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Abstract

Evapotranspiration (ET) is an essential process for defining the mass and energy relationship between soil, crop and atmosphere.
This study was conducted in Al-Ahsa Oasis, Eastern Region of Saudi Arabia, to estimate the actual daily, monthly and annual
evapotranspiration (ETa) for different land-use systems using Landsat-8 satellite data during the year 2017/2018. Initially, six
land-use and land-cover(LULC) types were identified: date palm, cropland, bare land, urban land, aquatic vegetation, and open
water bodies. The Surface Energy Balance Algorithm for Land (SEBAL) supported by climate data was used to compute the
ETa. The SEBAL model outputs were validated using the FAO Penman-Monteith(FAO P-M) method coupled with field
observation. The results showed that the annual ETa values varied between 800 and 1400 mm year ' for date palm, 2000 mm
year ' for open water and 800 mm year ' for croplands. The validation measure showed a significant agreement level between
the SEBAL model and the FAO P-M method with RMSE of 0.84, 0.98 and 1.38 mm day ' for date palm, open water and
cropland, respectively. The study concludes that the ETa produced from the satellite data and the SEBAL model is useful for
water resource management at the oasis scale under the arid ecosystem.

Keywords Actual evapotranspiration (ETa) - Landsat-8 data - SEBAL model - Land-use and land-cover (LULC) - Arid ecosystem

Introduction

Evapotranspiration (ET) is an essential process for defining the
mass and energy relationship between soil, crop and atmosphere
(Allen et al. 2007). ET measurement is necessary for water man-
agement in arid ecosystems, and it has significant impacts on
irrigation water requirement (Bastiaanssen et al. 2000;
Anderson et al. 2012; Sun et al. 2019). ET is one of the most
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valuable variables to determine water balance in vast regions and
affects future climate and land-use change (Rahimi et al. 2015;
Qin et al. 2018). The ET can be estimated using many methods
and techniques such as lysimeters, sap flow, eddy covariance,
Bowen ratio and scintillometer, which were accurate and effi-
cient at the field scale (Allen et al. 2011). However, these tech-
niques cannot be used for large regional scale ET mapping due to
prohibitive cost and logistical limitations (Singh and Senay
2016). Consequentially, remote sensing and biophysical model-
ling are adequate techniques for evaluating the ET patterns over
large scale regions. The energy balance models used to estimate
ET for semiarid arecas combined with Landsat-8 images (Sun
et al. 2019). The SEBAL model also applied to determine the
distribution of the ETa for analysing water use patterns over a
large basin in Kenya (Mutiga et al. 2010). However, the appli-
cation of SEBAL in the Mara Basin of East Africa indicates that
the ETa is measurable over different land-use types in data-scarce
regions (Alemayehu et al. 2017). Daily ET monitoring using the
SEBAL model also found to be possible for improving water
resources decision support over an oasis in the desert ecosystem
(Ochege et al. 2019).

Remote sensing and biophysical modelling were used
in recent studies to estimate the ET in different Saudi
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Arabia regions. Mahmoud and Alazba (2016) estimated
the ETa in the western and southern regions of Saudi
Arabia during 1992-2014 using the SEBAL model,
MODIS data and field observations. Also, in the eastern
province of Saudi Arabia, the ET flux was evaluated over
the alfalfa field using the METRIC and Landsat-8 data
(Madugundu et al. 2017). Furthermore, in Saudi Arabia,
remote sensing data used in combination with the surface
energy balance system to estimate the daily ET rate and
relative evaporation ratio of the irrigated agriculture in the
Wadi ad-Dawasir area (Elhag and Bahrawi 2017).

The interactions of ET, climate change and land use
are critical factors in soil water balance estimation and
water resource management (Yang et al. 2021; Li et al.
2021). Precipitation and temperature estimations over
different land-use systems can facilitate ET measure-
ment in complex topography regions (Abdelmoneim
et al. 2020; Almazroui et al. 2020). However, hydro-
climatic parameters such as streamflow and rainfall
might help determine the seasonal ET and water balance
of a particular region (Abungba et al. 2020). The spatio-
temporal analysis of climatic variables was important
for quantifying the ET and management planning of
water resources and sustainable agriculture (Gupta
et al. 2021).

The Kingdom of Saudi Arabia (KSA) suffers a continuing
water scarcity, and almost around 90% of the water budget
used in the agricultural sector (ElNesr et al. 2010).
Groundwater is the primary source of water in the KSA, con-
sidering the limited precipitation and high agricultural areas’
demands. Moreover, the increased population of Saudi Arabia
resulted in a significant increase in water use (Chowdhury and
Al-Zahrani2015). Also, the diversity of the LULC in the arid
region is critical to water consumption. Accordingly, for ef-
fective water resources management in these regions, the im-
pacts of LULC on hydrology need to be assessed. Hence,
precise information of the ETa is crucial for policymakers
and water planners to develop and formulate strategies for
agricultural water utilisation. Therefore, this study’s objective
is to assess the potential of Landsat-8 data and SEBAL model
for estimating the daily, monthly and annual ETa under dif-
ferent LULC systems in Al-Ahsa Oasis of Saudi Arabia.

Material and methods

Study area

Al-Ahsa Oasis is located in the eastern part of Saudi Arabia
and covers about 20,000 ha (Fig. 1). It is considered as one of
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Fig. 1 Location of the study area
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the largest and most important agricultural centres in Saudi
Arabia, with an altitude range between 130 and 160 m above
sea level (Allbed et al. 2018). The area’s climate is arid, with
air temperature exceeding 45 °C during the summer and
reaching 5 °C in winter (Al-Taher 1992). The rainfall occurs
mainly during winter, with an annual amount of less than 250
mm. The soil in the study area is dominated by sandy and
sandy loam soils. Groundwater is the primary water source
in the oasis and used mainly for irrigation, domestic and in-
dustrial purposes (Allbed et al. 2014). The land-use system in
the study area is predominated by date palm plantation as the
main agricultural activity. Also, the cropping of rice and veg-
etables is practised in the area.

Data

The data used in this study include remote sensing, climate
information and field observations. They collected during
April 2017-March 2018 to cover the summer and the winter
season of the study area. The summer season is considered for
April-September, while the winter is for October—-March.
The Landsat-8 satellite imagery was obtained from the
United States Geological Survey (USGS) website (https://
carthexplorer.usgs.gov/). A total number of 22 images
(path/row is 164/042) acquired to cover the entire study
area, and the main characteristics of these data are shown in
(Table 1). The obtained Landsat-8 images have a cloud cover
of less than 10%, and they have been geometrically and radio-
metrically corrected. All images bands were resampled into a
pixel size of 30 x 30m using the nearest neighbour method. A
global digital elevation model (DEM) is generated from the
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) known as ASTER GDEM obtained
from the USGS website. It is a 30-m-grid size DEM produced
by the National Aeronautics and Space Administration

(NASA) and the Ministry of Economy, Trade, and Industry
of Japan (METI).

The collection of the climate data was from two meteoro-
logical stations located within the study area. These data in-
clude air temperature, relative humidity, wind speed, net radi-
ation, precipitation and vapour pressure, and all data collec-
tions were on an hourly and daily basis.

The field observations include the identification of the
main land-use system in the study area. Besides field notes,
site descriptions and terrestrial photographs were taken to re-
late the site location to scene features.

LULC analysis

The LULC of the study area was classified based on the dif-
ferences in the surface cover reflective behaviour of the dif-
ferent types. Accordingly, field surveys throughout the study
area performed during the study period. A global positioning
system (GPS) instrument was used to obtain accurate location
point data for each LULC class included in the classification
process. Consequently, the creation of training sites and gen-
eration of the spectral signature for the different LULC types
were developed using the normalised difference vegetation
index (NDVI) derived from Landsat-8 data (Mohajane et al.
2019). A total of 115 training sites were selected during the
field survey. The supervised maximum likelihood classifica-
tion (MLC) method was independently employed for the in-
dividual images. MLC was used widely in remote sensing for
images classification (Mallick et al. 2014; Rahman et al. 2017,
Oon et al. 2019). The accuracy assessment of the classified
images was conducted using the ground control points (GCPs)
collected during the field survey with a hand-held GPS. The
GCPs were collected within 1 week of the image acquisition.
Consequently, from the total collected 115 GCPs, 30% were
used to validate the classified images. Also, visual

Table 1 Characteristics of

Landsat-8 data used in this study Sensor Band type Wavelength  Spatial
(USGS 2019) (1m) resolution (m)
Operational Land Imager Band 1, coastal aerosol 0.43-0.45 30
(OLI) and Thermal Infrared Band 2, blue 0.45-0.51 30
Sensor (TIRS) Band 3, green 0.53-0.59 30
Band 4, red 0.64-0.67 30
Band 5, near-infrared (NIR) 0.85-0.88 30
Band 6, short-wave infrared 1 (SWIR-1) 1.57-1.65 30
Band 6, short-wave infrared 2 (SWIR-2)  2.11-2.29 30
Band 8, panchromatic 0.50-0.68 15
Band 9, cirrus 1.36-1.38 30
Band 10, thermal infrared 1 (TIRS-1) 10.60-11.19 100
Band 10, thermal infrared 2 (TIRS-2) 11.50-12.51 100
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interpretation of the unclassified satellite images supported
with the field observations was used to validate the LULC
maps. However, to reduce bias, the stratified random sampling
method was adopted for the classified images (Mundia and
Aniya 2006). Finally, the overall accuracy, user’s and pro-
ducer’s accuracies and the Kappa statistic were derived from
the error matrices (Congalton and Green 2009).

SEBAL model

The SEBAL model developed by Bastiaanssen et al. (1998)
was used to calculate the actual evapotranspiration from
Landsat-8 satellite images. The model key input data consist
of satellite measurements of surface albedo, leaf area index
(LAI), NDVI and surface temperature (Ts). Also, the DEM
and land-use map were used as additional input data. The
DEM was applied for topographic and atmospheric correction
(Malbéteau et al. 2017). However, the land-use map was used
mainly to differentiate between LULC types that exist in the
study area. SEBAL model provides accurate estimations of
ET for relatively flat agricultural areas. However, where there
are significant reliefs and a wide range of slopes and aspects,
the SEBAL mountain model was developed to correct the
slope, aspect and elevation in the ET’s computations process
(Allen et al. 2012). Therefore, the DEM was required to pro-
vide elevation data. In addition to the satellite data, the
SEBAL model requires minimum inputs of routine weather
data (see the Data section). Figure 2 shows a flowchart that
describes the SEBAL model process. The SEBAL model
scripts were formed using the Spatial Modeler Tool of the

ERDAS IMAGINE 9.2 software, and the ArcGIS 10.2 soft-
ware was used for data mapping and visualisation.

The SEBAL algorithm computes the latent heat flux as the
residue of the energy balance equation (Bastiaanssen et al.
1998; Bastiaanssen et al., 2005; Allen et al. 2013):

AET = R,—G—H (1)

where R, is the net radiation over the surface (W/m?), G is
the soil heat flux (W/m?), H is the sensible heat flux (W/m?),
AET is the latent heat flux (W/m?) and X is the latent heat of
vaporisation (J/Kg).

The net radiation (R,,) was calculated using surface reflec-
tance and surface temperature (7) derived from satellite im-
agery. The R, computed as follows:

Ry = Rg|—=Rs| + Ry |-Rp1—(1—¢9) Rp| (2)

where R,| is the incoming short wave radiation (W/m?) (solar
radiation), « is the surface albedo (dimensionless), R;| is the
incoming longwave radiation (W/m?), RL1 is the outgoing
longwave radiation (W/m2) and & is the surface thermal emis-
sivity (dimensionless). The calculation of these radiations was
performed in Eqs. 3—5(Allen et al. 2006):

RS| = Gy..cos0.r.7g, (3)
RLt = &0.0.T* (4)
RL| =¢c..0.T* (5)

where G, is the solar constant (1367 W/m?), and cos0 is the
cosine of the solar incidence angle, 7 is the Earth-Sun distance
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Fig. 2 A flowchart explains the SEBAL model process
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(dimensionless), and 7y, is atmospheric transmissivity. RSI|
values range from 200 to 1000 W/m?, depending on the im-
age’s time, location and local weather conditions (Allen et al.
2012). o is the Stefan-Boltzmann constant (5.67 x 10 W m 2
K™, T, is the surface temperature (K), ,, is the atmospheric
emissivity and 7. is the atmospheric temperature (K). The
empirical Eq. 6 was used for calculating the .. (Allen, 2012).

€. = 0.85 x (=In 75,)"% (6)

The soil heat flux (G) is the heat flux rate stored or released
into the soil and vegetation due to conduction. The ratio G/R,,
was computed using Eq. 7 developed by Bastiaanssen et al.
(2000):

G/Ry = 5(0.0038 +0.0074«%) (1-0.98NDVI*) (7)

where T is the surface temperature (C°), « is the surface
albedo, and NDVI is the Normalised Difference Vegetation
Index (ranged between —1 and +1). NDVI values between 0
and 0.2 correspond to bare soil or very sparse vegetation. The
values greater than 0.2 represent vegetated areas. The typical
estimates of G/R,, assumed to be 0.5 for water, 0.05-0.4 for
agriculture and 0.2-0.4 for bare soil (Allen et al. 2012). The
NDVI was calculated from Eq. 8(Mohajane et al. 2019):

(NIR-RED)

DVI =
DV (NIR + RED)

(8)

where NIR is the reflectance in the near-infrared band,
which corresponds to band 5 in Landsat-8 data, while the
RED reflectance corresponds to band 4.

The sensible heat flux () is the heat loss rate to the air by
convection and conduction due to a temperature difference. H
was determined using the aerodynamic-based heat transfer
equation as follows (Bastiaanssen 2000):

pxCdeT)

= o)

Tah
where p is air density (kg/m?), C, is air specific heat (1004
J/kg/K), dT(K) is the temperature difference (7 and 7,) be-
tween two heights (Z; and Z,) and r,, is the acrodynamic
resistance to heat transport (s/m). The r,;, is computed for
neutral atmospheric stability conditions as follows:

Z,

rah:u>k>< k (10)

where Z; and Z, are heights in metres above the zero-plane
displacement of the vegetation, u is the friction velocity (m/s),
which quantifies the air’s turbulent velocity fluctuations. XK is
von Karman’s constant (0.41). us is computed using the loga-
rithmic wind law for neutral atmospheric conditions:

ku,
u*zi (11)

Zy
In [an}
where u, is the wind speed (m/s) at height Z,, and Z,,,, is the
momentum roughness length (m). The wind speed at the 200
m (blending height) is assumed not to affect the underlying
surface roughness and is assumed to be constant over the
entire image or sub-image.

The instantaneous value of ET in equivalent evaporation
depth was computed as follows:

ETjnse = 3600 )‘ETT (12)

where ET;, is the instantaneous E7 (mm/h), 3600 is the
conversion from seconds to hours, AET is the latent heat flux
(W/m) consumed by E7, pw is the density of water (1000 kg/
m®) and ) is the latent heat of vaporisation (J/kg) and was
computed as follows:

A = [2.501-0.00236 (T;—273.15) x 10°] (13)

The reference ET fraction (EToF) or crop coefficient (kc)
was calculated based on ET;, for each pixel, and ET, was
obtained from local ground weather stations.

EToF = ETinst/ETo (14)

The daily values of ET (ET»4) (mm/day) for each pixel was
calculated as follows:

ET, = ET,F x ET,24 (15)

where ETyF is the reference ET fraction, ETy24 is the cu-
mulative alfalfa reference for the day (mm/day) and E7, is the
actual evapotranspiration for the entire 24-h period (mm/day).

The actual monthly and annual E7 was calculated using
daily ET data as follows (Allen et al. 2012):

ETaperiod = Y. EToF x ET24 (16)

I=m

ETa,annual = ZE Ta,pcriod ( 1 7)

Allen et al. (2007) showed that one cloud-free satellite im-
age per month is sufficient to develop EToF curves for sea-
sonal ET, estimations.

Data analysis and model validation
The produced ETa from Landsat-8 images and SEBAL model

was validated using the FAO P-M method (Allen et al. 1998).
This method was used to calculate the reference crop
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evaporation (ET,) from the actual climate data in the study
area as follows:

900
0.408A(Rn—G) + vy ——== U2(es—ea)
T+273 (18)

A+v(1+0.3402)

ETy =

where ET, is reference evapotranspiration (mm/day), A is
slope vapour pressure curve (kPa/°C), v is psychrometric con-
stant (kPa/°C™"), T'is mean daily air temperature at 2-m height
(°C), U2 is the wind speed at 2-m height (m/s), es is saturation
vapour pressure (kPa), ea is actual vapour pressure (kPa) and
(es — ea) represents the saturation vapour pressure deficit
(kPa).

The crop coefficient (Kc) is for the different croplands and
the open water determined based on Allen et al. (1998). The
ET, obtained from the FAO P-M method and the kc were used
to calculate the E£T, depending on actual weather data as fol-
lows:

ET, = ET, x ke (19)

The ET, resulted from the FAO P-M method was used to
validate the ET, obtained from the SEBAL model. Many
studies validated the estimation of the SEBAL ET, using the
FAO P-M method, like cultivated land in Iran (Rahimi et al.
2015), a blown-sand region in China (Kong et al. 2019) and
the Nile Delta in Egypt (Elnmer et al. 2019).

A linear correlation and the root mean square error (RMSE)
between the measured (FAO P-M) and the SEBAL daily ET,
was computed (Bellvert et al. 2018). The RMSE was calcu-
lated as follows (Ghaderi et al. 2020):

RMSE =

where O; represents the observed values of the FAO P-M
method as the standard model; P; represents the estimated
values from the SEBAL algorithm; and O; and P; are the mean
values from the FAO P-M method and SEBAL model,
respectively.

The seasonal validation accuracy of the mean daily
ETa between the FAO P-M method and SEBAL model
was made using the relative error (RE) approach. The RE
was calculated using the equation adapted from Kong
et al. (2019):

Va=VE

E

RE =

x 100% (21)

where RE is an absolute value (%); V, is the actual value
observed (FAO P-M method); Vj is the predicted value
(SEBAL model).

@ Springer

The Microsoft Excel 2010 software was used for statistical
analysis and producing charts of the data (Baskauf 2016).

Results and discussion
LULC mapping

The study area’s LULC map showed that the main identified
classes were the date palm, cropland, bare land, urban land,
aquatic vegetation and water (Fig. 3). The area occupied by
each LULC type within the oasis boundaries is shown in
Table 2. The date palm covers about 40% of Al-Ahsa Oasis
since it is the most important land-use class for the local and
national economy. Croplands used only 19% of the oasis area,
and it is dominated by rice and vegetables. However, the bare
land class occupies around 39% of the oasis area. Bare lands
dominated by desert and rock outcrops also occurred in this
class. Most of the urban land occurs on the oasis periphery, as
most oasis land is under agricultural use. The aquatic vegeta-
tion and water classes occupy together an area of about 67 ha
within the oasis boundary. However, these classes relatively
cover large areas outside the oasis, mainly due to the accumu-
lation of drain water from the oasis agricultural lands. Al-
Dakheel(2011) reported that the total cultivated land in the
oasis was 7000 ha, and about 92% of it covered with date
palm. Furthermore, the time trend of NDVI over the study
area indicated that most of the LULC types could be differen-
tiated throughout the study period (Fig. 4). Combining the
MLC method and the NDVI was successfully applied for
mapping the LULC changes in Morocco (Mohajane et al.
2019).

The overall classification accuracy of the LULC map was
89%, with a kappa index of 87%, while the user’s and pro-
ducer’s accuracies differed along with LULC types (Table 2).
This accuracy level indicates that this study’s classification
method effectively produced a compatible LULC map over
the study area.

The actual evapotranspiration

The spatial distribution of the daily ETa over Al-Ahsa Oasis
from 20 April 2017 to 22 March 2018 is shown in Fig. 5. The
temporal patterns of the daily ETa showed that the highest
values were observed during the peak summertime in July
and August. The mean daily ETa values for the different
LULC types in the oasis are shown in Fig. 6. It is clear that
the daily ETa for the water bodies and aquatic vegetation was
between 5.6 and 8.7 mm day ' in summer and about 2.3—
5.6 mm day ' in winter. However, the date palm and crop-
lands showed daily ETa of 3.5-8.0 and 2.0-3.6 mm day ' for
the winter and summer, respectively.
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Fig. 3 LULC map of the study area

The variability of the daily ETa values for the date palm
and cropland during the summer and winter times mainly

Table 2 Areas and accuracy assessment of LULC classes within Al-
Ahsa Oasis boundary

LULC Area Classification accuracy (%)
Hectare % User’s Producer’s

Date palm 8820 40.1 95 94

Cropland 4199 19.1 83 81

Bare land 8636 392 95 93

Urban land 278 13 82 86

Aquatic vegetation 37 0.2 75 92

Water 30 0.1 100 100

Overall 89

Kappa Statistic 87

attributed to the irrigation water distribution, soil salinity,
drainage, and agricultural practices and their impact on mois-
ture and salinity in the root zone. Under Saharan oasis condi-
tions, soil texture, plot size and farmers’ practices in particular
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Fig. 4 NDVI time trend for the different LULC types
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Fig. 5 The spatial distribution of the daily ETa over Al-Ahsa Oasis

irrigation found to have significant effects on the daily ETa
(Haj-Amor et al. 2017). In Saudi Arabia, the daily ETa of date
palm was observed to decrease during winter and increase
during summer, depending on the crop’s growth stage (Carr
2013). The daily water consumption of major cropping sys-
tems in Saudi Arabia varied spatially depending on cropping
practices and climatic conditions (Mahmoud and Alazba
2016).

The mean daily ETa for the urban land ranged from 1.3 to
4.5 mm day ' throughout the study period (Fig. 6). The urban
land is covered with some lanes and parks that make seasonal
variations of the daily ETa within the study area.
Nevertheless, the low values of the daily ETa showed in the
bare land mainly resulted from the sparse vegetation in this
land-use system.

@ Springer

The variation of the daily ETa estimates for the different
LULC types under the oasis-arid ecosystem indicates that they
change significantly throughout the seasons (Ochege et al.
2019).

Figure 7 shows the spatial pattern of the monthly and
annual ETa across Al-Ahsa Oasis. The high rates of the
ETa found to be between 80 and 200 mm month ' during
July, August and September for the water, aquatic vege-
tation, date palm and cropland. However, at the beginning
of the summer in April, May and June, the ETa rates were
60—100 mm month™' for the same LULC types.
Nevertheless, in the winter during Oct 2017-Mar 2018,
the ETa ranged between 40 and 140 mm month™" for the
water, aquatic vegetation, date palm and cropland land-
use systems.
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The mean annual ETa produced by the SEBAL model for
the different LULC types in Al-Ahsa Oasis is shown in Fig. 8.
The ETa rates of date palm trees ranged from 800 to 1400 mm
year ' during Apr. 2017 to Mar. 2018. The annual water con-
sumption for date palm was highly variable. This might be
attributed to the type of irrigation system and the age varia-
tions of date palm trees along the oasis.

The open water evaporation loss was around
2000 mm year ', while an average of 1600 mm year '
was evaporated from aquatic vegetation. Nevertheless,
croplands showed a lower annual ETa of 800 mm
year ' compared to the date palm. The main crops like
rice and vegetables can be cultivated during a particular
time of the year in the oasis; therefore, croplands
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Fig. 8 Mean annual ETa
produced by SEBAL for the
different LULC types in Al-Ahsa
Oasis during April 2017-March
2018. Bars denoted standard error
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showed relatively low annual ETa compared to date
palm areas.

The annual ETa of urban lands was 400 mm year '.
Urban lands are affected by the irrigation of trees, lanes
and parklands, which resulted in the consumption of a
large amount of the oasis groundwater. The annual evap-
oration from bare lands was very low (200 mm year ')
and less than the long-term average rainfall. Most of the
bare lands in the study area are covered with dunes, and
they characterised by low levels of vegetation coverage
and low water contents on the soil surface (Kong et al.
2019). Also, very low rates of ETa from bare soil are
observed in the western and southern parts of Saudi
Arabia (Mahmoud and Alazba 2016).

Validation of SEBAL model

The FAO P-M was used as a standard method to validate
the SEBAL model (Sentelhas et al. 2010; Kong et al.
2019). The validation measurement for ETa between the
SEBAL model and FAO P-M method for the different
land-use systems is shown in Fig. 9. A significantly high
level of agreement can be observed between the two
methods for the selected LULC types. The RMSE for
the most validated LULC system in the study area found
to be less than 1.0 mm day '. However, the RMSE was
slightly higher for cropland areas (Fig. 9d), mainly due to
the method used for calculating the crop coefficient (kc)
for the different crop types within the croplands system.
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The SEBAL model does not require kc information be-
cause the model biophysical properties estimated Kc as
part of the SEBAL process. However, the FAO P-M com-
puted kc based on the characteristics and climatic regions
for the different crops. Accordingly, the kc of vegetables
(tomato and cucumber) ranged between 0.5 and 1.15, and
for the rice, it was 1.0-1.35 (Allen et al. 1998).
Nevertheless, the date palm’s kc was in the range of
0.9-0.95, while it was 1.05 for the open water (Allen
et al. 1998). Also, the kc of crops can vary during the
growing season, depending on their growth stage
(Mazahrih et al. 2012). Rahimi et al. (2015) reported that
the application of SEBAL for estimating the ETa over
agricultural land in the Tajan catchment of Iran resulted
in an RMSE of 1.49 mm day '. However, the daily esti-
mated ETa for both cropland and grassland in the
Midwestern United States using SEBAL contributed to
RMSE ranging between 1.74 and 2.46 mm day '(Singh
and Senay 2016).

The seasonal validation accuracy assessment between
the FAO P-M method and SEBAL model for the different
LULC types is shown in Table 3. The RE indicates that
the produced daily ETa by the SEBAL model and FAO P-
M method is relatively low for the aquatic vegetation and
date palm during the summer (Apr—Sep) and winter (Oct—
Mar) seasons. However, the RE of the cropland was high
in the summer compared to the winter season. Also, the
open water showed high RE during both summer and
winter seasons. Most of the croplands are cultivated with
rice in the summer season, and hence the rice show high
ETa during this period. The comparatively high RE of the
open water during summer and winter seasons might be

Table 3 Seasonal validation accuracy of the mean daily ETa for the
different LULC types calculated by FAO P-M method and SEBAL
model

Season FAO P-M SEBAL Relative
(mm day ") (mm day ™) error (%)

Water

Summer 6.37 7.46 14.61

Winter 2.82 3.90 27.70

Aquatic vegetation

Summer 6.37 6.93 8.10

Winter 2.82 3.32 15.10

Date palm

Summer 6.37 5.77 10.40

Winter 2.82 2.55 10.59

Cropland

Summer 6.37 491 29.74

Winter 2.82 2.63 722

attributed to the procedure used for computing the ETj
between the SEBAL model and the FAO P-M method.
The SEBAL model incorporates minimum inputs of rou-
tine weather data for the ET| calculation, while the FAO
P-M method applied more detailed climate data for this

purpose.

Conclusions

This study demonstrates the power of remote sensing
data and biophysical modelling for quantifying the ETa
process over an oasis in the arid ecosystem of Saudi
Arabia. The estimated mean annual ETa was 2000 mm
year ' for open water and varied between 800 and
1400 mm year ' for date palm. However, it was
1600 mm year ' for the aquatic vegetation, while an
average of 800 mm year ' was observed in croplands.
The validation measure showed a significant agreement
level between the SEBAL model and the FAO P-M
method with RMSE of 0.62, 0.84, 0.98 and 1.38 mm
day ' for aquatic vegetation, date palm, open water and
cropland, respectively. However, the seasonal validation
accuracy indicated that the predicted ETa by SEBAL
model and the measured ETa by FAO P-M resulted in
a RE ranged between 7.22 and 29.74% for the different
LULC types. The obtained ETa information will help
Saudi Arabia formulate strategies to reduce the gap be-
tween the water supply and demand in the irrigated
areas. Furthermore, the ETa patterns mapped over the
diverse LULC systems can be used as a baseline frame-
work for sustainable water resources management and
agrometeorological services in the different regions of
Saudi Arabia. However, conducting long-term ETa stud-
ies using remote sensing data coupled with the imple-
mentation of different models and field tools may im-
prove the assessment of the ETa dynamic process in arid
regions.
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