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Abstract: Actual evapotranspiration (ETa) plays an important role in irrigation planning and supervi-
sion. Traditionally, the estimation of ETa was approximated using different in situ techniques, having
high initial and maintenance costs with low spatial resolution. In this context, satellite imagery mod-
els play an effective role in water management practices by estimating ETa in small and large-scale
areas. All existing models have been widely used for the estimation of ETa around the globe, but
there is no definite conclusion on which approach is best for the hot and hyper-arid region of Oman.
Our study introduces an innovative approach that uses in situ, meteorological, and satellite imagery
(Landsat-OLI/TIRS) datasets to estimate ETa. The satellite-based water and energy balance model
for the arid region to determine evapotranspiration (SMARET) was developed under the hot and
hyper-arid region conditions of Oman by incorporating soil temperature in the sensible heat flux. The
performance of SMARET ran through accuracy assessment against in situ measurements via sap flow
sensors and lysimeters. The SMARET was also evaluated against three existing models, including the
surface energy balance algorithm for land (SEBAL), mapping evapotranspiration at high-resolution
with internalized calibration (METRIC), and the Penman–Monteith (PM) model. The study resulted
in a significant correlation between SMARET (R2 = 0.73), as well as the PM model (R2 = 0.72), and
the ETa values calculated from Lysimeter. The SMARET model also showed a significant correlation
(R2 = 0.66) with the ETa values recorded using the sap flow meter. The strong relationship between
SMARET, sap flow measurement, and lysimeter observation suggests that SMARET has application
capability in hot and hyper-arid regions.

Keywords: evapotranspiration model; remote sensing; lysimeter; arid conditions; heat flux

1. Introduction

Due to the local hot and hyper-arid conditions, Gulf Cooperation Council Countries
(GCC-Oman, Bahrain, Kuwait, Qatar, Saudi Arabia, and UAE) are facing freshwater
resources shortages, affecting the development of irrigated agriculture in this area [1].
Crop water requirement assessments, calculated by estimating actual evapotranspiration
(ETa), play an important role in irrigation planning and management [2]. According to
The Food and Agriculture Organization of the United Nations Penman–Monteith method
(FAO-56 PM), solar radiation and air temperature provide energy to convert water from
liquid to vapor. Roughly 60% of annual precipitation is converted into vapors by the ETa
process [3,4]. Obstacles on earth such as plants, water bodies, and snow absorb latent heat
from net solar radiation, causing latent, sensible, and surface heat fluxes to evaporate water
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vapors into the atmosphere [5]. In contrast, latent heat flux (LE) is the amount of available
heat that is equivalent to the heat used by ETa.

Traditionally, the estimation of Eta, in the form of evaporation from soil and transpi-
ration from the plant, was approximated using different in situ techniques such as PAN
measurements [6], sap flow [7], the Bowen ratio, and the Eddy covariance system [8]. These
in situ techniques have high initial and maintenance costs with a low spatial resolution [9].
They can also only be applied on small areas [3]. ETa is measured as a product of reference
evapotranspiration (ETr) and crop coefficient (Kc) [10]; however, Kc is determined accord-
ing to crop type and growth [11]. In addition, the accurate estimation of Kc is difficult
due to the difference in crop growth, especially over a large area [9,12]. The ETr and Kc
values have been further used in a soil water balance simulation model named “ISAREG”
by [13,14] for irrigation scheduling techniques.

Remote sensing is considered a suitable technique to map ETa on a large scale by many
authors, i.e., [15–18]. Satellite imagery models play an effective role in water management
practices by estimating ETa in both small and large-scale areas [19].

Using satellite imagery, the surface energy balance algorithm for land (SEBAL) and
mapping evapotranspiration at high-resolution with internalized calibration (METRIC)
are widely used models to estimate ETa, i.e., [20,21]. SEBAL was introduced and modeled
by [22,23] to estimate crop evapotranspiration and further modified into METRIC by [11]
to be used for different land covers and classifications. The SEBAL model is widely used to
estimate the ETa on a large area [22,24–26], as [9] stated that the SEBAL model uses a near-
surface temperature difference, excluding the need for surface temperature. SEBAL model
incurs a large amount of error in the estimation of ETa values in high wind speeds and dry
areas. This led to the development of the SEBAL-A (SEBAL-Advection) model [27]. On
the other hand, the METRIC model was also used by [9,11,28–31]. The S-SEBI (simplified
surface energy balance index) model was developed by [32] to estimate surface energy
fluxes over drier areas. The S-SEBI model has been applied over many areas, including
arid [32,33], humid [34], Mediterranean [35], and tropical regions [36].

Ref. [37] compared the SEBAL model with Eddy covariance (EC) Towers and con-
cluded that the SEBAL model was inaccurate when estimating ETa for the dry season as
compared with the wet season. In [24], it was found that the METRIC model estimated
higher ETa compared to the SEBAL model in the hot region of the Gezira irrigation scheme,
Sudan. Hence, they concluded that the METRIC model was not suitable for Gazria’s
climate due to the limited availability of meteorological and ground data. On the other
hand, the SEBAL model requires only wind speed input data [31]. Ref. [38] applied the
METRIC model in Saudi Arabia to estimate the ETa for alfalfa, corn, and Rhodes grass.
Their results have shown that the METRIC model was overestimating hourly the ETa in
comparison to the EC flux data. Ref. [39] evaluated the performance of the surface energy
balance system (SEBS) model and the METRIC EE-Flux model to estimate ETa from the
fennel, maize, ryegrass, and clover fields. Both models detected variations only in the
maize maturity stage. Statistics from the study found only 60% similarity of SEBS trends as
compared with in situ ET measurements. Therefore, [38] concluded that METRIC EE-Flux
overestimated ET in the summer as compared to SEBS for rotational crops.

The above discussions show that the SEBS, SEBAL, and METRIC models have been
widely used for the estimation of ETa around the globe. However, the above discussion
also shows that those models do have many advantages and limitations, especially in arid
regions. Furthermore, there are no definite conclusions regarding which approach is best
for hot and hyper-arid regions [40].

Objectives

The main objective of this study was to develop an innovative approach that uses in
situ, meteorological, and satellite imagery datasets to detect and map actual evapotranspi-
ration (ETa) for arid regions, including Oman, by achieving the following goals:
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• Develop a new model to detect spatial and temporal ETa estimates for hyper-arid regions.
• Apply the developed model to estimate the ETa of date palm trees in the hyper-arid

region of Oman.
• Validate the developed model and its performance accuracy against in situ measure-

ments of ETa via sap flow sensors and lysimeters.
• Evaluate the developed model against three existing models, including SEBAL, MET-

RIC, and PM.

2. Materials and Methods
2.1. Study Area

Two experiment sites were selected for this study. The first site, with an area of
10 hectares, was a farm in the village of Halban (with latitude 23.57722◦ N and longitude
58.0322◦ E) in South Al-Batinah Governorate, Oman, located 45 km west of Muscat city.
While the second site, with an area of 96 hectares, is located in the agricultural experiment
station (AES) at Sultan Qaboos University (latitude 23.59861◦ N and longitude 58.16425◦E).
The ETa on Halban and the AES farm was observed for the complete year of 2015 and
2020, respectively. Both sites share the same climate, which can be categorized as hot and
hyper-arid as the amount of average rainfall does not exceed 100 mm/year. The maximum
temperature was recorded as 45.3 ◦C in the summer season. The temperature did not drop
below 20 ◦C in extreme winter season. The selected farms were cultivated with date palm
trees. A true colour composite image of bands 2, 3, and 4 of the study area is shown in
Figure 1.
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Figure 1. Geographical locations of the study sites (a) Halban and (b) agricultural experiment
station (AES).

2.2. Satellite Imagery

All available images taken by the Landsat-OLI/TIRS during 2015 and 2020, with a
total of 25 images, were used in this study. Acquisition dates Landsat-OLI/TIRS imagery is
listed in Table 1. Digital numbers were first converted to radiance and then converted into
reflectance values using header files for selected bands [41]. The digital elevation model
(DEM) Version 2, with a spatial resolution of 1 arc-second (30 m), was used as an input for
the surface elevation. The TIRS bands (100 m) were resampled to 30 m using the resampling
techniques in ERDAS imagine v14.0 and using the nearest neighbor interpolation method.
More information regarding the preprocessing and imagery used in this study can be found
in [38].
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Table 1. Acquisition dates of Landsat-8 (OLI/TIRS) imagery (UTM-40N) used in the study area at
Path “158” and Row “44” with a cloud coverage of less than 10%.

Acquisition Time 06:34:26.99 (GMT) Temporal Resolution 16-Days

No Julian Day Date No Julian Day Date

1 15 15 January 2015 14 61 1 March 2020
2 47 16 February 2015 15 93 2 April 2020
3 111 21 April 2015 16 109 18 April 2020
4 159 8 June 2015 17 125 4 May 2020
5 175 24 June 2015 18 157 5 June 2020
6 191 10 July 2015 19 173 21 June 2020
7 223 11 August 2015 20 189 7 July 2020
8 239 27 August 2015 21 237 24 August 2020
9 255 12 September 2015 22 253 9 September 2020
10 271 28 September 2015 23 269 25 September 2020
11 287 14 October 2020 24 285 11 October 2020
12 29 29 January 2020 25 317 12 November 2020
13 45 14 February 2020

2.3. Satellite-Based Water and Energy Balance Model for the Arid Region to Determine
Evapotranspiration (SMARET) Model Development

The satellite-based water and energy balance model for the arid aegion to determine
evapotranspiration (SMARET) is based on the same concept of energy balance components
used by SEBAL [22] and METRIC [11] to estimate ETa as residual energy. However, the
SMARET model is a multi-level one-source model that estimates ETa as latent heat flux
(LE) over the hot and hyper-arid region, as described in the following paragraphs and
illustrated in Figure 2.
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The latent heat flux (LE) is calculated using the following equation:

LE = Rn− G – H (1)

where Rn is the instantaneous net radiation (W m−2), G is soil heat flux (W m−2), and H is
sensible heat flux (W m−2).

Rn = R↓ − R↑ (2)

where R↓ is instantaneous net incoming radiation (W m−2) and R↑ is the amount of instan-
taneous net outgoing radiation (W m−2). R↓ is the total amount of incoming instantaneous
net radiation that is received by the earth’s surface from solar radiation. On the other hand,
R↑ is the net amount of outgoing radiation that is reflected/emitted by the earth’s surface



Sustainability 2021, 13, 13111 5 of 22

into the atmosphere. The amount of both, R↓ and R↑ are greatly affected by the amount and
type of land cover on the earth’s surface and clouds. Therefore, SMARET was developed
to suit cloud-free multispectral and thermal satellite imagery. Values of R↓ were calculated
from the installed weather station. However, R↓ is spatially calculated on each pixel using
the zenith angle as suggested by [22].

The required factors and their sources to feed them as inputs for SMARET are listed
in Table 2.

Table 2. Required input factors and their sources for the SMARET model.

Annotation Factor Source Units

A Albedo Multispectral imagery (Bands
2–7) (-)

NDVI Normalized difference
vegetation indices

Multispectral imagery
(Bands 3 and 4) (-)

LST Land surface
temperature Thermal imagery (band 10–11) (◦K)

Rn Net radiation Multispectral and thermal
imagery (bands 2–7, 10, and 11) (Wm−2)

G Soil heat flux Multispectral and thermal
imagery (bands 2–7, 10, and 11) (Wm−2)

H Sensible heat flux
Multispectral and thermal

imagery (bands 2–7, 10, and 11),
in situ data

(Wm−2)

ρair Air density Scaler input (Kg m−3
)

Cp
Specific heat of air at

constant pressure Scaler input (J kg−1 K−1
)

Rah

Aerodynamic
resistance to heat and

air transport
Weather data (s m−1)

z0m
Surface roughness

length Height of canopy, NDVI (m)

U* Friction velocity Wind profile (m s−1)

do
Zero-plane

displacement Mean height of the canopy (m)

zoh
Roughness length for

Heat Wind profile (m)

L Monin–Obukhove
length Weather data imagery (m)

τsw

Factor affecting
atmospheric

transmittance in air
Elevation of the study area (m)

The SMARET model estimates soil heat flux (G) using an empirical relation between
albedo (α), land surface temperature (LST), and the normalized difference vegetation
indices (NDVI) following [25].

G =
1
α
(Rn× LST)(0.0038α + 0.0074α2)

(
1−NDVI4

)
(3)

Sensible heat flux (H) is a function of the temperature gradient, surface roughness,
and wind speed and is thus difficult to compute due to the interrelationship of temperature
gradient and surface roughness. The classical expression for H is given by [42]:

H =
Pair × Cp × (dT)

Rah
(4)

where H is sensible heat flux in W m−2, Cp is air specific heat at constant pressure in
J Kg−1 K−1, ρair is atmospheric air density in Kg m−3, and Rah is the aerodynamic resistance
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to heat transport (s m−1). dT is the temperature difference between air temperature and
close-to-surface temperature.

SMARET is different from its predecessors such as SEBAL [22], S-SEBI [32], SEBAL-
A [28], and METRIC [11] models in the estimation of dT values. In the SEBAL and METRIC
models, dT values at each pixel are estimated using the inverse calibration technique. The
SEBAL, SEBAL-A, and METRIC models select two extreme conditions in the study area:
hot and cold pixels that act as an extreme boundary condition. However, the selection of
these extreme conditions is very difficult [40] and needs expert hands. SMARET assumes
that the heat transfer from the air to the plant is carried around the plant area. Hence, total
plant height is considered in the SMARET model. Moreover, SMARET uses the soil and
plant surface temperature to include more advection, a feature which was missing in the
SEBAL model.

SMARET uses an innovative approach to estimate dT. The presence of CO2, NO2,
O3, and water content affects the accuracy of LST using thermal infrared sensors [43].
Ref. [44] stated that an accurate LST estimation is largely influenced by the difference
between canopy emitted temperatures and the ground. According to [45], LST values
usually represent only sunlit areas in the low vegetative area. On the other hand, LST
values from the highly vegetated area are more accurately recorded from green leaves.
According to [46], LST values affect the lower atmosphere and temperature difference
between the canopy and the soil under it. Hence, the correct estimation of the temperature
difference between the soil surface and plant surface at a reference height is difficult to
obtain using satellite imagery on non-homogeneous surfaces. To minimize this difficulty
in estimating the dT value, three scenarios (a, b, and c) were used to calculate dT values.
In scenario (a), dT values were calculated as a temperature difference between the foliage
surface temperature (Tfh, K) and the air temperate (Ta, K). In scenario (b), the difference
between Tfh and soil surface (Ts, K) was considered. In scenario (c), the difference between
Ts and Ta was considered. The three different temperature heights used in the three
scenarios are shown in Figure 3.
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The values of Ts were measured using 5TE sensors (model: 5TE, Meter Group, Wash-
ington, DC, USA), and the values of Tfh were obtained from satellite imagery. On the other
hand, Ta was obtained from a VP4 sensor that was included in the weather station (model:
TAHMO, Decagon Devices Inc., Washington, DC, USA), installed in the field. The installed
weather station also included the following sensors: DS-2 decagon sonic anemometer to
measure wind speed and direction; REC-1 rain gauge sensor to measure precipitation; VP4
sensor to measure, in addition to air temperature, the relative humidity; and pyranometer
sensor to measure solar radiation.

SMARET hypothesizes that the first few centimeters of topsoil are very important for
transfer from soil to air and can be affected greatly by the vegetation height or density. The
SMARET model is different from its predecessors, SEBAL, SEBAL-A, and METRIC, as it
does not require any extreme boundary conditions (hot and cold pixels) as these extreme
conditions needed pixels based on accurate in situ information regarding crop and soil
factors [40].

After the calculation of dT, the next step in SMARET was to calculate aerodynamic
resistance to heat transport (Rah). From Equation (4), it was not possible to estimate H with
an unknown factor Rah. Hence, an iteration process was initiated to correctly estimate Rah
values using correction factors at a given dT value. This process was started by considering
an ideal condition where the lower boundary layer does not have an effect on wind speed,
H, and Rah on heat transport values using Equation (5).

Rah =
ln
(

z1
z2

)
U∗ K

(5)

where, Rah is aerodynamic resistance to heat transport (s m−1), U* is the frictional ve-
locity (m s−1), z0m is defined by [9] as aero-dynamical roughness length for momentum
transport (m) as formulated in Equation (6).

z0m = 0.1× Hc (6)

According to [19], the reference site friction velocity U* can be calculated using
Equation (7).

U∗ =
Uz × 0.41

ln
(

z
z0m

) (7)

U* is friction velocity for the reference site in m s−1, z0m is surface roughness length
in meters, and Uz is wind speed from the weather station (m s−1).

In the next step, the iteration process was carried out to compensate for the effect of
heat transport between two heights, Z1 and Z2. U* and Rah values are corrected for the
heat transport between two heights using Equations (8) and (9).

U∗ =
Uz × 0.41

ln
(

zr−do
z0m

)
+ Ψm(z)

(
zr−do

L

) (8)

rah =
ln
(

z0−do
z0m

)
−Ψh

[
ln
(

z0m
zoh

)]
+ ln

(
z0m
zoh

)
U∗ × 0.41

(9)

where, Ψh is the stability factor that is formulated in Equations (12)–(14). By using Equa-
tion (10), the value of the Monin–Obukhov length (L) determines the new constant to be
added to compensate for the stability due to height and wind. Hence, the iteration process
begins using Equations (10)–(13):

L = −
ρcpU3

∗LST
KgH

(10)
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where ρ is the density of air (kg m−2), cp is the air specific heat as 1004 J kg−1 K−1, U* is the
friction velocity (m s−1), LST is the land surface temperature in K, and g is the gravitational
constant (9.81 ms−2). For unstable conditions (L less than zero), the formulation by [47,48]
was used as explained:

Ψh(z) = 2 ln

(
1 + X(z)

2

2

)
(11)

where:
X(z) =

(
1− 16

z
L

)0.25
(12)

For stable conditions (L greater than zero), the formulas are:

Ψh(z) = −5
( z

L

)
(13)

For neutral conditions (L equals zero), stability values are kept at zero. On the other
hand, if the value of L equals or is greater than zero, then values of X(z2) and X(z1) have
no meaning, and their values are set to one. The new value of corrected L determines the
corrected values of Rah called Rah1. The new value of Rah1 was then used in Equation (9),
and new values of H were calculated. Hence, the process continued until the values of Rah
and H were stable.

LE is the available amount of energy flux that is used by the plant/atmosphere or both
to convert water into vapors to be released in the form of evaporation and transpiration or
both (ETa). To detect ETa, the correct estimation of Rn, G, and H is required. These values
are estimated at an instantaneous level using satellite imagery. According to [9], daily
estimates of ETa are important compared to instantaneous estimates of ETa at the time of
satellite overpasses. Hence, to obtain the daily cumulative LE, different fractions/factors
have been previously used. The FAO Penman–Monteith (PM) equation uses crop factor
(Kc) to estimate ETa using metrological datasets [10]. The Kc value is dependent to crop
type, age, growth, and vegetation growth stage [11]. According to [32], S-SEBI uses
surface reflectance and surface temperature to estimate evaporative fraction as it assumes
atmospheric conditions to be kept the same across the whole area. The METRIC model uses
instantaneous reference evaporative fraction (ErF) to extrapolate ETinst to ETa. However, the
value of ErF is assumed to be constant to estimate ETa on a daily basis for fully vegetated
crops. According to [9], ErF can decrease in the afternoon, especially in areas with less
available water due to the less advection process. Hence, evaporative fraction (EF), used by
the SEBAL model, can be used to better extrapolate LE to ETa values. SMARET uses [25]’s
approach to use EF as an estimate of Rn, G, and H, formulated in Equation (14). While EF
act as:

EF =
LE

Rn− G
=

Rn− G− H
Rn− G

(14)

While:
ETa = ETr24 × EF (15)

Here, ETr24 is the 24 h daily cumulative hourly-based-reference ET (mm d−1) for an
alfalfa crop using the standardized ASCE (American Society of Civil Engineers) Penman–
Monteith equation for the day of satellite image acquisition. For the estimation of ETr24,
parameters from the weather station were used, and the ET for the reference alfalfa crop
was estimated. Then, each hourly value of ETr was added for the estimation of ETr24.

2.4. SMARET Model Validation and Evaluation

Direct evapotranspiration measurements, using drainage-type lysimeters, as described
in the following paragraphs, were taken to validate the SMARET model. The model was
also evaluated against the predecessor’s models, including SEBAL, METRIC, and PM.



Sustainability 2021, 13, 13111 9 of 22

2.4.1. Lysimeters

To validate the SMARET model, two drainage-type lysimeters (200 L capacity each)
were installed on the date palm tree in the agricultural experiment station (AES), Sultan
Qaboos University, Oman. Date palm trees aged 3–4 years were planted and irrigated by a
controlled drip irrigation system used at the AES farm. Figure 4 shows the design layout
of the installed lysimeter. Ref. [49] suggested a drainage system to prevent waterlogging in
the lysimeter. On each lysimeter, two drains with mesh (1-inch diameter each) were drilled
and connected to a storage tank with a storage capacity of 25 L. Each drain was covered
with the 10 cm layer of gravel having a size of 1.5 to 2 cm, followed by a 10 cm layer of
fine gravel (size of 0.2 cm). Each lysimeter was refilled with the excavated soil from the
same site. Irrigation was applied manually on the surface. Before the plantation of the date
palm tree in the lysimeter, a 15 cm layer of soil was first refilled in the lysimeter to keep
maximum roots in contact with soil. As suggested by [50], each lysimeter was installed
equally to the ground surface to minimize the effect of wind and temperature with the
container wall. The soil in the AES was sandy stone with a bulk density of 1.49 g cm−3. The
soil electrical conductivity (EC) was 0.18 mS cm−1 with a moisture content of 0.12 m3 m−3.
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2.4.2. Surface Energy Balance for Land (SEBAL)

The surface energy balance for land (SEBAL) model is a physically-based surface
energy balance model that was considered as a pioneer to estimate surface parameter-
ization based on vertical temperature difference [22]. The SEBAL model was applied
in the study area to estimate actual ETa (mm d−1) as described by [22] using Landsat-8
OLI/TIRS images.

ETa = ETpot24 × (Rn− G− H)/(Rn− G) (16)

where, ETpot24 is the 24 h potential evapotranspiration in mm d−1 esteemed by using daily
net radiation (Rn24) (W m−2) following [19]:

ETpot24 =
Rn24

λ× ρω
× 864× 105 (17)
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2.4.3. Mapping Evapotranspiration at High Resolution with Internalized
Calibration (METRIC)

METRIC (mapping evapotranspiration at high resolution with internalized calibra-
tion), the successor of the SEBAL model, has been widely used as a remote sensing-based
model that estimates ETa as a residual of the surface energy balance equation by satellite
imagery and metrological data using Equation (18).

ETinst = 3600× Rn− G− H
λ× ρω

(18)

METRIC is modified from SEBAL as it uses weather-based reference ET to calibrate
ETa from the satellite. In METRIC, daily ETa is calculated over the area as:

ETa = ETr24 ×
ETinst
ETr

(19)

ETr24 is the 24 h daily cumulative of hourly-based-reference ET (mm d−1) for an alfalfa
crop using the standardized ASCE (American Society of Civil Engineers) Penman–Monteith
equation for the day of satellite image acquisition. For the estimation of ETr24, parameters
from the weather station were used, and the ET for the reference alfalfa crop was estimated.
Then each hourly value of ETr was added for the estimation of ETr24. More details on
SEBAL and METRIC can be found in [11,22,51].

2.4.4. Modified Penman–Monteith (PM) Model

Modified Penman–Monteith (PM) model was used based on [10] by which the PM
model is used to measure ETa (Equation (20)) using reference evapotranspiration (ETr)
incorporation with a dimensionless crop factor (Kc).

ETa = ETr ×Kc (20)

ETr is calculated by using Equation (21) which was used to estimate ETr for different
times and space while details on Kc can be found in [10]. The needed weather parameters
for the model (e.g., temperature, wind speed, solar radiation, precipitation, humidity, and
sunshine hours) were obtained from the installed weather station at the study site.

ETr =
0.408∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(21)

where, ETr is the reference evapotranspiration rate from a wide, uniform surface of dense
0.5 m tall alfalfa crop, (mm d−1), Rn is net radiation at the crop surface (MJ m−2 d−1), G
is soil heat flux density in (MJ m−2 d−1), u2 is the wind speed at 2 m height (m s−1), es
is saturation vapor pressure [kPa], ea is expressing actual vapor pressure (k Pa), es − ea is
saturation vapor pressure deficit (kPa), ∆ is denotes slope vapor pressure curve (kPa ◦C−1),
and γ is psychrometric constant (kPa ◦C−1).

3. Results and Discussions
3.1. Albedo (α) vs. Normalized Difference Vegetation Indices (NDVI)

A relationship between albedo (α) and the normalized difference vegetation indices
(NDVI) was observed, as shown in Figure 5a. The study concluded that there was a
strong positive correlation between α and NDVI, especially in the fruit development period
(January–April). On the other hand, in the harvesting period (June–July), the slope between
α and NDVI was less steep as compared to the fruit development period. One of the
reasons might be the decrease in NDVI values as fruit from the trees was harvested in the
summer season. Pruning (removal of old/damaged leaves) was carried out, which led to
the low value of NDVI in the post-harvesting season (September–November) that caused a
gentle slope in the albedo–NDVI relationship.
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3.2. Land Surface Temperature (LST) vs. Normalized Difference Vegetation Indices (NDVI)

NDVI is a factor for the proportion of vegetation on the surface, while land surface
temperature (LST) is the temperature of the surface of the obstacle (crops, trees, buildings,
and soil). The study resulted in a correlation (Figure 5b) that was strong with positive
steep slopes in the fruit development season and post-harvesting season when the values
of NDVI were higher. As the climate got hotter, an increase in the LST value was observed
as the fruit was harvested from the trees, which also led to a decrease in the NDVI value,
thus causing a relatively less steep slope. Therefore, this study resulted in the values of
NDVI having a direct effect on LST, especially in hot conditions.

3.3. Land Surface Temperature (LST) vs. In Situ Soil Temperature (Ts)

A strong relationship was found between LST and in situ soil temperate (Ts), as shown
in Figure 6. The Ts (◦K) was recorded using 5TE sensors installed in the soil at two locations.
Figure 6a was recorded in the Halban area, which was covered with date palm trees having
higher NDVI values. On the other hand, Figure 6b show the relationship on a relatively
low vegetated area. Figure 6 show that the value of Ts was lower in an area with high
vegetation, which is caused by the shading effect, as more than 70% of the soil in that area
was under constant shade. On the other hand, the slope between LST and Ts was less steep
in the less vegetated area, causing a relatively less strong relationship between the LST
and Ts values. The studyconcluded that at the time of irrigation, the temperature of soil
increased and then started to decrease once the moisture content of soil reduced, as shown
in Figure 7.
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3.4. The Magnitude of Energy Fluxes

Energy balance components (Rn, G, and H) were calculated as shown in Figure 1.
Figure 8 show the temporal changes in the energy fluxes in the year 2015 at the Halban site.
The results have shown that the values of Rn were increasing as the weather got hotter. The
maximum amount of Rn was observed from July to August, from the lowest of 1029 W m−2

in August to the highest value of 1109 W m−2 in June. The same trend was observed with
the values of G as the values of G were recorded with the lowest value of 48.568 W m−2

in January and the highest value of 275 W m−2 in June (Figure 8). On the other hand, the
SMARET model resulted in a difference of 16 W m−2 between Halban and the SQU site in
the year 2020, as the value of G recorded in SQU was 147 W m−2 in June 2020 while Halban
recorded 131 W m−2. The difference between the two values was caused by the difference
in NDVI and LST values.
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heat flux (LE) (W m−2) in Halban for the year 2015.

Figure 9 show a correlation between the α and Rn values for a complete year. In the
early stage of fruit development, the value of α was observed to be higher because of the
highest reflection of solar radiation from the leaf. Hence a very little amount of heat was
absorbed by the leaves. This scenario led to a low value of Rn in the early fruit development
stage. On the other hand, July is the peak time of harvesting fruit. Hence, the available
radiation for the photosynthesis process was higher, which led to a positive correlation
(with a less steep slope) between α and Rn in harvesting time. The post-harvest season
(September and October) showed a much steeper α vs. Rn slope. The reason might be that
in the tall crops, such as date palm, Rn values decreased as more solar outgoing radiations
were reflected from the leaves. As shown in Figure 5a, α is also affected by the NDVI values,
which might be one of the reasons for the increase in slope in the post-harvest season.

Figure 10 show a strong correlation between LST and G for the study area. Results
have shown that overall, LST and G were showing an increasing trend for the date palm.
In the early pre-fruit development, the slope of LST was steep with a value of 0.235, as the
LST was recorded with the lowest value in the study area with the lowest values of G. The
study also concluded that the value of the slope decreases from the highest value to the
lowest value of 0.115 in October (post-harvest) as the LST values increases. Being a hot
and hyper-arid area, the value of G was recorded with a highest value of 9.5% of Rn in
fruit development season, which is under the limit of 10% as stated by [52–56]. The lowest
value of G/Rn (5%) was observed in September as the LST values were started to decrease,
as shown in Figure 6.
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Figure 10. Land surface temperature (LST) in K vs. soil heat flux (G) in W m−2 for the date palm.

After the successful estimation of Rn and G, H was estimated using Equation (3) after
examining the three scenarios of determining dT as described in the methodology section
and illustrated in Figure 3. The dT values for each scenario are presented in Table 3.

The values of dT from each scenario were used in the iteration process to estimate the
correct values of Rah in Equation (3). Statistics show that there was a linear relationship
between the dT and H value as the regression coefficient (R2) was higher than 0.85 in
scenarios “a” and “b”. Results have also shown that as the values of dT increase or decrease
from a threshold value, the values of H goes below zero, allowing the SMARET model
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to apply a limit on dT values. Each scenario with the estimated value of H is shown in
Figure 11.

Table 3. Values of temperature difference dT (◦C) observed in study area using three different scenarios.

Month dT = Tfh − Ta dT = Tfh − Ts dT = Ts − Ta

Jan 5.76 2.7 3
Feb 7.74 6.8 0.9
Apr −0.42 5.1 −5.5
Jun 2.67 9.9 −7.2
Jul 1.48 7.4 −5.9

Aug 3.11 5.4 −5.4
Sep −7.72 6.3 −6.3
Oct −0.81 2.8 −2.8

SD 4.91 2.61 4.25
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flux(H) in W m−2 using three scenarios: (a) scenario “a”, (b) scenario “b”, and (c) scenario “c”.

The application of limits to dT values was assigned based on the values of H. Scenario
(a) and (c) were neglected as dT values ranged below zero, which led to values of H below
zero. The study concluded that the negative values of H and Rah cannot be achieved even
in ideal conditions. These results were strengthened by the values of H estimated by both
SEBAL and METRIC models in the same study area. The values of H estimated using
SEBAL, and METRIC models have been shown in Figure 12.
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Another reason to select scenario “b” was the values of deviation of means. Even
though scenario “a” shows the highest value of R2, the standard deviation of mean (SD)
values of scenario “b” were minimal (2.6 ◦C) as compared to the other. Hence scenario “b”
was selected as the best for the SMARET model.

The estimated values of H from the three scenarios were used to estimate ETa values.
Results have shown that Scenario “b” has shown the lowest amount of error as compared
to in-field values. ETa values of the SMARET model were compared with the ETa values
from an experiment conducted by [38]. Results have shown that scenario “b” used in the
SMARET model was in a good correlation (R2 = 0.66) with the ETa values recorded using
sap flow meter (Figure 13).  
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Figure 13. Scatter diagrams between actual evapotranspiration (ETa) values from SMARET model,
using the three different scenarios, (a) scenario “a”, (b) scenario “b”, and (c) scenario “c”, and actual
evapotranspiration(ETa) from sap flow measurement.

Figure 14 strengthens the selection of scenario (b) in the SMARET model as scenario (c)
overestimated the values of ETa as compared with scenarios (a) and (b). Scenario (a) resulted
in the highest ETa overestimation of 5 mm d−1 by the SMARET model, but scenario (c) was
on the top with the highest value of 8 mm d−1. On the other hand, scenario (b) resulted in
the highest overestimation of 1.7 mm d−1. Moreover, scenarios (a) and (c) produce mean
errors of 1.90 mm d−1 and 3.94, respectively, while scenario (b) produces a mean error of
0.43 mm d−1.
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3.5. Magnitude of Actual Evapotraspiration (ETa)

The SMARET model estimated ETa values for February with a maximum value of
2.7 mm d−1 in 2015, while the value in Halban was 4.7 mm d−1 in 2020. The spatial
distribution of the SMARET model is shown in Figures 14 and 15. This difference in ETa
value is caused by the increase in the age of date palm. The same trend was observed
in June for the Halban area. In 2015, ETa values were estimated over Halban area was
5.59 mm d−1 which was increased to 6.3 mm d−1.
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Results have shown that the ETa values estimated with the SMARET model ranged
from 0 to 8 mm d−1 for the period. The study area observed that the ETa values in February
ranged from 5 mm d−1 to 5.7 mm d−1 as the NDVI values showed a spatial distribution of
vegetation over course of the study. The study area observed the highest value of NDVI
in February as the LST values were less than 302 K. The study area resulted in a spatial
variation of ETa values in May as the values ranged from 0 to 6 mm d−1. Results have
shown a narrow range of NDVI values in May from 0.02 to 0.35. This might lead to an
average of 12 K increase in LST. Moreover, the values of G were also 100 Wm−2 higher than
in February. Although the LST values in August decreased to a maximum value of 306 K,
there was no significant difference between the values of NDVI in May and August. The
highest values of ETa in August might be due to the increase in the available amount of
energy fluxes (Figure 16).
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The results have shown that the highest values of Rn and G were observed in May
as compared to August. The results have shown that both Rn and G values decreased in
August as compared with the value of Rn and G in May. This could be due to the decrease
in LST values in August. The highest values of Rn were observed in November, but the
NDVI of the study area did not change significantly. The SMARET model resulted in a
25% and 33% increase of ETa in August as compared to May and February, respectively
(Figure 17).
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4. Validation

The SMARET model was also validated against the SEBAL, METRIC, and PM models,
as well as with in situ measurement using lysimeter. SEBAL, METRIC, and PM models
were applied to the AES site for the validation of the SMARET model. The difference
of ETa values of SMARET was observed to be 0.2 mm d−1, 2 mm d−1, 0.6 mm d−1, and
2.2 mm d−1 with SEBAL, METRIC, PM, and lysimeter, respectively. It was observed that
the models overestimated ETa in the fruit development stage as compared to lysimeter
measurements. The overestimation of ETa values in the SMARET values continued in
the fruit development stage in the mid of April until the temperature in April started to
increase. It was observed that the SMARET model was underestimating ETa values in the
pre-harvesting season. Validation results showed that the METRIC and PM models were
overestimating ETa in the pre-harvesting season, and the difference reached maximum
values of 2 mm d−1 in the harvesting season. Validation results showed that the SMARET
model and lysimeter were very close to each other in the post-harvesting season.

Figure 18 show the correlation between all the models and lysimeter. Figure 18a
represent the correlation of ETa values by SMARET and lysimeter showing an acceptable
correlation with the regression coefficient (R2) value of 0.73 as SMARET was overestimating
in the early validation period. The PM method and lysimeter (Figure 18b) showed a good
positive correlation in estimating ETa with an R2 value of 0.83. Error in absolute mean was
also less than 1 mm d−1, but the PM model was overestimating ETa values in pre-harvesting
season. Results showed that SEBAL did not show a good correlation (R2 = 0.14) of ETa with
lysimeter values with the highest value of mean absolute error.
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(a) SMARET vs. lysimeter, (b) SEBAL vs. lysimeter, (c) METRIC vs. lysimeter, (d) PM vs. lysimeter,
(e) SMARET vs. PM, and (f) SMARET vs. METRIC on the day of image acquisition.

5. Conclusions

Traditionally, the estimation of actual evapotranspiration (ETa), in the form of evapo-
ration from soil and transpiration from the plant, was approximated using different in situ
techniques such as PAN-measurements, sap flow, Bowen ratio, and the Eddy covariance
system. However, these methods have high initial and maintenance costs with a low spatial
resolution and can only be applied to small areas. On the other hand, ETa is considered
an important component of the surface water budget monitored by satellite imagery. This
study developed and tested a surface energy-balance satellite imagery model (SMARET)
to estimate ETa for hot and hyper-arid regions. The newly developed model coupled the
satellite imagery with in situ measurements from the field and validated the sap flow meter
and lysimeter against in situ devices. The developed model was also evaluated against
other existing models, including surface energy balance algorithm for land (SEBAL), map-
ping evapotranspiration at high resolution with internalized calibration (METRIC), and the
Penman–Monteith (PM) method. The SMARET model provided a great variety of energy
fluxes within the study area. Results have shown that the value of net radiations (Rn)
and soil heat flux (G) decreased in August as compared with May due to decreased land
surface temperature values. The SMARET model was validated against SEBAL, METRIC,
PM, and lysimeter. The overall trend has shown that the ETa values estimated by the
SMARET model were high but closer to the PM and lysimeter readings in the summer as
compared to the SEBAL and METRIC models. The study resulted in a good correlation
between SMARET (R2 = 0.73), as well as PM model (R2 = 0.72), and ETa values calculated
from lysimeter. The SMARET model had a significant correlation (R2 = 0.66) with the ETa
values recorded using the sap flow meter. The strong relationship between SMARET, sap
flow measurement, and lysimeter observation suggests that our model has the application
capability in hot and hyper-arid regions. It is worth mentioning that, currently, SMARET is
only valid for ETa estimation in hyper-arid regions using Landsat-8 imagery.
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