characteristics, management and environmental
aspects, and these parameters could explain the average values obtained for the
set of satellite images. Furthermore, the analysis of Figure 5 shows that at the
rice-growing perimeter, the AET values range between 2.80 and 4.69 mm/day.
These values are maximum on 30 January 2019 and minimum on 15 February
2020.

Table 2 presents the values of the statistical parameters calculated from the
actual evapotranspiration maps of the area of the irrigated rice perimeter of Zat-
ta. The average of actual evapotranspiration for all the images varies from 2.69 to
3.30 mm/day with a coefficient of variation (CV) between 23.65% and 53.90%.
Indeed, the CV evaluates the degree of variability of the data compared to the
average. The higher the CV, the greater the dispersion around the mean.

Table 2. Statistical parameters of the spatial variation of the real evapotranspiration in the

study area.
Actual evapotranspiration
Date
4 (mm) o (mm) CV (%)
29 December 2019 2.96 0.70 23.65
14 January 2020 3.26 1.06 32.52
30 January 2020 3.30 1.08 32.73
15 February 2020 2.69 1.45 53.90

4 =mean; o= standard deviation; CV = coefficient of variation.
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Figure 5. Spatio-temporal variation of actual evapotranspiration by SEBAL on the dates of 29 December 2019 (a), 14
January 2020 (b), 30 January 2020 (c) and 15 February 2020 (d).
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Table 3 and Figure 6 shows the distribution of the average actual evapotrans-
piration values for the land cover types in the study area. These values were ob-
tained by overlaying the land cover and occupation map and the average actual
evapotranspiration map of the four (4) satellite images. The graph associates
higher values at water bodies (4.90 mm/day) and flooded vegetation values (4.88
mm/day) close to these, while lower values are observed for bare and built-up
soils (2.04 mm/day). This result is consistent with many studies, including [12],
[34]. da Silva, et al [11] report that the predominant process at the water surface
is evaporation and that dense and quality vegetation would be synonymous with
higher evapotranspiration than in other types of cover [35] which could justify
these values obtained. Moreover, unlike water bodies, evaporation and plant
transpiration are the prevailing processes in the vegetation cover. Evapotranspi-

ration is mainly influenced by water availability, but also by solar energy [36].

Table 3. Spatial distribution of actual evapotranspiration according to the type of land

cover.
Land cover type Area (ha) Area (%) Average AET (mm/day)
Water 109.13 1.24 4.90
Vegetation 4,874.36 55.28 4.61
Flooded vegetation 35.55 0.40 4.88
Cropland 149.24 1.69 4.51
Grassland 164.36 1.86 2.73
Shrub 3,202.80 36.32 2.88
Soil and built 281.67 3.19 2.04
6
=29 Dec. 2019
5 =14 Jan. 2020
30 Jan. 2020
=14 Feb. 2020
=4
©
3
£
E3;
|-
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Figure 6. Histogram of the distribution of real evapotranspiration in the area of the irrigated rice

perimeter of Zatta.
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Concerning cultivated lands and mainly irrigated rice cultivation, they had a
actual evapotranspiration lower than those of water bodies and flooded vegeta-
tion with an average value of 3.53 mm/day for all satellite images. From the 14th
day to the 46th day of the year 2020, the evapotranspiration gradually decreased
partly due to the crop development. Indeed, the average development cycle of ir-
rigated lowland rice in the study area is about 120 days and can be divided into
three (3) main phases: the vegetative, reproductive and maturation phase [37].
At maturity, the crop’s water requirements decrease, the rice fields are less irri-
gated and therefore less flooded, which could explain the progressive decrease in
rice evapotranspiration during this growth period. The values went from 4
mm/day to 3.48 mm/day with a coefficient of variation between 7.5% and
12.36%. The average rice evapotranspiration for all of these images is 3.53
mm/day (Table 4).

Figure 7 shows the results of the estimated evapotranspiration from the
SEBAL model (ET_SEBAL) for the four (4) satellite images compared to the
evapotranspiration of rice according to the FAO method (ET_FAO). The
ET_SEBAL values of all pixels on 29 December 2019 were higher than the
ET_FAO value (2.91 mm/day) and according to Table 5, this image had a lower
average relative and absolute error (15.12% and 0.44 mm/day). As for the
ET_SEBAL values of all the pixels of 14, 30 January 2020 and 15 February 2020,
they are all higher than the evapotranspiration of the rice crop with respective
relative and absolute errors of (7.16%; 0.32 mm/day), (8.91%; 0.36 mm/day) and
(22.17%; 1 mm/day). Moreover, it is observed that the lower relative errors were
7.16% (14 January 2020) and 8.91% (30 January 2020). These results are consis-
tent with those obtained by [38], on 13 August 2007 (6.88%) and August 06,
2007 (9.01%), for the cultivation of beans in the Entre Ribeiros stream and Preto
river sub-basins, between the states of Goids and Minas Gerais. It appears that
the results are quite consistent, since in all days the absolute errors between the
evapotranspiration values were less than 0.5 mm/day with the exception of 15
February 2020. de Lima, ef al [5] found similar absolute errors when the SEBAL
method was compared to the Bowen ratio. For all the images, the RMSE values
are between 0.10 and 1 mm/day. Ghaderi, et al [15] reports that an RMSE =

Table 4. Actual evapotranspiration of irrigated rice in the Zatta hydro-agricultural de-
velopment area.

Actual evapotranspiration of rice

Date
Min Max y7i o CV (%)
29 December 2019 1.96 3.50 3.05 0.27 8.85
14 January 2020 2.76 4.56 4 0.30 7.5
30 January 2020 2.68 4.12 3.60 0.23 6.69
15 February 2020 2.04 4.33 3.48 0.43 12.36

Min = minimum; Max = maximum; 4 = mean; ¢ = standard deviation; CV = coefficient
of variation.
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Table 5. Statistical values of the comparison between evapotranspiration according to the

SEBAL model and the FAO method.

Date ET_FAO ET_SEBAL AE (mm/day) RE (%) RMSE (mm/day)
29 December 2019 291 3.35 0.44 15.12 0.19
14 January 2020 4.47 4.15 0.32 7.16 0.10
30 January 2020 4,04 3.68 0.36 8.91 0.13
15 February 2020 4.51 3.51 1.00 22.17 1.00
EA = absolute error; ER = relative error.
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Figure 7. Comparison between the actual SEBAL evapotranspira-
tion obtained for the four satellite images and the rice crop evapo-
transpiration on the dates of (a) 29 December 2019, (b) 14 January
2020, (c) 30 January 2020 and (d) 15 February 2020.

0.222 mm/day would indicate that the SEBAL model is accurate enough to esti-
mate actual evapotranspiration. [39], reported an RMSE of 1.02 mm/day in es-
timating ET when results derived from SEBAL were compared to ET values

from a water balance model for a sorghum field.

4. Conclusions

In this study, the SEBAL model was used to map the spatial distribution of ac-
tual evapotranspiration in the department of Yamoussoukro. A total of four (4)
satellite images were used and supported by the FAO method. The spatial varia-
bility of evapotranspiration was analyzed while highlighting its sensitivity to the
different land cover occupations.

The results indicate that the AET of the area averages 4.92 mm/day, and that
at the rice-growing perimeter, the AET ranges from 2.80 to 4.69 mm/day. Also,
the analysis of the AET for the different types of land use reveals that water bo-
dies (4.90 mm/day) and flooded vegetation (4.88 mm/day) have the highest val-
ues, while the lowest values are observed for bare and built-up soils (2.04
mm/day). Then, it was shown that there was a good agreement between the es-
timates obtained by SEBAL method and by the FAO-Penman-Monteith method,
which makes the algorithm valid. The RMSE between the models were less than
or equal to 1.00 mm/day.

This shows the relevance of the application of the remote sensing method in
the estimation of evapotranspiration in the study area. Moreover, these results
constitute a means of encouraging but also inviting the various actors of the
agricultural sector to strengthen their capacities and existing means for a ration-
al use of the available water resources and the use of new agricultural technolo-

gies in order to maximize the agricultural yields.
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