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Abstract

The main objective of this study is to estimate the actual evapotranspiration rate and determine the water requirement of
pistachio crops in the central plateau of Iran using satellite remote sensing products. In order to achieve this main goal, 12
images from the Operational Earth Imager (OLI) of the Landsat 8 satellite for the water year 2018-2019 were downloaded
from NASA's Land Processes Distributed Active Archive Center. The daily data of the five variables, namely maximum
temperature, minimum temperature, wind speed, relative humidity, and sunshine hours of Taft station, were also obtained
from the Iran Meteorological Organization as the closest meteorological station to the study area after preparing images and
collecting data. First, the actual evapotranspiration rate of the pistachio product was estimated on a monthly scale for every
12 months of the study using two surface energy balance (SEBAL) and Surface Energy Balance Index (SEBS). Evapotran-
spiration potential was also acquired in a station scale applying 12 experimental methods. In a comparative study, the results
revealed that the evapotranspiration values achieved from the four experimental models H-S, B-C, Trabert, and Rn-Based,
have the highest correlation and the lowest error value with the values estimated from the two SEBAL and SEBS models.
Finally, the water requirement of the pistachio crop during its growth period was estimated separately using two models,
namely SEBAL and SEBS, and confirmed the experimental models.
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agricultural products in the world (Franklin et al. 2010).
Environmental stresses generally decrease crop yields by
about 71%, among which the effect of high temperature
of 15% and low temperature of 14%, water stress of 17%,
and salinity stress of 20% have been estimated as yield loss

1 Introduction

Vegetation growth is constantly affected by different
environmental factors. Therefore, environmental stresses
are the most important factors reducing the yield of

4 Seyed Zeynalabedin Hosseini Department of Remote Sensing and GIS, Faculty

zhosseini @yazd.ac.ir

Fatemeh Firoozi
firozif@yahoo.com

Seyed Kazem Alavipanah
salavipa@ut.ac.ir

Shamsollah Asgari
s.hamsasgari@yahoo.com

Hamid Reza Ghafarian Malamiri
h.rghafarian@gmail.com

Kamran Rahimi
kamranrahimi30@yahoo.com

Department of Remote Sensing and Geographical
Information System (GIS), Faculty of Geography, University
of Tehran, Tehran, Iran

of Geography, University of Tehran, Tehran, Iran

Faculty of Natural Resources and Desert Studies, Yazd
University, Yazd, Iran

Soil Conservation and Watershed Management Research
Department, Ilam Agricultural and Natural Resources
Research and Education Center, Agricultural Research,
Education and Extension Organization (AREEO), Tehran,
Iran

Department of Geography, Yazd University, Yazd, Iran

Master of Remote Sensing, Kharazmi University, Tehran,
Iran

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40996-023-01169-9&domain=pdf

4000 Iranian Journal of Science and Technology, Transactions of Civil Engineering (2023) 47:3999-4019

factors (Ranjbar and Anosheh 2015). Drought, on the other
hand, is one of the limiting and threatening factors for suc-
cessful production of crops (Spaeth et al. 1984). The rate
of yield reduction due to moisture stress depends on the
genotype, plant development stage, severity, and duration
of water shortage, but the negative effects of these stresses
are greater during flowering, seed formation, and fill ratio
(Spaethetal 1984). Plants cope with water stress by reduc-
ing growth parameters, pores closure, and reducing photo-
synthesis (Fabriki Ourang and Mehrabad 2018) and these
factors also affect the rate of plant evapotranspiration.

Evapotranspiration, which also includes evaporation of
water from the soil and the transpiration of vegetation,
represents a fundamental trend in hydrological cycles and
a key element of water resources management, especially
in arid and semi-arid regions (Gao et al. 2008).

As mentioned, evapotranspiration is one of the impor-
tant factors in the hydrological cycle (Shamloo et al. 2021)
and one of the determining factors of the energy equation
at the surface of the earth and its estimation is needed in
various fields, such as hydrology, agriculture, forest and
rangeland management, and water resource management
(Miryaghoubzadeh 2014). Generally, 64% of precipitation
is out of reach due to evapotranspiration. In fact, evapo-
transpiration is the major link between the elements of
the earth and the atmosphere (Su et al. 2006). Variables
such as radiation, temperature, humidity, wind, and soil
moisture, are the variables that affect the rate of evapo-
transpiration. Therefore, the amount of wasted water by
evapotranspiration is more than the runoff in agricultural
lands (Sumner 2001).

In fact, evapotranspiration is the most important ele-
ment of the air and climate after temperature and rainfall.
Evapotranspiration plays an important role in heat and
mass drifts of the global atmospheric system and plays a
key role in international scientific programs (Ehlers and
Krafft 1996).

Due to changes in land use, land cover, physical char-
acteristics of soil, and surface currents, hydrological and
meteorological parameters show major changes that can
be estimated with a limited number of synoptic observa-
tions (Bastiaanssen et al. 1997). Evapotranspiration is very
important in water and agricultural resources management.
There are many factors involved in evapotranspiration, so
estimating evapotranspiration is a very difficult task. Dur-
ing the last half century, numerous experimental methods
have been proposed by researchers globally to estimate
potential evapotranspiration. These methods are classified
into five groups: combined, temperature, radiation, humid-
ity, and evaporation pan (Sharifan et al. 2006).

Some researchers suggest the use of traditional methods
that require less meteorological parameters such as Irmark,
Tabari, Trajkovic, Bereti, Blaney Cridle, Rozani et al.,
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Rn-Based, and Droogers Allen (Tabari et al. 2011). How-
ever, these methods determine the rate of evapotranspira-
tion at a small area for specific times and cannot be used
for larger areas. Therefore, evapotranspiration estimation
models can be used to overcome this limitation (Matin and
Bourque 2013; Dinesh et al. 2014; Baistiaanssen et al. 1998;
Rahimizadegan and Jahani 2019).

Satellite images can be used to determine ET over wide
areas in these models. In a more comprehensive statement,
satellite remote sensing models provide relatively accurate
estimates of ET over large areas with minimal use of ter-
restrial data and multiple algorithms (Bastiaanssen and
Chandrapala 2003). To determine evapotranspiration using
satellite information, we can refer to several algorithms such
as the surface energy balance system (SEBS) (Su 2002),
surface energy balance (SEBAL) (Bastiaanssen et al. 1998),
Surface Energy Balance Index (SEBI) (Menenti and Chud-
hury 1993), and Mapping Evapotranspiration at high Reso-
lution with Internalized Calibration (Metric) (Allen et al.
2007).

The most commonly used models for estimating ET
through satellite imagery are the SEBAL and SEBS algo-
rithms. The SEBAL model was first developed by Bastiaans-
sen et al. (1998) and then improved by Allen et al. (2002)
The SEBAL method has been widely used since its develop-
ment in the western United States. Evapotranspiration has
been estimated daily and monthly using this method (Kim
et al. 2020). The surface energy balance model (SEBS) has
been proposed by Su (2002) and includes a series of tools to
determine the physical parameters of the earth's surface cap-
tured by satellite images (such as albedo, surface emission,
surface temperature, vegetation index, etc.). The two algo-
rithms of SEBS and SEBAL have been tested by researchers
such as (Elhag et al. 2011; Bastiaanssen 1998; Elhag 2016;
Gibson et al. 2014).

In fact, SEBS and SEBAL algorithms use satellite spec-
tral observations and meteorological information to esti-
mate energy fluxes and include a series of tools to deter-
mine the physical parameters of the earth’s surface from
satellite images such as albedo, surface emission, surface
temperature, vegetation index, and etc. (Ferreira et al. 2016).
Nowadays, the issue of enhancing product performance or
increasing production per unit area is closely linked to the
amount of water consumption, and water availability is a
crucial factor in the agricultural industry. Therefore, it is
necessary to study and assess water requirement and evapo-
transpiration of the plants in each region.

Kadem et al. (2014) used the FAO method and satel-
lite images to estimate the rate of evapotranspiration. They
obtained the rate of evapotranspiration for wheat by obtain-
ing the indices (NDVI), albedo, and leaf area index required
to estimate evapotranspiration. As a result, they used
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lysimeter data to obtain the plant coefficient and its multipli-
cation in evapotranspiration and obtained the rate of evapo-
transpiration. The results showed an estimate of 16.54% of
the estimated values compared to the values obtained from
the FAO. This is because of the use of low-pixel-density
images to calculate the rate of evapotranspiration.

Gao et al. (2019) investigated the actual evapotranspi-
ration using the SEBAL model on the Loess Plateau. The
results of this study showed a direct relationship between the
two parameters of vegetation and the rate of evapotranspira-
tion. That is, the evapotranspiration rate of the region has
increased with the increase of vegetation rate.

Shamloo et al. (2021) used the SEBAL model in esti-
mating evapotranspiration and crop coefficiency of corn
in the Mediterranean region of Adana Province, Turkey.
The outcomes displayed that the SEBAL algorithm could
be a very convenient method since the performance of the
SEBAL algorithm in estimating the actual evapotranspira-
tion and crop coefficient using Landsat § satellite images is
acceptable.

Losgedaragh and Rahimzadeghan (2018) compared the
three methods of metric, SEBAL and SEBS to estimate the
evapotranspiration of Amir Kabir Dam. The results showed
that the metric and SEBS method had less error than the
SEBAL method. Rahimzadeghan and Adelehsadat (2019)
implemented the SEBAL model on pistachio crops in Sem-
nan during 2013-2017 using 29 images of Landsat 8. The
results showed high spatial variability of ET in the pistachio
growth period. In general, the results show that the SEBAL
model has a high efficiency for estimating the true ET of
pistachio crops. Therefore, real evapotranspiration can be
calculated periodically and regularly over a wide range of
areas with high reliability. The amount of consumed water
in crops can be measured by a hydrometer installation in any
field of irrigation. However, high cost and low efficiency
make this measurement a restrictive operational plan. In this
regard, remote sensing has become a low-cost alternative
with a real cover to meet water demand (Silva et al. 2018).

Most of the research that uses the SEBAL model evalu-
ates the spatial and temporal distribution of ET by satellite
sensors such as Landsat 5, Landsat 7, and Modis. However,
only a handful of articles deal with ET estimation using
Landsat 8, which launched in February of 2013 (Semmens
et al. 2015; Senay et al. 2015) Also, the water requirement
of agricultural areas and forests is often not studied. Water
management is especially important in arid and semi-arid
regions where precipitation is low and scattered. Currently,
about 17% of the world’s food requirements are produced
by only 17% of the irrigated land (Abdullah 2006). How-
ever, irrigated agriculture faces serious threats such as water

shortage, degradation of land and water resources, unequal
distribution, and limited access to water resources for irriga-
tion (Rizvi et al. 2012).

Increasing population growth, development of agricul-
tural lands in arid and semi-arid regions of the world, incon-
sistent distribution of freshwater in quantitative and spatial
terms, as well as limitations and increasing quality problems
of water resources in many countries like Iran, have turned
providing reliable water supply to one of the fundamental
challenges of the century. Damage caused by heat and water
shortages to crops and orchards, including pistachios, is
obvious (Karimi 2017).

According to the latest information published by the FAO,
world pistachio production in 1997 was 331,403 tons. Among
the countries of the world, ten countries each produced more
than 250 tons of pistachios in 1997. Iran, ranking first, had a
production of approximately 112,000 tons. Iran produces about
34% of the world’s pistachios. After Iran, the United States is
the second largest producer of pistachios in the world with a
production of 82,000 tons. Recognizing the characteristics of
pistachio trees in terms of their endurance and resistance to
water shortage, it is possible to preserve the life of the tree and
its production with the least amount of water. However, the
tolerance of pistachio trees to water shortage, no matter what,
is not a reason for the inherent nature of the tree as evidence
has shown that pistachios, like other fruit trees, need a lot of
water, and if during the growing season the plant reaches less-
than-adequate water, the potential tree reaction has the opposite
effect, and although it survives, its fertility and longevity are
reduced (Naeini 2017).

Due to the problem of water shortage in the study area,
the purpose of this study is to achieve three points: (1) Moni-
toring the real evapotranspiration using SEBAL and SEBS
methods with the help of Landsat 8 images in agricultural
areas, (2) Investigating the evapotranspiration potential of
pistachio orchards using different experimental methods,
(3) Determining water demand by crop is very important in
irrigation systems.

Finally, the water requirements of pistachio crops in the
study area are calculated, and the findings of this study will
provide useful information for agricultural water manage-
ment in the arid region of Dehshir that agricultural water
management (AWM) includes the management of water
used in crop production (both rainfed and irrigated), live-
stock, and inland fisheries to sustain food production, while
preserving natural resources (Srivastava et al. 2021; Dube
et al.2023).

An important factor in this study is that the estimations
are performed at different stages of the growth period. In
other words, the hydro meteorological parameters driving

. @ Springer
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evapotranspiration would change as the plants are at dif-
ferent stages of maturity.

2 Materials and Methods
2.1 Study Area

Taft city is located in the southwest of Yazd province and
due to the presence of Shirkuh mountain, the weather there
is colder than the surrounding. The city of Taft generally
consists of two parts: The northern part and the southern
part, which are called warm and cold, respectively. One
of the villages of Taft is Dehshir village. This village,
together with 14 neighboring villages, forms Dehshir rural
district. Dehshir climate has cold and relatively humid
winters and warm to semi-temperate summers. The aver-
age annual temperature is about 14 degrees, which has
varied between a maximum of 39 degrees and a mini-
mum of — 21 degrees during the statistical period. The
average annual rainfall was about 130 mm, which varied
between less than 50 mm to more than 300 mm (Fattahi

and Mehrshahi 2018). Due to the environmental conditions
of the study area, most people are farmers and gardeners.
Agriculture in the region is mostly drip and flood irriga-
tion and the people of the region use groundwater to irri-
gate their crops Fig. 1.

2.2 Methods

In this study, in order to estimate the crop water stress of
pistachio crops in Dehshir, Yazd Province, Landsat satel-
lite (OLI) measurement products and meteorological data
of the region in the water year 2018-2019 have been used.
Landsat is an American satellite that was launched on Feb-
ruary 11, 2013. Landsat 8 is the eighth satellite in the
Landsat series and the seventh satellite in this project that
successfully launched into orbit. This satellite, originally
called (LDCM?), is a collaboration between NASA and the
United States Geological Survey that was developed by
Orbital Science Corporation. The NASA Goddard Space
Flight Center is responsible for engineering development
and orbiting satellites, and the US Geological Survey
has developed ground systems and led the project. These
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Table 1 Multispectral bands of Landsat 8

Band names Landsat 8 OLI Spectral range (um) Spatial

resolution(m)
Coastal aerosol Bandl 0.43-0.45 30
Blue Band2 0.45-0.51 30
Green Band3 0.53-0.59 30
Red Band4 0.64-0.67 30
NIR Band5 0.85-0.88 30
SWIR 1 Band6 1.57-1.65 30
SWIR 2 Band7 2.11-2.29 30
Pan Band8 0.50-0.68 15
Cirrus Band9 1.36-1.38 30

sensors provide images with an average resolution of 15 m
to 100 m above the ground and the polar regions (Table 1).

The images used in this study have suitable meteoro-
logical conditions without clouds. Satellite data can be
extracted from the Active Surface Process Distribution
Archive Center of NASA (National Aeronautics and Space
Administration) (https://earthexplorer.usgs.gov/). After
taking the images, all the data for the study area will be
mosaicized with the help of specialized software (GIS
- Geographical Information System), ENVI (The Envi-
ronment for Visualizing Images) and with the Universal
Transverse Mercator Project System using the nearest-
neighbor resampling method will be the nearest neighbor
of geo-reference. Then the real evapotranspiration for the
area will be calculated using the SEBAL and SEBS mod-
els. Then, due to the lack of facilities for ground measure-
ment of evapotranspiration in the region, with synoptic
data of the study area using 12 experimental methods, the
potential evapotranspiration will be investigated (Fig. 2),
and then the water requirement of the pistachio tree will
be calculated.

2.3 Estimation of Production and Plant Parameters
in SEBAL and SEBS Algorithms

The main inputs related to the SEBAL and SEBS models
consist of remotely sensed biophysical parameters, includ-
ing land surface temperature (LST or Ts), emissivity, nor-
malized difference vegetation index (NDVI), and albedo,
along with hourly meteorological parameters such as air
temperature, wind speed, radiation, and relative humidity.
In this study, the normalized difference of the Vegetation
Index (NDVI) was calculated as below (Cosh et al. 2007):

NDVI = PNIR — PVIS
PNIR T Pvis

ey

In this formula, pyR is the reflection in the near-infrared
band (1.725/1.1 um) and pyg is the reflection in the vis-
ible band (68-58 pm). The range of NDVI values varies
from -1 to+ 1. High reflection in the near-infrared part of
the electromagnetic spectrum indicates the health of the
plant with large values between 0.5 and 1 (Lillesand and
Keifer 1994).

2.4 LST Estimation in SEBAL and SEBS Algorithms

Temperature determination in satellite images is calculated
through a separate window (SWT®). A split-window tech-
nique is one of the methods for determining the surface
temperature, which is used first to determine the sea sur-
face temperature and then to calculate the surface tempera-
ture. To use this method, it is necessary to have a spectral
band in the thermal infrared range. The general principles
of this method are based on the difference in atmospheric
transmission in two adjacent spectral ranges in the infrared
region between the 11- and 12-pm spectra. As the effect
of the atmosphere on different wavelengths varies, this
factor creates a framework difference in the separate win-
dow method used to calculate the temperature. One of the
effective parameters in this method is to determine the
amount of emission at the surface, the amount of which
for seawater is assumed 1, therefore, the calculation of
sea surface temperature is done with great care using this
method, but in estimating the earth's surface temperature,
the emissivity changes were considered in the algorithm.
The emissivity value is a function of the amount and den-
sity of vegetation and vegetation indices should be used
to calculate it (Kerr et al. 2004). In total, different meth-
ods are presented using a Split Window Technique, and
method (SWT) is as follows in Eq. (2):

T,=T,- CI(T, - T;) + C2(T, - T;)2 + CO

+ (C3C4W)(1 — ) + (C5+ CO6W)A, @
In the method (SWT) the land surface temperature
(LST) is expressed as (7}); that T; and T} are the tempera-
tures of the sensor lighting in separate 7; and 7; window
bands (Kelvin), €; average emission, ¢ =0.5(¢; + &) Ag;
emission difference Ae=(g;—¢;), w; total amount of
atmospheric water (g/cm?) and ¢y-C45 coefficients of win-
dow algorithm obtained from simulated data (Kerr et al.
2004; Younesszadeh Jalili 2013).

2.5 SEBAL Algorithm

The SEBAL model calculates the amount of evapotran-
spiration using satellite images and minimum ground

. @ Springer
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Fig.2 Flowchart of research
methods

as a function of surface albedo and long-wavelength radia-
tion obtained from the difference between the input and
output long wavelengths. The amount of short-wavelength
radiation coming out of the ground is about 3—100 pm and
the total radiation flux is also calculated using Eq. (4):

station data required based on the energy balance equa-
tion. Since satellite images can only provide data about the
satellite's transit time, SEBAL can calculate the amount of
evapotranspiration flux for each pixel of the image as the
remainder of the surface energy balance equation (Bas-
tiaanssen 1995). The general equation of the energy bal-
ance algorithm is given in Eq. (3) below.

R,=G+H + AET 3)

where R, is the total radiation flux in terms of (W/m?), AET:
is the amount of latent heat flux at the moment of satellite
transit in terms of (W/m?), H: is sensible heat flux of air in
terms of (W/m?); G: is the soil heat flux in terms of (W/m?)
the total radiation flux is the algebraic calculation between
all the input radiation and the output reflectance. Total radia-
tion flux is the algebraic sum of short-wavelength radiation

ks

@ Springer

R,=(1—0R +R, — (1 —¢,)R,, )

In it, R, total radiation flux in terms of R; ! (W/m?) short-
wave radiation, a surface albedo without dimension, RLl
longwave radiation, R, long wave reflection, ¢, ability to
propagate surface without dimension.

2.6 Soil Heat Flux

Soil heat flux is the amount of soil storage as a result of the
temperature gradient between the soil surface and the lower



Iranian Journal of Science and Technology, Transactions of Civil Engineering (2023) 47:3999-4019 4005

soil layers. The temperature gradient is a function of vegeta-
tion and leaf area index (LAI), which expresses the heat ratio
of the bare soil surface by preventing light from entering
the soil surface and forming a shadow above the bare soil.
Since field information on soil thermal conductivity is not
available, experimental relationships include a function of
vegetation index, surface albedo, and surface temperature
are used to calculate soil heat flux.

Soil heat flux is calculated using Eq. (5) proposed by Bas-
tiaanssen (1995).

2 = 7,/a(0.0038a+ 0.00746) (1 - 09SNDVI') (5)

n

T,. Surface temperature in degrees Celsius, a: Surface
albedo, NDVI: Vegetation Index.

2.7 Perceptible Heat Flux

Perceptible heat flux is the amount of energy loss from the
soil through the interconnection and the diffusion process
as a result of the temperature difference between the surface
and the lowest layer of the atmosphere. Perceptible heat flux
is a major obstacle in estimating evapotranspiration, as the
value of dT terms and the aerodynamic resistance of the
surface are unknown to calculate the perceived heat flux.
Perceived heat flux is a major obstacle in estimating evapo-
transpiration, because the value of dT terms and the aero-
dynamic resistance of the surface are unknown to calculate
the perceptible heat flux. To calculate these unknowns of the
algorithm, the sensible heat flux is calculated in dry and wet
pixels first. Dry or hot pixels should be selected in the dry
and barren area where evaporation does not occur. Cold or
wet pixels must have a surface temperature that is the same
as the air temperature. Internal calibration of sensible heat
flux algorithm by the SEBAL algorithm eliminates the need
for atmospheric correction by radiant models to calculate
surface temperature and albedo. This internal calibration
also reduces the effects of error in estimating roughness
coefficients and aerodynamic strength. According to the
determination of hot and cold pixels, a linear relationship is
established between the dT term and the surface tempera-
ture. The sensible heat flux is calculated using Eq. (6).

H=(PxCpxdTl)/r,, (6)

P: Air density in terms of (kg/m?), C,: Specific air
heat equal to 1004 (J / kg /K), dT: Temperature difference
between two heights Z,, Z, in term of (K), r,,: Aerodynamic
resistance to heat transfer (s/m).

2.8 Latent Heat Flux

The latent heat flux is the algebraic difference of the energy
balance equation. After calculating the latent heat flux, the
evaporative component is determined. Appling the evapora-
tive component per pixel, the amount of evapotranspiration
in 24 h is calculated. Instant evapotranspiration is obtained
using Eq. (7).

ET, = 3600—'“? (7

Here, ET is the amount of instantaneous evapotranspira-
tion in terms of (mm/h), 4 the latent heat flux or the amount
of heat absorbed in evaporation of 1 kg of water in terms of
(J/kg) (Waters et al. 2002).

2.9 SEBS Algorithm

In the following, we will briefly introduce the SEBS algo-
rithm. The basis of this method is using the energy balance
equation (Eq. 8) to calculate the amount of latent heat flux of
evaporation as the remainder of this equation for each pixel.

AET =R, —-G—-H 6]

In this equation, AET is the latent heat flux of evaporation
in terms of (W/m?), R, is the amount of pure solar radiation
in terms of (W/m?), and G is the heat flux of the soil in terms
of (W/m?) and H is the tangible heat flux in terms of (W/m>).
The amount of pure solar radiation (R,) is calculated using
the surface radiation balance equation (Eq. 9).

Rswd + ER1iwd —EUTéRn =(1-a) (9)

In this equation, a is the surface albedo, R, is the input
shortwave radiation in terms of (W/m? ( ¢ surface emission,
Stephen constant = Boltzmann constant (5.67 x 10 W/m?/
K% and T,* is surface temperature. In arid and semi-arid
regions, the lack of vegetation causes the effects of ground
soil reflection to overcome the effect of vegetation reflec-
tion. SAVI, which is the corrected NDVI index, reduces the
effects of base soil and soil moisture on the NDVI index and
is calculated through Eq. (10).

(1+L)(ps = p3)

SAVI =
(174 +p3+ L)

(10)

P4, p3 are spectral reflectance of 3, 4, and L is the correc-
tion factor of soil effects, the range of which is from zero
for compressed vegetation and 1 for low-density vegetation.
This factor is calculated from Eqgs. (11) and (12) using image
information.

L=1-2XaxNDVIxWDVI 1

%

t

F

@ Springer



4006 Iranian Journal of Science and Technology, Transactions of Civil Engineering (2023) 47:3999-4019

WDVI = p, —yp; 12)

In Egs. (11) and (12), a=1.6, y are the soil coefficient,
which is actually the slope of the fitted line on the spec-
tral reflectance diagram of the near-infrared bands (band
4) and the red band (band 3) (Yang et al.2006). In this
equation, a new method has been used to calculate the
surface albedo that applies atmospheric corrections to all
bands of the sensor (13). Surface albedo is estimated using
Egs. (14)-(16).

oo, = Pro-Pap

b Tin,b : Toul,b (13)
where p ;, reflection rate in each band of the sensor at the
surface (dimensionless), p,;, reflection in each band of the
sensor above the atmosphere (dimensionless), p, ,, is a con-
stant value of false reflection for each band (no dimension),
T,,, atmospheric transmittance for incoming solar radiation
in each band calculated from Eq. (15), 7,,, atmospheric
transmittance for output radiation reflected from the surface
at each of the band is calculated from Eq. (16).

_ ﬂ‘Lb
" ESUN, -cosf -d,

Prp (14)

In this equation, ESUN, is the solar radiation potential
in each band, 0 is the angle of solar radiation, d, is the
inverse of the relative distance between the earth and the
sun, and L is the spectral radiation of each band.

CoPy _GWHG]
A =C —
Finb = Clexp K, - cos 0, cos 6, > as)
G -Pu  GWHCy
Touth = €1 exp K1 - 1 + CS (16)
"

C'-C’ is the generalized coefficients of the MODTRAN
(the MODerate resolution atmospheric TRANsmission
model) (Van der Tol et al. 2009 (model for each band (17),
P,, is average atmospheric pressure (KP,), W is the hover-
ing water in the atmosphere, K, is the opacity coefficient,
which is considered to be 1. 8, in Eq. (10) is angles of sun-
light from the horizon surface and in Eq. (17) is sensing
angles from the horizon surface (zero for Landsat images).

7
= p,W, a7
b=1

a is the albedo of the surface Wy, is the weighting coeffi-
cients for each band. Soil heat flux in the SEBS algorithm is
obtained from Eq. (18).

Go = Rn.[l'c + (1= fo).(F's = )] (18)
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In this equation, T, is the ratio of soil heat flux to net
radiation for dense vegetation is considered to be 0.05. f‘s is
ratio of soil heat flux to net radiation for bare soil is consid-
ered to be 0.315. f_ is a partial canopy coverage that can be
calculated using remote sensing data(19).

NDVI—NDVIL_. \?
e = (19)

NDVI,, — NDVI_;,

In this equation, NDVI,,, NDVI ... and NDVI are
the values of NDVI in pixels containing dense vegeta-
tion, bare soil, and current pixels, respectively (Temesgen
2009). Perceptible heat flux is the heat energy transferred
between the surface and the air. In SEBS model, Manin-
Abukov (Brutsaert 1982) conditions are used to calculate

the sensible heat flux in Eq. (20, 21)

In ( o )
U, Zom

u=—_ (20)
k _Win(%) +Wm(%>

=dy
H 1)’1( Zoh )

m = -

6o — @

In this equation, z is the reference height (m), u is the
wind speed and u. is the friction velocity (m/s), d, is the
displacement height (m), z,, and z, is the roughness height
for momentum and heat transfer (m), k=0.4 van Carmen
fitted, C, is the dry weather's heat condition (J/kg) p is the
air density (kg/m?), 0y, 0, potential surface temperature and
air temperature at altitude, z y, and \,, Stability correction
factor for momentum and atmospheric heat transfer, L is the
length of Abukov (m) defined as Eq. (22).

3
L= _pu*—cpev (22)
kgH

In this equation, g is the acceleration of gravity (m/s)
and 0, is the virtual temperature near the surface (k). The
roughness length for momentum (Z,)) transfer is the height
above the zero displacement surface. Level zero for wind
profiles starts at ground level or vegetation. Z , calculated
with Eq. (23).

NDVI
zom=exp[(a>< >+b]

(23)
In this equation, a and b are fixed values of the equa-
tion that are determined by regression between the values
(NDVV/a) and Z,,, in two or more pixels of the specified
plant index. (Morse et al 2000). The roughness length for
heat transfer Z, is estimated using Eq. (24) (Su 2002).
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ZOW[

Con = exp (KB—1 )

24

In this equation, KB~!, the Stanton number shows the
additional resistance to heat transfer that is calculated by
(Su et al. 2010) Eq. (25).

KC,
40,% (1-

Kty Fomf
o4

KB~ ! =

Ayt
e—n
(25)

21 f, +KB'f?

in which C; is the leaf drag coefficient of the trees, which
is assumed to be 0.2, f, is the partial canopy cover and f is
the complement f, C, is the heat transfer coefficient from the
leaf, which for most canopies and environmental conditions
is between 0.005 N and 0.075 N. N demonstrates number
of sheets involved in heat exchange and KB,™' for bare soil
obtained from Eq. (26).

KB.' =2.46(Re,)1/4 — 1n[7.4] (26)

where (Re.) is the Reynolds roughness number for soil.
Evaporation fraction in SEBS is obtained by using sensible
heat flux. Under dry conditions, the latent heat flux is mini-
mal and can be ignored, in this case the equilibrium equation
is summed as Eqs. (27) and (28).

}\’Edry = Rn - GO - Hdry =0 (27)

orH,, =R, - G, (28)

In wet conditions, the actual evapotranspiration reaches
the potential evapotranspiration; in this case we have
(29,30):

}VEwet = Rn - GO - Hwez‘ =0 (29)

Oeret = Rn - GO - }\Ewet (30)

H,., is estimated in the Penman—Monteith relation using
Eq. 31 (Su 2002).

C _
H,, = [(RW—GO) Pl e]/[uﬂ 31)

Few 4

The aerodynamic drag is obtained from Eq. (32) in wet
conditions.

1 z—4d, z—d, Zon
= 1 - —_
o Ku* [ ! < Zoh > Vi < Lw " Vi Lw (32)

Manin-Abukov length is obtained from Eq. (33) in wet
conditions.

L i
w= = 33
kg.0.61.(R, — Gy) /A 33)

It A has a latent heat of vaporization (2.45 MJ.kg™!). The
relative evaporation fraction is obtained using Eq. (34).

AE ] AE,,. — AE H-H,

A = =1- =1—- —
T AE ’E Hy, —H,, %

wet wet We
Finally, the evaporation fraction is obtained from Eq. (35).

Ao M _ M MM,
" H+ME R,-G, R,-G,

(33)

Daily evapotranspiration (ETa) is calculated from Eq. (36)
assuming that the evaporation fraction is constant during the
day:

. ARy
ET,=8.64x 10" X T (36)

Py

where p,, is the density of water in terms of (kg/m?), and

Rnday is the net daily radiation in terms of (sz).

3 Experimental Methodology

3.1 Penman-Monteith Method FAO-56

The Penman—Monteith equation is summarized as Eq. (37):

- 0.408A (R, — G) +7[890/(T + 273)U, (e, — ¢,)]

‘ A+y(1+0.340,)

(37)
where, ET, displays the reference crop evapotranspiration
(mm / day), T stands for the average air temperature at a
height of 2 m above ground level, U, shows the wind speed
at a height of 2 m above ground level (ms™!), e, — e, is the
vapor pressure deficit (KP,), A is the vapor pressure curve
slope (KP,C™"), and 7y presents the Psychometric coefficient
(KP,C~") (Bastiaanssen et al.1998).

This part deals with the equations that used empiri-
cal methods. All meteorological variables are derived
based on a monthly scale (sum). Here Ry shows the solar
radiation in mm / day, 7, presents the average monthly
temperature in °C, Ra is the radiation, T stands for the
average daily air temperature, Tmax displays the maxi-
mum monthly temperature, Tmin is the minimum monthly

3

i
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Table 2 Equations of
experimental methods (Piri &

Row  Method

Equations

Pozan, 2019) 38 Hargreaves-Samani
39 Rozani

40 Trajkovic
41 Irmak
42 Bereti

43 Blaney-Criddle
44 Rn Based

45 Trabert

46 Tabari

47 Droogers — Allenl

48 Droogers — Allen2

(T, +17.8)=0.0162 R(ET, ET,
ET, = 0.408 X (0.817 + 0.000222)0.0023Ra( Ty + 17.8) (Tax = Tin)
ETy=0.408 X 0.0023Ra(Tyean + 17.8) (T — T,

- ) 0.424

ET, = 0.408 X 0.00193Ra(Tpeqn + 17:8) (Tax = Toin)

ET, = 0.408 X 0.00193Ra(Tpeqn + 17:8) (Tax = Toin)
ET, = P(0.46T,,, +8.17)
ET, = 0.289Rs + 0.0237,,, + 0.489

ET,, = 0.408 + 0.00193Ra(Tyean + 17.8) (Tnean + 17-8) (Tax — T,
ET, = —0.642 + 0.174Rs + 0.03537Ta

ET, = 0.408 X 0.0030Ra(Tpeqy + 17.8) (Tax —
ET, = 0.408 X 0.0025Ra(Tpean + 16.8) (Tax — Tinin

min

)0517

min)OAS

)0.5

temperature, and P is the sunshine hours (Table 2) (Piri
and Taher 2019).

Finally, the crop coefficient for the understudy pista-
chio fields was derived via monthly SEBAL and SEBS ET
(ETmon) and monthly ETO

Kc = ETmon/ETO0, mon (49)

3.2 Investigating the Error of Experimental
and Actual Methods

Xi - Xm
RD = ’X— (50)
n 2
RMSE = M (51)
n
AD =X; - X,, (52)

RD relative difference, RMSE root-mean-square error, AD
absolute difference.

where X, is evapotranspiration that is calculated using
the SEBS and SEBAL algorithm, X is evapotranspiration
which is calculated using experimental methods and # is the
number of evapotranspiration data in the Egs. (50, 51, 52)
(Hyndman and Koehler 2006).
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4 Results and Discussion
4.1 Vegetation (NDVI)

Vegetation maps of the study area were prepared by the
OLI satellite for a 1-year statistical period (2018-2019)
separately for each month. NDVI followed a constant pat-
tern through the study and dates. In spring (April, May,
June) and summer (July, August, September), the maxi-
mum values of NDVI in pixels are between 0.4 and 1,
which is higher than other months because the growing
season begins and vegetation turns into its high case in
both spring and summer. In autumn (October, November,
December) and winter (January, February, and March)
NDVI decreased due to harvesting and crop senescence
(Fig. 3). As the maps present, the density and spatial dis-
tribution of the vegetation show large variations from one
month to another, which in turn indicates the vegetation
dynamics of this area and the effect of environmental and
climatic factors on them.

4.2 Land Surface Temperature

The seasonal patterns were also followed by LST, as LST
values were lower (299.75 K, 25.26 °C) in January and
higher in August (334 K, 58 °C). In general, gardens and
agricultural lands have a lower surface temperature due to
vegetation. Since the plant type and the vegetation canopy
can influence and vary the micro-climate at the soil surface
below a vegetation canopy (eco-climate), the existence of
vegetation decreases airflow and the vegetation shadow
covers the soil surface (Fig. 4).
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Fig.3 NDVIimages extracted from Landsat 8 images

4.3 Potential ET from Empirical Methods

PET from the above-mentioned 12 empirical methods
revealed that the lowest rate of evapotranspiration is in Janu-
ary. It was found that the temporal pattern was similar, as
values from most models were maximum during the months

was achieved by the H-S, Blaney-Criddle, Rn-based, and
Trabert methods. For July, as the key irrigation season, H-S,

of August and July. In most cases, the highest rate of PET

Blaney-Criddle, Rn-based, and Trabert methods estimated
that PET was 256.38, 212.52, 131.82, and 210.34 mm. The
lowest rate of evapotranspiration was estimated by Trajkovic,
Bereti, and Tabari methods in the Dehshir Plain in Fig. 5.

o
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Fig.4 LST images extracted from Landsat 8 images (Kelvin)

4.4 Evapotranspiration Using the SEBAL Method

ET values were higher in spring and summer across the
vegetated area for the understudy region (Fig. 6), which
shows that SEABL-derived monthly ET followed seasonal
patterns. This is mainly due to the increased solar radiation
and enhanced vegetation growth. The spatial variability of
monthly ET across the investigated area happens because
of variations in the date when the growing season starts and
ends. Monthly SEBAL ET was found to be the maximum
range during the peak growing season (July and August) at

“ @ Springer

around 376 and 320 mm, when the vegetation reached its
maximum greenness (NDVI=0.4-1). When the peak grow-
ing season ended, ET values decreased in the 3 months of
winter as a result of decreasing plant density and decreasing
temperature and the reduced demand for water (Fig. 6).

4.5 Evapotranspiration Using the SEBS Method
SEBS-derived monthly ET followed seasonal patterns like

those derived via SEBAL, since ET values were higher in
spring and summer across the vegetated area for the regions
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Fig.5 Evapotranspiration diagram prepared by experimental methods

understudy (Fig. 7). This is largely due to the increased solar
radiation and enhanced vegetation growth. The spatial vari-
ability of monthly ET across the study area happens because
of the variations in crop type and the date when the growing
season begins and ends. Monthly SEBS ET was found to be
the maximum range during the peak growing season (July
and August) at around 243.27 and 237.54 mm, when the
vegetation reached its maximum greenness (NDVI=0.4-1).
When the peak growing season ended, ET values decreased
in the 3 months of winter with decreasing plant density and
decreasing temperature and the reduced demand for water.
It is important to mention that the calculated evapotranspira-
tion rate of pistachio by SEBS method is less than SEBAL
method (Fig. 7).

4.6 Comparison Between SEBAL and SEBS
Algorithm with Empirical Models

For this purpose, we have used AD, RD, and RMST statis-
tics in order to examine the accuracy of different empiri-
cal methods compared to SEBS and SEBAL algorithms. In
accordance with AD method, the difference between actual
monthly ET based on SEBAL and SEBS, and the PET!
based on the empirical models algorithm was found to be
in its maximum rate in July and August (in summer) and

its minimum rate in January in winter, respectively. This
pattern was consistent across all models; however, the dif-
ference between actual and potential ET was much larger
in August (e.g., from Trajkovic method, SEBS and SEBAL
were 170,153 mm respectively, and from Tabari they were
170, 152 mm, respectively); their difference was minor in
February (e.g., from the H-S method, SEBS and SEBAL
were 7,14 mm, respectively). The reason for the large dif-
ference in August and July is that, during this peak growth
period of pistachio trees, the vegetation density increased.

The comparison between ET, from the empirical models
against the SEBAL and SEBS algorithms methods recom-
mends that H-S, Blaney-Criddle, Rn-based, and Trabert may
be the most suitable models among the 12 models.

It is recommended that H-S, Blaney-Criddle, Rn-based,
and Trabert may be the most suitable models among the
12 models. For example, in Table 3, the difference between
SEBAL and SEBS algorithms methods with approved
empirical methods is stated, for instance, in July, August and
September, the difference between the HS and SEBS meth-
ods is stated as 13, 6, and 31 mm. The difference between
SEBAL and HS algorithms methods, for example, in July,

! potential evapotranspiration.
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Fig.6 Evapotranspiration images prepared using SEBAL method from Dehshir pistachio orchards

August and September is stated as 25.3, 11.8, and 31 mm. and SEBS, and the PET? on the based on empirical mod-

Three other approved methods are presented in Table 3. els algorithm were maximum in March and August and

On the other hand, Trajkovic, Bereti, Tabari, Dro- minimum in January in winter, respectively. This pattern
ogers—Allenl, Droogers—Allen2, and Rozani methods mod- was consistent across all models; however, the difference
els were identified as the non-applicable methods with large ~ between actual and potential ET was much larger in the
AD (Fig. 8, Table.3). Trajkovic, Bereti, Tabari, and Rozani methods (e.g., in

RD statistics have been used to investigate the accuracy ~ August, from Trajkovic method, SEBS and SEBAL were
of different empirical methods and to compare them with
SEBS and SEBAL algorithms. According to RD method,
the difference between actual monthly ET based on SEBAL 2 potential evapotranspiration.
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Fig. 7 Images of evapotranspiration prepared using SEBS method from Dehshir pistachio orchards

2.5 and 2.27 mm respectively, and from Tabari, they were
2.5, 2.24 mm respectively); the difference was minor in the
H-S, Blaney-Criddle, Rn-based, and Trabert methods (e.g.,
0,0.05 mm for SEBS and SEBAL, respectively, from the

H-S method).

Comparison of ET,, from the empirical models against
the SEBAL and SEBS algorithms methods suggest that

H-S, Blaney-Criddle, Rn-based, and Trabert may be the
most suitable models among the 12 models.

In Table 4, the difference between SEBAL and SEBS
algorithms methods with approved empirical methods, for
example, in July, August, and September is stated as 0.1,
0, and 0.2 mm; the difference between the HS and SEBS
methods is stated; and the difference between SEBAL and
HS algorithms methods for example, in July, August, and
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Table 3 Difference between potential evapotranspiration (Trabert, Rn-based, B-C, H-S) and real evapotranspiration (SEBS and SEBAL) in sum-

mer
Methods July SEBS August SEBS September SEBS July-SEBS August-SEBS Sep-
tember-
SEBS
H-S 256.3 243.2 231.8 237.4 196.6 165.8 13 6 31
B-C 212.5 243.2 199.5 237.4 171.4 165.8 31 38 6
Rn-based 131.8 243.2 124.3 2374 114.7 165.8 111 113 51
Trabert 210.3 243.2 191.3 237.4 164.4 165.8 33 46 1
Methods July SEBAL August SEBAL September SEBAL July-SEBAL August-SEBAL Sep-
tember-
SEBAL
H-S 256.3 231 231.8 220 196.6 199 25.3 11.8 23
B-C 212.5 231 199.5 220 171.4 199 18.4 20.4 27.5
Rn-based 131.8 231 124.3 220 114.7 199 99.1 95.6 84.2
Trabert 210.3 231 191.3 220 164.4 199 20.6 28.6 345
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Fig.8 Calculated error rate (AD)

September is stated as 0.1, 0.05, and 0.01 mm. Three other
approved methods are presented in Table 4.

On the other hand, Trajkovic, Bereti, Tabari, Dro-
ogers—Allenl, Droogers—Allen2, and Rozani methods mod-
els were identified as the unsuitable methods with large RD.
As expected, RD of ET,, from all models was maximum

@ Springer

during the month of August and minimum in January
(Fig. 9, Table 4).

According to the RMSE method, Comparison of ET
from the empirical models against the SEBAL and SEBS
algorithms methods suggest that H-S, Blaney-Criddle, Rn-
based, and Trabert may be the most suitable models among
the 12 models. On the other hand, Trajkovic, Bereti, Tabari,
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Table 4 The difference between potential evapotranspiration (Trabert, Rn-based, B-C, H-S) and real evapotranspiration (SEBS and SEBAL) in

summer
Methods July SEBS August SEBS September SEBS July-SEBS August-SEBS Sep-
tember-
SEBS
H-S 256.3 2432 231.8 237.4 196.6 165.8 0.1 0.0 0.2
B-C 212.5 243.2 199.5 237.4 171.4 165.8 0.1 0.2 0.0
Rn-based 131.8 2432 124.3 237.4 114.7 165.8 0.8 0.9 0.4
Trabert 210.3 2432 191.3 237.4 164.4 165.8 0.2 0.2 0.0
Methods July SEBAL August SEBAL September SEBAL July-SEBAL August-SEBAL Sep-
tember-
SEBAL
H-S 256.3 231 231.8 220 196.6 199 0.10 0.05 0.01
B-C 212.5 231 199.5 220 171.4 199 0.09 0.10 0.16
Rn-based 131.8 231 124.3 220 114.7 199 0.75 0.77 0.73
Trabert 210.3 231 191.3 220 164.4 199 0.10 0.15 0.21
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Fig.9 Calculated error rate (RD)

Droogers—Allenl, Droogers—Allen2, and Rozani methods
models were identified as the unsuitable methods with large
RMSE (Fig. 10).

The final result of this section after comparing 12
experimental methods with the help of AD, RD, RMSE,
showed that four methods (HS, BC, Trabert, Rn-based)

were identified as the best methods as the data are reliable
and close to the results obtained from SEBS and SEBAL

methods.

, @ Springer
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Fig. 10 Calculated error rate (RMSE)

4.7 Results of Water Requirement of SEBAL
Algorithm and Experimental Methods

Kc values for pistachio 12 months in 2018-2019 based on
monthly ET from SEBAL and ETO from different empirical
models are shown in Fig. 11. The H-S models worked well
in estimating the crop coefficient (Kc) for pistachio crops
during the summer and spring seasons (Fig. 11), as esti-
mated Kc are within 0.5 and 1.5. H-S method has shown
the water requirement of pistachios better than other meth-
ods. For example, Kc values (H-S) was in the summer, (0.9

and 1.1) and spring was (0.5 and 1), respectively. Kc values
(H-S) in the autumn (0.6 and 1) were low due to reduced
growth of plants in these seasons but winter (0.9 and 1.4) in
winter the Kc was higher than in other months and this may
be incorrect values.

Among other models, the Blaney-Criddle model yielded
the closest Kc values, except for the 3 months of winter,
when the estimated Kc values are 1.10 for the pistachio
trees. Kc values (B-C) were (1.1 and 1.16) in summer, and
(0.6 and 1.1) in spring, respectively. Kc values (Rn-based)
were (1.73 and 1.8) in summer, and (1 and 1.5) in spring,
respectively. The Trabrt model Kc values were (1.1 and 1.2)
in summer, and (0.7 and 1.2) in spring respectively. While
several models showed potential to produce reasonable Kc
values for summer and spring, all of them showed a strong
tendency to overestimate Kc values for winter (especially
in March). However, H-S Blaney-Criddle, Trabert and Rn
showed good potential for early and late seasons (Fig. 11).

4.8 Results of Water Requirement of SEBS
Algorithm and Experimental Methods

Figure 12 shows Kc values for pistachio in all the 12 months in
2018-2019 based on monthly ET from SEBS and ETO from dif-
ferent empirical models. Early and late season Kc for pistachio
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Fig. 11 Water requirement calculated using the SEBAL method and experimental methods
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Fig. 12 Water requirement calculated by SEBS and experimental methods

crops is estimated by the H-S models (Fig. 12), in which the
estimated Kc is shown to be within 0.9 and 1.9. Totally, H-S
method was found to be the best-yielding Kc values for pista-
chios that were similar in most cases, as compared to the other
empirical methods. For example, Kc values (H-S) in summer
and spring were estimated as (0.9 and 1.1) and (0.5 and 0.7),
respectively. Kc values (H-S) in autumn were low (0.6 and 1)
due to the reduced growth of plants in these seasons but in win-
ter Kc was higher (0.9 and 1.5) than that of other months and
this may be because of unrealistic values like SEBAL model.
The closest Kc values were yielded by the Blaney-Criddle
and Trabrt models, among other models, except for win-
ter, when the estimated Kc values are 1.5 for the pistachio
trees. Kc values (B-C) was (0.9 and 1.14) in summer and
(0.6 and 0.8) in spring, respectively. Kc values based on the
Trabrt model were (1.1 and 1.15) in summer and (0.6 and
0.9) in spring, respectively. Kc values (Rn-based) was (1.4
and 1.9) in summer and (1 and 1.2) in spring, respectively.
While several models showed potential to offer realistic Kc
values for summer and spring, all of them showed a strong
tendency to overestimate Kc values for winter (especially
in March). However, H-S Blaney-Criddle, Trabert, and Rn

models showed good potential for spring and summer sea-
sons (Fig. 12).

5 Conclusions

Iran's climate is mostly arid and semi-arid and due to drought
and poor management of water resources, this country has
faced water shortage. The country, where groundwater is the
primary source of water, has a long history of inefficiency in
its water distribution network, particularly in the agricultural
sector. While Iran may not currently experience food insecu-
rity, the country encounters significant challenges in ensur-
ing long-term access to water during periods of drought.
One of the main pillars to calculate evapotranspiration is in
arid and semi-arid regions like Iran. In this paper, we used
the SEBAL and SEBS algorithms to estimate monthly ET
for the 12 months in 2018-2019 via applying land sat satel-
lite images across the plains of Dehshir in the central basin
of Iran. Monthly actual evapotranspiration (ET) exhibited
an increase from spring to summer, attributable to higher
temperatures, irrigation practices, and enhanced vegetation
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growth in pistachio orchards and agricultural lands. Based
on the four methods of H-S, Blaney-Criddle, Rn and Trabert,
the highest Kc is estimated in August and July and the lowest
Kc is estimated in January. Results recommend that H-S,
Blaney-Criddle, Rn,- and Trabert-based models can yield
comparable ETO and Kc values to estimate the pistachio
water requirements during early and late growing seasons.
Other experimental methods, such as Trajkovic, Bereti,
Tabari, Droogers—Allenl, Droogers—Allen2, and Rozani
models were considered to be the unsuitable methods with
large AD, RD, and RMSE. The required amount of water
for pistachio trees in winter shows very unrealistic values of
Kc. Results propose that in the area under our study, Trabert,
Rn-based, B-C, H-S models have better potential in terms
of estimating the pistachio water requirements, especially in
summer and spring seasons.
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