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In countries with absolute water scarcity such as the Kingdom of Saudi Arabia (KSA), large-scale actual
evapotranspiration estimation is of great concern in water use practices. Herein, spatial and temporal dis-
tribution of actual evapotranspiration (AET) in the western and southern regions of KSA during 1992–
2014 was estimated using the SEBAL model with field observations. Zonal statistics for each land use-
cover type were also identified, in order to understand their effects on water consumption. In addition,
daily and seasonal water consumption for major crops was computed. Results revealed a gradual increase
in monthly AET values from January to April and subsequent decline from May to December. The max-
imum monthly AET values were observed for irrigated cropland in southwestern, central, and southeast-
ern regions of Asir Province, central and southwestern regions of Al-Baha Province, central and the plains
region of Jazan Province, southern portion of Makkah Province, and limited areas in the northern regions
of Madinah Province. The annual AET ranged from 418.8 to 3442.3 mm yr�1. The normal distribution of
mean annual AET values ranged from 717 to 1020 mm yr�1. Forty-two percent of the study area had an
annual AET that ranged from 717 to 1020 mm yr�1. The second highest range of frequencies was concen-
trated around 1020–1322 mm yr�1, representing the majority of agricultural land. The consumptive
water use of the different land cover types in study area indicated that irrigated cropland which occupied
14.6% of the study area had AET rates much higher than other land uses. Water bodies are the next high-
est, with forest and shrubland and sparse vegetation slightly lower, and very low AET rates from bare soil.
Daily and seasonal water consumption of major cropping systems varied spatially depending on cropping
practices and climatic conditions.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The Kingdom of Saudi Arabia (KSA) has a modern agricultural
sector with more than 1,348,696 (2013) hectares of irrigated land
(Department of Statistics and Information, 2013). Almost all of the
agricultural production areas are dependent on groundwater
pumping for irrigation, which is challenging and costly
(Mahmoud, 2014; Mahmoud et al., 2014). Agricultural water
demand in KSA was about 83–90% of the total water demands of
the country during 1990–2009 (Chowdhury and Al-Zahrani,
2015). For better assessment and management of irrigation water
requirements, the estimation of consumptive use of water for agri-
culture is important as it is the main consumer of water in KSA. As
large amount of irrigated water is lost through evapotranspiration
(ET), therefore, accurate estimation is imperative for efficient man-
agement of irrigation water (Hafeez and Khan, 2005). Improved
irrigation water management requires accurate scheduling of irri-
gation, which in turn requires an accurate calculation of daily ET
(Bausch, 1995). Quantification of actual evapotranspiration from
spectral satellite data requires determination of the Surface Energy
Balance components with the support of field observations. Over
the past decades, a large amount of research in hydrology has been
directed to accurately estimate evapotranspiration rates at various
spatial and temporal scales. One of the most important recent
developments in the field of remote hydrological sensing is the
determination of evapotranspiration (AET) rates from spectral
satellite data based on an energy balance approach (Menenti,
1984; Parodi, 1993; Bastiaanssen, 1995; Bastiaanssen et al.,
1998a).
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Surface Energy Balance Algorithm for Land Method (SEBAL)
(Bastiaanssen, 1995) enables the calculation of actual and potential
evapotranspiration during the day of the satellite recordings. The
method involves complex procedures and determination of a num-
ber of variables from the different spectral bands of the satellite
data, such as surface kinetic temperature, Normalized Difference
Vegetation Index (NDVI), emissivity and albedo. Bastiaanssen
(1995) described the method in detail. The widely adopted SEBAL
model was mostly applied to agricultural areas (Bastiaanssen
et al., 2005) where the flat landscape minimizes the spatial hetero-
geneities of the energy fluxes if compared to the effects of topogra-
phy on meteorological variables. For these agricultural contexts,
numerous applications can be found in the literature
(Bastiaanssen, 2000; Choi et al., 2009; Minacapilli et al., 2009;
Timmermans et al., 2007) mainly focusing on the validation of
model outputs at a platform overpass time by means of simultane-
ous micro-meteorological measurements. Additionally, some
applications are extended to regional (Sánchez et al., 2008) or basin
(Teixeira et al., 2009) scales, by modifying the assessment of
instantaneous fluxes to take into account the effects of complex
topography.

Throughout the last decade, a growing number of satellite algo-
rithms built on the Surface Energy Balance equation have been
developed to estimate actual areal-averaged evapotranspiration
by incorporating remotely sensed variables such as land surface
temperature (LST), surface albedo, vegetation cover fraction, and
land cover type in conjunction with field observations
(Bastiaanssen, 2000; Morse et al., 2000; Boronina et al., 2005;
Ahmad et al., 2005; Chemin and Honda, 2006; Senay et al., 2007;
Wang et al., 2007; Singh et al., 2008; Elhaddad et al., 2010;
Droogers et al., 2010; Liu et al., 2010; Li and Zhao, 2010; Santos
et al., 2010; El Tahir et al., 2011; Sun et al., 2011; Mahmoud and
Alazba, 2016). Wang et al. (2007) proposed a simple regression
equation to estimate ET using surface net radiation, air, surface
temperatures, vegetation indices, and ground-based measure-
ments available at eight enhanced surface facility sites located
throughout the southern Great Plains of the United States (U.S.
A.). Their study concluded that AET can be reasonably predicted
with a correlation coefficient that varied from 0.84 to 0.95 under
a wide range of soil moisture conditions and land cover types.
More recently, Singh et al. (2008) conducted a study to assess
the operational characteristics and performance of the SEBAL
model for estimating crop ET (ETc) and mapping spatial distribu-
tion and seasonal variation of ETc on a large scale in southcentral
Nebraska, U.S.A. climatic conditions. The results of their study
showed that the model was able to predict growing season cumu-
lative daily maze (corn) ET reasonable well within 5% of the mea-
sured values. Additionally, they concluded that SEBAL can be a
viable tool for generating ETc maps to assess and quantify the spa-
tiotemporal distribution of ET on large scales as well as estimating
surface energy fluxes. Elhaddad et al. (2010) used the energy
balance-based model to estimate the spatial and temporal variabil-
ity of AET in the Arkansas River Basin and South Platte River Basin,
Colorado, U.S.A. and Palo Verde Irrigation District in California, U.S.
A. along with a 1-day ET estimate for the Texas, U.S.A. Liu et al.
(2010) estimated AET and determined the variation of varied land
use types and land cover in urban settings. They implemented
SEBAL model to estimate AET at a higher spatial resolution using
Landsat 5 satellite images and field observations. Their results
revealed that the lowest observed AET was for developed urban
areas and the highest for open water bodies. The results of the
above studies indicated that agricultural areas have higher AET val-
ues than urban for all land cover types except for open water
bodies.

SEBAL has been tested under several irrigation schemes in
Egypt, India, Sri Lanka, Pakistan, Afghanistan, Argentina, Turkey,
Niger, China, Brazil, United States, Sudan, and Spain to diagnose
the uniformity in crop consumptive use, crop water stress and
irrigation performance (Bastiaanssen et al., 1998a,b; Wang et al.,
1995; Bastiaanssen, 2000; Senay et al., 2007; Droogers
et al., 2010; Li and Zhao, 2010; Santos et al., 2010; Bastiaanssen
et al., 2012; Wu et al., 2015). The first attempt to assess actual irri-
gation applications based on remotely sensed evapotranspiration
observations was by Ramos et al. (2006). These authors used the
SEBAL model to assess the actual evapotranspiration and to com-
pute net water volumes and net irrigation volumes by introducing
a water application efficiency factor. They concluded that it is pos-
sible to assess actual irrigation applications based on actual evap-
otranspiration observations. A similar study conducted by Senay
et al. (2007) using simplified Surface Energy Balance model to
monitor and assess the performance of irrigated agriculture in
Afghanistan using a combination of 1-km thermal data and
250 m Normalized Difference Vegetation Index (NDVI) data, both
from the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensor. Seasonal AET over a period of six years for two major irri-
gated basins were computed by analyzing up to 19 cloud-free ther-
mals and NDVI images from each year. Senay et al. (2007) reported
that one of the major advantages of the energy-balance approach is
that it can be used to quantify the spatial extent of irrigated fields
and their water-use dynamics without reference to the source of
water as opposed to a water balance model which requires knowl-
edge of both the magnitude and temporal distribution of rainfall
and irrigation rates applied to fields.

In the present study, spatial and temporal distribution of actual
evapotranspiration over the western and southern regions of KSA
during 1992–2014 are estimated using the Surface Energy Balance
based algorithm with support of field observations in order to
understand the distribution of AET over various land types. The
zonal statistics for each kind of land-cover type was also carried
out in order to understand water consumption of different land-
cover types. Additionally, daily and seasonal water consumption
for major crops (zucchini, wheat, tomatoes, sorghum vulgare,
radish, pumpkin, potato, pomegranate, piper, peaches, date palm,
millet, mango, lima bean, lettuce, grapefruit, grape, corn, carrots,
barley, aubergine, apricot, apple, alfalfa, watermelon) were com-
puted for western and southern regions of KSA.
2. Material and methods

2.1. Description of the study area

The present study was conducted in the southern and western
regions of the KSA in five provinces (Fig. 1). The southern regions
include, (1) Jazan Province, which is the smallest region of KSA.
This province stretches 300 km along the southern Red Sea coast,
north to Yemen. It covers an area of 12,435 km2. Jazan Province
also consists of over 100 islands in the Red Sea. Jazan Province
has a hot desert climate with an average annual temperature of
30 �C. The weather varies from extremely hot during long summers
to hot during short winters. Rainfall ranges between 70 and
270 mm yr�1. (2) Al-Baha Province is situated in Hejaz Region of
western KSA. It is the smallest of the KSA provinces covering
12,000 km2. The climate of Al Baha Province is greatly influenced
by its varying topography. Climate is generally moderate in sum-
mer and cold in winter with average temperatures ranging
between 12 and 23 �C. The average rainfall throughout the entire
province ranges 100–250 mm annually. (3) Asir Province is situ-
ated on a high plateau that receives more rainfall than the other
areas of KSA and includes the country’s highest peaks several rising
to almost 3000 m at Jebel Sawdah near Abha. Asir Province occu-
pies an area of 78,162 km2. The dramatic increase in elevation of
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Fig. 1. Location map of the study area.

S.H. Mahmoud, A.A. Alazba / Journal of Asian Earth Sciences 124 (2016) 269–283 271
the Asir Mountains influences the amount and geographical distri-
bution of rainfall in the region.

Western regions of KSA include the (4) Makkah Province and (5)
Al-Madinah Province (Fig. 1). Makkah Province is located in west-
ern KSA and has an extended coastline. It has an area of
136,867 km2 and a population of approximately 6,915,006. The
geomorphology of the region has controlled the unique urban pat-
tern of the Makkah metropolitan city. The sprawl of the city has
followed a radial pattern on the limited surface areas of the com-
plex alluvial channels separated by the steep mountain ranges.
Occasional heavy storms cause severe flash flooding that can
impact inhabited areas. The mean annual rainfall of Makkah Pro-
vince ranges from 99 to 202 mm yr�1. Al-Madinah Province has a
coastal extent along the Red Sea of approximately 200 km on its
western border. The entire region is covered with hills, hillocks,
wadis, rock formations, and lava fields. The Province has an area
of 146,669 km2 and a population of 1,777,973.

Mean annual rainfall in the study area ranges from 36 to
332 mm yr�1. The spatial distribution of mean annual rainfall in
the entire study area indicated a large variation due to the consid-
erable differences in topography and climate. The largest rainfall
was observed in the mountainous area of Asir, Jazan, Al-Baha,
and Makkah provinces (Fig. 2). Whereas the lowest mean annual
rainfall of the study area was observed in Al-Madinah Province.
Fig. 2 also shows the effect of topography on the mean annual rain-
fall. The profile indicates significant difference of the mean annual
rainfall (36–332 mm yr�1) between lowlands (mainly bare soil,
urbanized areas) and highlands (which is mainly irrigated cropland
and forest).

2.2. Reference evapotranspiration

Climatic data obtained from Meteorological Department, Min-
istry of Agriculture and Ministry of Water and Electricity. Refer-
ence evapotranspiration is the evapotranspiration from a
hypothetical surface. In the case of the United Nations Food and
Agriculture Organization (FAO) method (Monteith, 1965), this sur-
face consists of reference crop with crop height of 0.12 m, which is
actively growing and adequately watered. It has a surface rough-
ness of 70 (s m�1) and an albedo of 0.23. The latent heat flux of this
reference surface is estimated according to the Penman– Monteith
equation. In this study, 63 years of daily climate data (1992–2014)
collected from weather stations located across the study area were
used. Penman-Monteith method (Monteith, 1965) was used for
estimating ETO on a grid-by-grid basis using Eq. (1).
ETo ¼ 0:408DðRn� GÞ þ c 900
Tþ273u2ðes � eaÞ

Dþ cð1þ 0:34u2Þ ð1Þ
where
ETo = reference evapotranspiration (mm/day),
Rn = net radiation at the crop surface (MJ/m2/day),
G = soil heat flux density (MJ/m2/day),
T = mean daily air temperature at 2 m height (�C),
u2 = wind speed at 2 m height (m/s),
es = saturation vapor pressure (kPa),
ea = actual vapor pressure (kPa),
D = slope vapor pressure curve (kPa/�C),
c = psychrometric constant (kPa/�C),
es�ea = saturation vapor pressure deficit (kPa).

The data include elevation, latitude and longitude of the station,
total monthly rain, maximum and minimum air temperature, rela-
tive humidity, wind speed at 2 m height, and daily sunshine hours.
Penman-Montieth calculations were implemented within the main
program of GIS. Prior to calculating evapotranspiration, the Inverse
Distance Weighted (IDW) interpolation function was utilized to
interpolate the values of the input data for each Julian day
throughout the year. Moreover, IDW interpolation function was
utilized to interpolate each month, with the result being twelve
separate maps of mean monthly ETo (mm/day).



Fig. 2. Mean annual rainfall (1960–2014).
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2.3. The SEBAL model

Actual evapotranspiration retrieval, either by means of remote
sensing-based approaches or by micro-meteorological measure-
ments, is based on the application of the Surface Energy Balance
equation to the soil–plant–atmosphere system. SEBAL is one of
the residual methods of energy budget, developed by
Bastiaanssen et al. (1998a). It combines empirical and physical
parameterization. This study was a multidisciplinary investigation
involving a field survey and modeling. A variety of techniques such
GIS, RS, and aerial image interpretation were used. The computa-
tional steps used to obtain AET are presented in Fig. 3. The remote
sensing data used in this study includes MODIS atmospheric profile
data (MOD07). Near surface temperature values are extracted at
the pressure level closest to the ground-surface described by the
region’s digital elevation model (DEM), daily data were averaged
to generate monthly averages. Data were further improved by
relating MODIS-Ts to climate-station temperatures MODIS land
surface temperature data (MOD11A2). Emissivity was derived by
averaging MODIS-bands 31 and 32 emissivities, Normalized Differ-
ence Vegetation Index (NDVI) (MOD13Q1), MODIS products com-
bined with BRDF-albedo products (MCD43B3). Shuttle Radar
Topographic Mission DEM (gap-filled) obtained from the consor-
tium of spatial data and information (Reuter et al., 2007). The
inputs also include local weather data and satellite data. From
the input data, the Rn (net solar radiation), NDVI, albedo, rough-
ness length, and G (soil heat flux) are calculated. The Solar Analyst
tool in ESRI’s ArcGIS-environment was used to model solar radia-
tion (Fu and Rich, 1999). The tool is capable of generating both
point and area-integrated estimates of solar radiation for variable
time intervals. This balance under the hypothesis that advection,
energy required for photosynthesis and canopy and air storages
are negligible, can be written as:
kETins ¼ Rn � G� H ð2Þ
where Rn (Wm�2) is the net radiation, G (Wm�2) is the soil heat
flux at the surface, H (Wm�2) is the sensible heat flux and kETins

(Wm�2) is the latent heat flux, which represents the energy
amount used for the surface evaporation and plant transpiration
processes. The instantaneous Surface Energy Balance, Eq. (2), at
satellite overpass time is solved for kETins by applying a residual
approach. In the framework of SEBAL modeling, the net radiation,
Rn computed based on the balance between downwelling and
upwelling shortwave and long-wave radiation: The equation to cal-
culate the net radiation flux is given by

Rn ¼ ð1� aÞRs# � Rl# � Rl" � ð1� eoÞRl# ð3Þ

where Rn is the net radiation at the surface, a is the surface albedo,
Rs# is the incoming short-radiation, Rl# is the incoming long-wave
radiance, Rl" is the outgoing long-wave radiation, and eo is the sur-
face emissivity. Albedo is the ratio of reflected light to total incident
sunlight for a given area of the land surface. It is a fundamental
property controlling the energy flux at the surface of the Earth; it
can provide information on the biophysical characteristics of the
land surface including the structure of vegetation canopies, soil
moisture, and urbanization. Broadband albedos are calculated using
spectral-to-broadband conversion algorithms (Liang, 2000, 2003).
The MODIS albedos represent the best quality data possible for each
16-day period (Zhou et al., 2003). Wanner et al. (1997) provide a
detailed description of the MODIS albedo product, its creation,
and validation. These products were developed based on atmo-
spherically corrected, cloud-cleared reflectance observations from
the MODIS sensors on NASA’s Aqua and Terra satellites.

Digital elevation model (DEM) based methods to estimate net
shortwave radiation prove sound for clear sky conditions (Ruiz-
Arias et al., 2009). In this paper, we use the Solar Analyst tool in



Fig. 3. Flowchart of computational steps used to obtain AET.
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ESRI’s ArcGIS-environment to model solar radiation. The tool is
capable of generating both point and area-integrated estimates of
solar radiation for variable time intervals.

Rs# ¼ 1367� cos h� d� ssw ð4Þ
where cos h is the cosine of the solar incidence angle, d is the
inverse squared relative earth-sun distance, and ssw is the atmo-
spheric transmissivity. The atmospheric transmissivity values
determined based on clear sky and relatively dry conditions
obtained by using an elevation-based relationship ssw ¼ 0:75þ
2Z � 10�5 (Allen et al., 1998), where Z is the elevation of the
weather station above sea level (m).

The incoming long-wave radiance Rl# and the outgoing
long-wave radiation Rl" are derived from an application of the Ste-
fan–Boltzmann equation and MODIS-based Ts and Ta as input, i.e.

Rl" ¼ eo � r� T4
s ð5Þ

Rl #¼ ea � r� T4
a ð6Þ

where Ts is the mean surface temperature (K), which is obtained
from the satellite data. Daily Ts data were averaged to generate
monthly averages. Data were further improved by relating
MODIS-Ts to climate-station temperatures.

r is the Stefan Boltzmann constant (5.67 � 10�8 Wm�2 K�2), eo
is the broad-band surface emissivity, the surface emissivity was
computed using an empirical equation where the NDVI > 0 by
inputting the NDVI and the LAI as described in the SEBAL user
manual, ea is the emissivity of the atmosphere, emissivity of the
atmosphere was calculated from Eq. (8).

ea ¼ 0:85� ð� ln sswÞ0:09 ð7Þ
Substituting (8) into (7) provides the following Eq. (8)

Rl #¼ 0:85� ð� ln sswÞ0:09 � r� T4
a ð8Þ

Soil heat flux cannot be directly determined from satellite sen-
sors and requires empirical formulation. Remote sensing derivable
parameters that influence soil heat flux are used; these include
NDVI, surface temperature and albedo. The soil heat flux (G) has
been estimated using the following relation developed by
Bastiaanssen (1995):
G ¼ Ts� 273:16
a

0:0038aþ 0:007a2� �ð1� 0:98NDVI4Þ
� �

� Rn ð9Þ

Sensible heat flux is the rate of heat loss to the air by convection
and conduction, due to a temperature difference. It is computed
using the following equation for heat transport:

H ¼ q� cp � ðTs � TaÞ
rah

¼ q� cp � dT
rah

ð10Þ

where q is the air density (kg m�3), cp is the specific heat of air
(1004 J kg�1 k�1), dT is the near surface temperature difference
(K), rah is the aerodynamic resistance to heat transport (s/m), where

DT ¼ dTdry� DTwet
Tsdry� Tswet

� �
� Ts� dTdry� dTwet

Tsdry� Tswet

� �
� Tswet ð11Þ

The aerodynamic resistance to heat transport (rah) is computed
for neutral stability as:

rah ¼
ln z2

z1

� 	
u�k

ð12Þ

Z1 is a height just above the zero displacement distance height
of plant canopy set to 0.1 m for each pixel, and Z2 is the reference
height just above the plant canopy set to 2 m for each pixel, u⁄ is
the friction velocity (m/s), and k is the von Karman constant (0.4).

u� ¼ uðzÞk
ln z�d

zm

� 	 ð13Þ

Surfaces of wind-velocity generated by interpolating climate-
station recorded wind velocities. Inverse Distance Weighted
(IDW) method was used to interpolate wind velocity at 2-m above
the ground surface from climate-station recorded data. Elevation
differences were used as weights in the interpolation of wind
velocity. The initial value for friction velocity (u⁄) computed for
neutral stability with data from the local meteorological station.
The average height of vegetation (m) was surveyed in the site
nearby the meteorological station and was used to calculate the
land surface friction, Zm. Then, Zm for each pixel calculated by a
regression equation according to the pixel NDVI value. The near-
surface wind speed was converted to a value at the blending height
(200 m) where the effects from the land surface roughness could



Table 1
Areal distribution of different land cover classes.

Land cover class Area (%) Area (km2)

Irrigated cropland 14.62 23580.2
Forest and shrubland 0.56 904.3
Sparse vegetation 4.73 7622.4
Bare areas 80.03 129092.14
Water bodies 0.06 93.3
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be eliminated. The initial estimated values of u⁄ were used to infer
the first values of aerodynamic resistance (rah). Corrections for
atmosphere stability were obtained iteratively for each pixel. It
required a series of iterations to determine new values of the cor-
rected friction velocity and the corrected aerodynamic resistance
before obtaining numerical stability based on the criterion of
Monin–Obukhov length (Monin and Obukhov, 1954).

Once Sensible heat flux and the available energy (Rn-G) are
determined, estimation of instantaneous ETins was computed pixel
by pixel using Eq. (2). The evaporative fraction (EF) describes the
partitioning of the Surface Energy Balance as the latent heat flux/
net available energy, with the net available energy being defined
as the difference in net radiation and soil heat flux. In this study,
we used the concept ‘‘ETo fraction” (ETof), which represents the
ratio of ET of each pixel to the reference ET as computed by
Penman-Monteith method. ETof is the same as the crop coefficient,
Kc; and is calculated by applied using Eq. (14). Then, daily values of
ET were computed using (15)
Fig. 4. Land cover map
ETof ¼ ETinst

ETo
ð14Þ
ETd Sebal
¼ ETof � ETodaily ð15Þ

The computation of the monthly AET involved extrapolating the
SEBAL daily AET, within each month, proportionally to the refer-
ence evapotranspiration where the latter is derived from standard
meteorological measurements. The procedure involves determin-
ing the cumulative reference evapotranspiration between succes-
sive satellite images before computing the ratio, (km) of the
cumulative reference evapotranspiration ET to the average poten-
tial ET over the period. The monthly ET, (AETm), was then com-
puted as follows:

AETm ¼
Xi¼n

i¼1

ðETsebalÞiðKmÞi ð16Þ
3. Results and discussion

3.1. Developing land cover and reference evapotranspiration

A Landsat 5/7 TM/ETM images were obtained in 2014 from King
Abdul-Aziz City for Science and Technology, KSA. This image incor-
porated with collected data from the specified region and ulti-
mately utilized in categorizing land cover (LC). The extent of the
of the study area.
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land cover distribution in 2014 is presented in Fig. 3. Fig. 3 also
presents a database of 29 actual crop distributions over 754 sam-
pling sites developed in ArcGIS 10.1 based on collected data. The
database contains both actual crops (zucchini, wheat, tomatoes,
sorghum vulgare, radish, pumpkin, potato, pomegranate, piper,
peaches, date palm, millet, mango, lima bean, lettuce, grapefruit,
grape, corn, carrots, barley, aubergine, apricot, apple, alfalfa, water-
melon). This database also contains growing season dates. The
areal extent of each class and its land cover are presented in
Table 1. The western and southern regions occupy about 7.5% of
the total area of KSA. These regions were selected for this study
because of their total area of irrigated cropland, combining for
almost 22% of the total area of irrigated cropland in KSA with an
area of 23,580.2 km2 (see Table 1) (see Fig. 4).

The spatial distributions of annual ETo are shown in Fig. 5, which
reflects a combined effect of all climatological factors. There was
large variation in ETo values due to the variation in meteorological
Fig. 5. Mean annual reference eva
variables from the different provinces caused the differences in sea-
sonal variations of ETo. The lowest annual ETo values were from the
mountainous areas of Asir, Jazan, Al-Baha, and Makkah provinces
(1710–2058 mm yr�1). Themaximumvalues of ETo rateswere from
Al-Madinah Province (2059–2405 mm yr�1), Makkah Province-
except from mountains area (2059–2336 mm yr�1), southwestern
areas of Al-Baha Province (2128–2197 mm yr�1) and northwestern
areas of Asir Province (2127–2266 mm yr�1). The results are
promising and appear to provide comparable or be better estimates
of ETo than currently available from PET methodologies that use
ground based observations. Finally, the annual ETo indicates a high
value from the entire study area, ranging from 1710 to
2405 mm yr�1. Topography and climatic effects described the varia-
tion in annual ETo values. However, the differences in latitude seem
to bemore significant (73–2980 m) for the fluctuation of evapotran-
spiration in addition to the degree of aridity. Our results and map-
ping of ETo could be used for agro-climatic purposes and design.
potranspiration (1992–2014).
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3.2. Spatial–temporal distribution of monthly and annual AET

The AET layers defined the average (1992–2014) actual evapo-
transpiration (mm) of the different land uses on a monthly and
annual basis. The highest monthly values (Fig. 6) were in
Fig. 6. Spatial distribution of average m
April (4.97–49 mm/day), May (3.43–48.9 mm/day), and June
(1.2–41 mm/day). The monthly distribution of AET showed a grad-
ual increase from January to April. In January, daily AET ranged
from 1 to 18.3 mm/day, with a mean of 6.16 mm/day and stander
deviation (std) of 3.07 mm day�1. In February, AET ranged from 2
onthly actual evapotranspiration.



Fig. 6 (continued)
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to 22.6 mm/day with a mean of 7.01 mm/day and std equal
3.39 mm day�1, in March, daily AET ranged from 0 to 26.73 mm/
day, with a mean equal 10.89 mm/day and std = 3.88 mm day�1,
while the highest observed value in April ranged from 0 to
49 mm/day, and the mean daily AET is 19.09 mm/day with a std
equal 7.85 mm day�1. In contrast, there was a subsequent decline
in daily AET values from May to December. In May daily AET ran-
ged from 0 to 48.9 mm/day, and the mean daily value dropped to



Fig. 6 (continued)
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17.16 mm/day with std equalling 8.8 mm day�1. June daily values
varied from 0 to 41.2 mm/day (mean = 12.6 mm/day and
std = 7.5 mm day�1). In July, daily AET ranged from 1.03 to
31.9 mm/day (mean = 7.7 mm/day and std = 5.6 mm day�1), in
August daily values varied from 0 to 27 mm/day (mean = 5.6 mm/
day and std = 5.6 mm day�1), in September daily AET ranged from
0 to 25 mm/day (mean = 5.1 mm/day and std = 6.17 mm day�1), in
October daily values ranged from 0 to 24.5 mm/day
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(mean = 3.78 mm/day and std = 4.3 mm day�1). The decline in
daily AET values was clearly seen in November where the daily val-
ues ranged from 0 to 18 mm/day (mean = 3.9 mm/day,
std = 3.03 mm day�1) in addition the lowest observed daily AET
was observed in December, ranging from 0 to 16 mm/day and
the mean daily AET in this month was 3.6 mm/day. The lowest
stand error deviation of daily AET values were in December, equal-
ling 2.8 mm day�1. The distribution and frequency of the estimated
AET are given in Fig. 7. The normal distribution of the daily AET val-
ues is shown in Fig. 7. In January and February, values ranged from
4 to 6 mm/day fall within a large range of frequencies. Whereas in
March, the highest range of frequencies for daily AET values were
concentrated around 8–11 mm/day, representing the majority of
the agricultural land in the study area. In April, the highest range
of frequencies for daily AET were for values that ranged from 15
to 20 mm/day. In May, values ranged from 10 to 15 mm/day
included the highest range of frequencies. The highest range of fre-
quencies for daily AET in June-December were for values that ran-
ged from 8–12 mm/day, 3–6 mm/day, 0–3 mm/day, 0–2 mm/day,
0–2 mm/day, 2–4 mm/day, and 0–2 mm/day, respectively.
Fig. 7. Frequency distribution of aver
The spatial variation of monthly AET over the entire study area
is shown in Fig. 6. In general, all types of LC show similar seasonal
dynamic trends for AET throughout the years. The value of AET
began to rise rapidly in February, reached peak values in April,
and then declined to the lowest levels in December. The maximum
monthly AET values in the study area were observed for irrigated
cropland and the mountains areas in the southwestern, central
and southeastern areas of Asir Province, central and southwestern
areas of Al-Baha Province, the irrigated areas in central and the
plains area of Jazan Province, the southern portion of Makkah Pro-
vince, and limited areas in the northern areas of Al-Madinah
Province. Asir Province, which had the highest AET values during
the year, is also one of the largest agricultural areas of southwest-
ern KSA. Much of this arable and fertile land of this area is planted
in date palm and under vegetables production. Irrigated cropland
in the plains of Jazan and Al-Baha provinces, which included
production of cereal grains (barley, millet and wheat) and fruit
(apples, bananas, grapes, mangoes, papayas, plums and citrus)
had a high AET value during the study period. The amount of
monthly AET in these areas is of great concern as much water is
age daily AET in the study area.
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extracted from groundwater aquifers. Monthly AET of irrigated
cropland depends on water availability and atmospheric water
demand.

The annual AET ranged from 418.8 to 3442.3 mm yr�1 with a
mean annual value of 1256.4 mm yr�1 and standard deviation
equal 671.6 mm yr�1. The modeled average annual AET by SEBAL
model is presented in Fig. 8. The spatial distribution of annual
AET shows moderate values in non-irrigated areas (414–
948 mm yr�1). Whereas it shows very high AET values in irrigated
cropland and the mountain areas of the southwestern, central and
southeastern areas of Asir Province, central and southwestern
areas of Al-Baha Province, irrigated areas in central and the plains
areas of Jazan Province, southern portion of Al-Makkah Province,
and limited areas in the northern regions of Al-Madinah Province,
where annual AET ranged from 1510 to 3430 mm yr�1. Overall, the
relatively large actual ET estimates due to several factors, which,
Fig. 8. Estimated mean annual actual evapo

Fig. 9. Frequency distribution of mea
included climate conditions, irrigation from groundwater wells,
and the cropping pattern of these areas. The normal distribution
of mean annual AET values is shown in Fig. 9. Values ranged from
717 to 1020 mm yr�1 fall within a very large range of frequencies.
Where 42% of the entire study area has an annual AET ranged from
717 to 1020 mm yr�1 (see Fig. 10). The second highest range of fre-
quencies for mean annual AET values is concentrated around
1020–1322 mm yr�1, representing the majority of the study area
agricultural land.

3.3. Daily and seasonal water consumption for major crops and land
cover types

Fig. 11 indicates the average daily AET for different land uses in
the study area. All types of LC showed similar monthly dynamic
trends for AET throughout the years. The value of AET began to rise
transpiration for the entire study area.

n annual AET in the study area.
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Fig. 11. Estimated average daily AET rates of different land uses including water bodies.

Fig. 10. Percent share of estimated mean annual actual evapotranspiration.

Table 2
Monthly and seasonal actual evapotranspiration of major crops in the study area.

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Mean annual AET

Crop AET (mm/day) AET (mm/season)

Zucchini – – – – – – – – 11.7 8.7 7.9 6.7 552.1
Wheat 9.6 11.2 18.2 32.7 – – – – – – 8.7 7.3 744.7
Tomatoes 9.4 10.7 15.8 – – – – – – – 8.0 7.0 751.3
Sorghum vulgare – 11.3 17.2 30.6 31.5 25.1 17.9 15.8 16.1 11.1 8.9 7.4 552.3
Radish – – – – – – – – 16.6 11.2 8.4 7.3 399.2
Pumpkin – – – – – 17.2 8.7 6.6 6.2 5.5 – – 474.7
Potato 8.6 – – – – 34.8 26.3 23.2 21.7 12.7 9.1 7.3 863
Pomegranate 11.0 12.2 16.6 30.1 33.4 26.7 17.4 14.5 14.8 11.0 9.3 8.4 2197.2
piper – – – – – – – – 6.9 5.9 7.0 6.2 414.9
Peaches 11.8 12.7 14.2 25.8 30.0 23.8 11.4 9.4 9.3 8.1 7.5 6.5 1932.1
Palm trees 6.2 6.4 10.1 17.8 16.7 12.0 7.7 5.4 4.8 3.4 4.2 4.5 2976
Millet 7.4 – – – – 8.7 5.4 4.3 – 3.0 4.5 5.8 597.9
Mango 9.3 9.4 12.0 18.2 16.5 12.1 10.6 9.4 9.9 7.2 7.2 8.0 1429.5
Lima bean – – 14.8 25.3 28.2 23.0 12.0 9.4 9.2 – – – 437.4
Lettuce – 11.5 15.1 26.7 – – 13.6 11.3 11.4 9.1 8.4 7.3 422.8
Grapefruit 10.5 11.7 18.3 32.5 34.8 27.9 19.5 15.6 16.1 11.7 9.5 7.8 2460.3
Grape 10.2 12.0 18.2 32.6 35.7 28.8 18.9 15.4 15.2 10.9 8.7 7.2 2417.6
Corn 18.3 – – – – 17.5 19.5 18.8 21.5 16.8 12.9 11.2 652.1
Carrots – 12.9 18.1 31.2 – – – – – – – – 438.1
Barley 9.6 13.8 23.5 – – – – – – – 9.2 7.4 666.7
Aubergine – – – – – – – – 5.1 4.6 5.9 7.5 396.7
Apricot 10.4 12.5 20.7 36.4 38.4 31.3 20.3 16.3 17.3 12.3 9.7 7.7 2411.7
Apple 11.7 12.4 17.1 31.1 34.8 27.5 15.0 12.2 12.4 9.9 8.5 6.8 2247.8
Alfalfa 8.2 10.0 16.0 28.8 29.3 23.0 16.1 13.5 13.2 8.6 7.2 6.3 2127.0
Watermelon 5.0 6.2 10.8 16.7 – – – – – – – 3.8 487.5

(–) out of the growing seasons for these specific crops.
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rapidly in February, reached peak values in April, and then declined
to the lowest levels in December. These results indicated that bare
soil has low values of AET, whereas irrigated cropland showed the
highest values. In general, AET rates for irrigated cropland were
much higher than for other land uses. Water bodies were the next
highest, with forest and shrubland and sparse vegetation slightly
lower, and very low AET rates from bare soil. There is little AET
from the urban cover as the area is primarily non-vegetated. Irri-
gated cropland transpires at a slightly higher level than other veg-
etation, as they maintain a canopy cover throughout the year
(Baron et al., 1998). The evaporative behavior or consumptive
water use of the different land cover types in the study area as
inferred by SEBAL model indicated that irrigated cropland which
occupied 14.6% of the study area had an average daily AET that ran-
ged from 6 mm/day in January, peaking in April (14 mm/day) and
declined to 3 mm/day in December. Whereas water bodies, which
covered 0.06% (93.3 km2) of the study area, had also relatively high
mean actual evapotranspiration. However, it covered only a lim-
ited area. In contrast, AET rates from water bodies were an indica-
tion of very high evaporative water from rainwater storage
structures.

Estimating consumptive water use for agriculture in KSA has
always been a challenge for agricultural producers, water man-
agers, and government agencies. Quantification of consumptive
use allows for more informed water use practices, consistent mea-
sures of the allocation among stakeholders, and improved plan-
ning. Herein, a database of 29 actual crop distributed over 754
sampling sites was developed in ArcGIS 10.1 based on collected
data. The database contains both actual crops (zucchini, wheat,
tomatoes, sorghum vulgare, radish, pumpkin, potato, pomegranate,
piper, peaches, date palm, millet, mango, lima bean, lettuce, grape-
fruit, grape, corn, carrots, barley, aubergine, apricot, apple, alfalfa,
watermelon). This database also contains growing season dates.
Daily and seasonal water consumption for these crops were com-
puted based on the developed AET layers and growing season
dates. A summary of the values obtained for each crop is given in
Table 2.
4. Conclusion

In the present study, spatial and temporal distribution of actual
evapotranspiration over the western and southern regions of KSA
during 1992–2014 were estimated using the Surface Energy Bal-
ance based algorithm with support of field observations, in order
to understand the distribution of AET over various land types.
The western and southern regions of KSA were selected in this
study due to their total area of irrigated cropland as they share
almost 22% of the total area of irrigated cropland in KSA with an
area of 23,580.2 km2. The developed AET layers defined the aver-
age actual evapotranspiration (mm) (1992–2014) of different land
uses on monthly and annual basis. The highest monthly values
were in April (4.97–49 mm/day), May (3.43–48.9 mm/day), and
June (1.2–41 mm/day). The monthly distribution of AET showed
a gradual increase from January to April. Otherwise, there was a
subsequent decline in daily AET values from May to December.

The spatial variation of monthly AET over the entire study area
indicates that all types of LC show similar seasonal dynamic trends
for AET throughout the years. The value of AET started to rise
rapidly in February, reached peak values in April, and then declined
to the lowest levels in December. The maximum monthly AET val-
ues in the entire study area were observed in irrigated cropland
and the mountain areas in the southwestern, central and south-
eastern regions of Asir Province, central and southwestern regions
of Al-Baha province, central and the plains region of Jazan Province,
southern portion of Al-Makkah Province, and limited areas in the
northern regions of Madinah Province. The annual AET ranged
from 418.8 to 3442.3 mm yr�1 with a mean annual value of
1256.4 mm yr�1 and stander deviation equal 671.6 mm yr�1. Over-
all, the relatively large actual ET estimates, due to several factors,
which, include climate conditions and irrigation from groundwater
well, and cropping pattern in these areas. The normal distribution
of mean annual AET values revealed that values ranged from 717 to
1020 mm yr�1 fall within a very large range of frequencies. Forty-
two percent of the entire study area had an annual AET that ranged
from 717 to 1020 mm yr�1. The second highest range of frequen-
cies for mean annual AET values was concentrated around
1020–1322 mm yr�1, representing the majority of the study area
agricultural land. The consumptive water use of the different land
cover types in the study area as inferred by SEBAL model indicated
that irrigated cropland, occupying 14.6% of the study area, had an
average daily AET that ranged from 6 mm/day in January to a peak
in April (14 mm/day) and decreased to 3 mm/day in December.
Whereas water bodies, which covered 0.06% (93.3 km2) of the
study area, had also relatively high mean actual evapotranspira-
tion. AET rates from water bodies were an indication of very high
evaporative water from rainwater storage structures and limited
surface bonds. Estimating consumptive water use for agriculture
in KSA has always been a challenge for agricultural producers,
water managers, and government agencies.
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