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ABSTRACT

The current study focuses on estimating evapotranspiration in arid and semi-arid environments in
the Northern part of Saudi Arabia near Al-Jouf. The objective of the research is to study, analyze
and estimate evapotranspiration (ET) using the surface energy balance algorithm for land (SEBAL)
and mapping evapotranspiration at high resolution with internalized calibration (METRIC) model
and compare the two models with vegetation index and land surface temperature. The image was
processed in ArcGIS and MATLAB software with the toolbox LandMOD ET mapper. The area aver-
age evapotranspiration is about 2.21 mm/d for the METRIC model, 2.6 mm/d for SEBAL and the
average land surface temperature is 324.3 K. ET and land surface temperature are highly inverse
correlated, with an R? = 0.8. The value of ET ranges from 0.05 to 8 mm for both SEBAL and METRIC
models during 2019/07/07. Both highly elevated and agricultural area shows a high value of ET
ranging from 5 to 8 mm/d. In addition, the normalized differential vegetation index, leaf area index,
and emissivity were also calculated from the surface energy balance equation. The estimation of ET
from the SEBAL model is better than the METRIC model based on R? of different vegetation indi-
ces. The importance of the work is to estimate ET and explain the impact on environmental effects
for better planning in water resource development.

Keywords: Evapotranspiration; Surface energy balance algorithm for land; Mapping evapotrans-
piration at high resolution with internalized calibration; Landsat; LandMOD mapper

1. Introduction

Evapotranspiration (ET) has played a significant role
in the field of metrological and hydrological studies [1-3].
ET means the rate at which water detached from the vari-
ous features of the earth’s surface [4,5], that is, plant and soil

* Corresponding author.

expressed as the rate Le (latent heat flux) transfer per unit
area (A) or the depth of water per unit time (t) removed
from reference crop [6,7]. Nowadays in advanced remote
sensing technology, Landsat images perform a good esti-
mation of ET in arid and sub-arid environments [8,9].
According to Allen et al. [10], Anderson et al. [11] and Allen
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et al. [12], Landsat satellite image was used to calculate the
mapping evapotranspiration at high resolution with inter-
nalized calibration (METRIC) model. Therefore, the model
calculates evapotranspiration (ET), Le (latent heat flux),
Ri (net radiation), (Gi) soil heat flux, and (Hi) sensible heat
flux [13,14] of Al-Jouf area in Saudi Arabia.

Remote sensing methods and approaches to estimate
evapotranspiration in a broad area is an important develop-
ment in the hydrological field [15]. There are several meth-
ods to estimate and calculate ET [14,16-22]. Among these
models, METRIC and surface energy balance algorithm for
land (SEBAL) model uses satellite remote sensing data in
terms of spatial and temporal resolution. One of the bene-
fits of the METRIC model is that it has an autocalibration
ability using ground-based calculation of alfalfa [23]. The
surface energy balance algorithm for land (SEBAL) model
was developed by the study of Bastiaanssen et al. [24],
Which gained global attention in successful performance
[25]. The METRIC model uses the SEBAL method for esti-
mating radiometric surface temperature (d,) [14]. Reference
ET method where the crop coefficient (K) is related to
vegetation indices obtained from canopy reflectance val-
ues [26,27]. ETr in METRIC model performs based on the
principle of energy conservation [25].

ET is derived from the ratio between latent heat flux
with the density of water (9 ) and vaporization of latent
heat [17,28]. In recent year, estimating energy balance by
remote sensing techniques have become an important tool
to estimate and evaluate the spatial and temporary vari-
ability of energy balance components [4,29], ET and crop
coefficient (K for complex canopy structures like orchards
[17,30,31]. METRIC model has become a valued method
to evaluate the spatial and temporary variability of ETa.
Recently studies have been performed to compute potential

evapotranspiration in various cities of the Kingdom of Saudi
Arabia [32,33]. The climate condition of the region is charac-
terized by arid and sub-arid conditions which are hot and
dry summers with cool and slightly wet winters [27,34,35].
Potential evapotranspiration (ETr) estimation approaches
that need only temperature as input data are considered
temperature-based methods [36]. The temperature-based
methods are some of the previous approaches for assessing
ET [37]. According to Ramirez-Cuesta et al. [17] METRIC-GIS
has been effectively tested and works in an arid and semi-
arid region. Estimation of daily evapotranspiration was also
tested over the Nile delta by surface energy balance sys-
tem (SEBS) and evaporative fraction from remote sensing
data [38,39]. The challenge of working with remote sensing
images to estimate ET is difficult to collect reliable weather
data [40] in image format for the process of METRIC and
SEBAL model in LandMOD mapper in MATLAB software.

The objective of the analysis is to collect remote sens-
ing Landsat 8 images to yield daily ET from METRIC and
SEBAL models and compare them with different vegeta-
tion indices and land surface temperature (LST). The region
is utilized for this study since it is an agricultural area
located in the northern part of Saudi Arabia.

2. Materials and methods
2.1. Location of the region

The area is found in the northern part of Saudi Arabia
between latitude 29° 30" and 31° 30" N and longitude 37° 00"
and 39° 00" E and geographically located and bounded by
Jordan to the North and from the South-Eastern border by
Al-Jouf (Fig. 1). The area is covered by 27,364 km? The topo-
graphic feature is characterized by a mountainous region,
which is mostly composed of agricultural areas and the
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Fig. 1. (A) Map of the study area and (B) Location of Saudi Arabia, which depicted in green color.
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other part is plateaus and valleys. The escarpment, which
is the highest elevation measured about 1,047 m. The most
important agricultural product of the study area and Al-Jouf
contain date, grapes, and fruits like citrus, wheat, barley,
and maize, from this wheat, is the highest product which
is cover approximately half of the agricultural land [41].

2.2. Methodological framework

This study used METRIC and SEBAL models to calculate
evapotranspiration (ET) in an arid and semi-arid environ-
ment. Landsat (8) collection 1 level 2 and path 172 and row
039 of satellite data was acquired from USGS earth explorer
(https://earthexplorer.usgs.gov/). The availability of mete-
orological data is a difficult task to calculate ET [42], and
the site for weather data was obtained from (https://power.
larc.nasa.gov/data-access-viewer/). The first step following
downloading the Landsat image is converting by using the
radiance rescaling factor from TOA (top of the atmosphere)
to radiance [43,44]. The spectral radiance (Lb) for thermal
radiation is computed from the digital number of each 30 m
pixel. Spectral radiance is the outgoing radiation energy
of the band as observed at the top of the atmosphere by
the satellite [45].

The spectral radiance (Lb) for thermal radiation is
computed as demonstrated in Fig. 2:

QCAL,, -QCAL,,

X

b= [ Lo = L Jx (DN-QCAL_ )+L.. (1)

where DN is the digital number of each pixel (recall that DN
is used to efficiently “pack” data for transmission from the
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Fig. 2. General flow chart for the methodology.

satellite), and L and L_, are calibration constants found
in the header file. These represent the maximum and min-
imum radiance values used to scale the DN [46]. L and
L_, will have the same dimensions as Lb and W/m?/sr/um.
The QCAL__ and QCAL_, are the highest and lowest range
of values for rescaled radiance in DN and are also found
in the header file [47].

Secondly conversion to TOA to TB (temperature bright-
ness) and Lb (spectral radiance data) [47]. This can be
changed to the temperature brightness of the top of the
atmosphere by using metadata of thermal constant [48].

KZ
Pk ) @

Normalized differential vegetation index (NDVI) is cal-
culated by using (Band 5) or (near infrared) and (Band 4)
or red.

(NIR -RED)

NDVI=7————
(NIR +RED)

®)

Thirdly emissivity is calculated from the NDVI data.
This narrow band emissivity is expressed as eN [49]:

(NDVI-NDVI__ )
(NDVI_, ~NDVI, )’

PV = 4)

X

For NDVI >0

eNB =0.97 + 0.0033 LAI for LAI<3
eNB =0.98 for LAI >3

For NDVI<0

Water, albedo((x) >0.47,eNB =0.99 and €,=0.985 5)

where PV - proportion of vegetation, NDVI, DN val-
ues from NDVI image, NDVI___, minimum DN values from
NDVI image, NDVI__, maximum DN values from NDVI
image. The leaf area index (LAI) is the proportion between
the plant leaves found in all areas to the area on the ground
characterized by the plant, in which the value ranges
between 0 to 6. The leaf area index is a dimensionless ratio
of m? by m? [50].

LAI=11.5AVI;
LAI=6;

for SAVI<0.817

(6)
for SAVI > 0.817

where SAVI is the Soil Adjusted Vegetation Index.

And then calculating LST the land surface temperature,
which means temperature gain from radiative. This can
be obtained using the temperature brightness of TOA and
emitted radiance wavelength.

LST=— 2 @)
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T= (1+ (xBTB/TcZ)ln(E)) ®

where LST surface temperature, K,, and K, are constant
values obtained from metadata of Landsat (8) image, R_is
the thermal radiance corrected from the surface where:
LST is the surface temperature (K), R_is the corrected ther-
mal radiance, and calculated from Al using atmospheric
standard correction.

Finally, the image was processed by LandMOD ET
mapper, which is a MATLAB-based software (GUI) for
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the application of METRIC and SEBAL models on MODIS
and Landsat images [16] using different input files such
as remote sensing files, Weather and derived product that
shows features of earth surface and cloud information such
as surface roughness, cloud information, agriculture and
water bodies.

Land surface temperature, albedo, NDVI, and emissivity
are examples of remote sensing inputs (Fig. 3). All of these
input files are unitless except LST with a unit in K whereas
weather input files such as relative humidity (%), daily solar
radiation (W/m?), daily wind speed (m/s), and air tempera-
ture (K).
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Fig. 3. (A) Land surface temperature, (B) normalized differential vegetation index, (C) leaf area index, (D) emissivity, (E) surface

albedo and (F) SAVL
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The relation between ETr (actual evaporation) and
flux, that is, nR (net radiation), Hi (sensible heat flux),
Gi (soil heat flux), Le (latent heat flux) [51] are:

L, =nR-Gi-Hi )
L

ETr=3,600-—& (10)
Yo

w

The daily values of ET (24) have more important and
applicable than the instantaneous amount [52] SEBAL cal-
culate the ET24 amount assuming instantaneous ETrF
is similar to mean ETrF throughout 24 h. The value of
ETrF (mm/d) is obtained as [12,53].

ET24 = ETrF x ETr,, 11)

3. Result and discussion

The value of ETr varies based on climate, vegetation
cover, soil moisture condition, land use, and land cover
and management practices [15]. Several results showed the
highest ET from cropland areas [15]. According to Fig. 4, the
value of fractional ET ranges from 0.001 to 1.1 mm/d and
LST ranges between 302.9 to 333.6 K. The high mountain

and agriculture part showed the highest amount of ET and
whereas the low elevated region showed a low value of
land surface temperature, which cover most of the north
easter part of the region. The satellite images acquired
on 2019/07/07 show a strong link between fractional ET
and land surface temperature, with R?=0.8.

The model output shown in Fig. 4 during the process
of LandMOD ET mapper toolbox is ET in (mm/d), instan-
taneous of (ET (mm/h), sensible heat flux in (W/m? latent
heat flux in (W/m?) and net radiative flux in W/m?)) [16].
The METRIC model was also used to estimate latent heat
flux [54]. The relatively high value of daily evapotrans-
piration was obtained due to sensible heat flux, which is
the main portion of energy, whereas the latent heat flux is
dominated only by the vegetable and agricultural area [7,55].

The estimation of ETr was conducted after calculating
flux such as latent heat flux of instantaneous evaporation, net
radiation flux (Ri), sensible radiation flux (Hi), and soil heat
flux (Gi) [13] as shown in Fig. 5. The value of ET estimated
using Landsat data of both models ranges from 0.05 to 8 mm
during 2019/07/07. This highly elevated agricultural area
(Fig. 6.) shows a high value of ET ranging from 5 to 8 mm/d.
This indicates that Agricultural and hilly terrain specifically
in Arid and semi-arid environment results in a high value of
ET. The scatter plot between DailyMETRIC and DailySEBAL
models shows with R? = 0.7 (Fig. 6). The highest evapo-
transpiration values are shown in the red mark and that
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Fig. 4. (A) Daily reference evapotranspiration maps of the study area (mm/d) during 2019/07/07 and (B) comparison between

land surface temperature and fractional evapotranspiration.
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Fig. 5. Daily flux (W/m?) Le (latent heat flux), (H) sensible heat flux, (Rn) net radiative flux, and (Gi) soil heat flux.
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Fig. 6. (A) Daily evapotranspiration maps of the study area (mm/d) during 2019/07/07 and (B) comparison between daily
METRIC and SEBAL model.
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implies an agricultural pivoted area [56] as demonstrated
in Fig. 6.

The distribution of ET depends on the feature of land
cover and the result shows that the area in which low
temperature and high NDVI value have high estimation
of ETr and vice versa is shown in Fig. 4. A higher correla-
tion has been observed between land surface temperature
and evapotranspiration [57,58].

3.1. Model evaluation and comparison

Statical analysis (R*) were performed for comparison
between vegetation indices and ET derived from the METRIC
and SEBAL model. The value of indices ranges between

Table 1
Statistical (R?) comparison of two models with vegetation index

E. Adem et al. / Desalination and Water Treatment 290 (2023) 94-103

—-0.5 to 0.87 for NDVI, from 0.43 to 0.84 for SAVI, from -0.8
to 6 for LAI, and from —0.77 to 0.453 for NDVI. Table 1 and
Fig. 8 show the relationship and comparison between veg-
etation index and ET from both models. The value of R?
ranges from 0.7049 to 0.88 in all cases and a higher value
of R? = 0.88 is observed between SAVI and ET from SEBAL.
Therefore, a good correlation has been seen (R? > 0.81)
for ET from the SEBAL model whereas for the METRIC
model, the value ranges between 0.7 to 0.86. Generally, the
value ET from the SEBAL model is better compared to the
METRIC model based on R? of different vegetation indices
(Fig. 7).

According to the scatter plot in Fig. 8, a linear relation-
ship has been seen between ET and NDVI, and the SAVI

Model Normalized differential Leaf area index SAVI NDVI
vegetation index

Evapotranspiration from METRIC 0.8632 0.7449 0.7867 0.7049

Evapotranspiration from SEBAL 0.8772 0.8317 0.8814 0.8146
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Fig. 7. Vegetation indices, (A) SAVI, (B) normalized differential vegetation index, (C) leaf area index, and (D) NDVL
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Fig. 8. Scatter plot between vegetation indices and evapotranspiration from METRIC and SEBAL model.

index. In addition, higher R? obtained for NDVI and SAVI
comparable to the other. Exponential relation between LAI
and ET was observed whereas for NDVI and ET inverse
relation has been seen due to arid and sub-arid environ-
ments. Because NDVI is used to identify the land surface’s
water body feature. Hence the area is an arid and sub-arid
environment due to the lack of water bodies, resulting
in a highly inverse correlation (higher value R?) obtained
between NDVI and ET [59].

4. Conclusions

Using remote sensing data, this study presents a com-
putational approach to assess and determine the daily ET
quantity in and around the Al-Jouf region of Saudi Arabia.
The result shows there is a highly inverse relation between
fractional ET values and land surface temperature. The

benefits of satellite remote sensing in estimating and analyz-
ing evapotranspiration are typically important in irrigation,
hydrology, and water resource management. The image is
processed by LandMOD ET mapper, which is a MATLAB-
based GUI for the application of METRIC and SEBAL
models on Landsat and MODIS [16]. The hourly and daily
actual ET was estimated for SEBAL and METRIC models.
The area average evapotranspiration is about 2.21 mm/d
for the METRIC model, and 2.6 mm/d for SEBAL (Fig. 6).
According to [56] high value of ET is considered for an
arid environment. The average land surface temperature is
324.3 K. The range of ET estimated using the SEBAL model
is 0.05-8 mm. Higher Et value is shown in high mountains
and agricultural areas this is due to the environmental con-
dition being arid and semiarid. Studies show in the Nile
delta agricultural region, which is located in the center,
has the greatest daily evapotranspiration values calculated
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from SEBS model results around 2.5 mm/d [38] which is a
nearly similar result obtained in our studies.

The results demonstrated the capability of automated
METRIC and SEBAL models to operate using various energy
fluxes, including Le (latent heat flux), H (sensible heat flow),
Rn (net radiative flux), and Gi (soil heat flux). Statical anal-
ysis (R?) were performed for comparison between vegeta-
tion indices and ET derived from the METRIC and SEBAL
model. The value of indices ranges between -0.5 to 0.87 for
NDVI, from 0.43 to 0.84 for SAVI, from —0.8 to 6 for LAI,
and from -0.77 to 0.453 for NDVL

Generally, based on the map and correlation plot (Fig. 4)
high value of R? = 0.8 is observed between ET and land sur-
face temperature. For ET and other vegetation indices, R?
was larger than 0.7. This is due to the METRIC model has
highly dependent on weather data than SEBAL. Compared
to the METRIC model, the SEBAL model is significantly
more closely tied to the vegetation index.
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