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ABSTRACT
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Advisors:
Dr.Bahram Gharabaghi
Dr. Abdulrahman Alazba

With a precipitation falling to as low as 100 mm/yr, a high rate of non-renewable
groundwater depletion, a growing population resulting in increased food demand and a lack of
concern for water management, it is crucial to use all available tools to conserve water. One of
the most important factors related to water management is crop evapotranspiration. This research
examines five crop evapotranspiration models (one combination model, three radiation based
models and one temperature based model) under hyper arid environment at practical field level.
These models have been evaluated and calibrated using an alfalfa weekly water balance in 2010.
The calibrated models have been evaluated and validated using wheat and potatoes on a weekly
water balance, respectively. Based on the results and discussion, FAO-56 PM proved to be
superior at estimating crop evapotranspiration while radiation and temperature based models
underestimated evapotranspiration and would require subsequent local calibration. However, the
drawback of FAO-56 PM is that it requires all weather data and is also significantly more
complicated than other models. Important observations that were made are that calibrated Turc
and Makkink models performed poorly even when they were calibrated while simple models such
as calibrated Hargreaves-Samani (temperature-based) and Priestley–Taylor (radiation-based) can
be adequately used for irrigation scheduling in a hyper arid environments.
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Chapter 1 – Introduction
Globally, there is no doubt that the world is facing a water crisis due to the
increase of world population, droughts, land degradation, and food demand. This raises
concerns regarding the reliability of water resources and the ability to provide a stable,
secure, and prosperous life. Mostly, the debate on water scarcity has revolved around the
water we need and use. Of this use, agriculture accounts for 70 % of water global use
(UN-Water, 2007). Hence, irrigation managers are asked to manage water more
effectively and efficiently by balancing between water consumption and food production.
Saudi Arabia has limited water resources. There are no permanent lakes or rivers
and there is almost no surface water. However, the renewable surface water has been
estimated to be 2.2 Km3/year, most of which percolates to groundwater while the rest
evaporates into the atmosphere (FAO, 2008). The total groundwater has been estimated
to be 500 km3. On the other hand, only 300 km3 of this water is acceptable for
consumption. Indeed, there is a different estimates of groundwater quantity in Saudi
Arabia (FAO, 2008). For example, as cited by FAO (2008), Al-Mogrin (2001) estimated
the available groundwater to be 2175 km3 while the Ministry of Planning estimated it at
338 km3. Some have argued that the estimates of the Ministry of Planning are more
conservative (FAO, 2008). However, both estimations represent that Saudi Arabia has
limited non-renewable groundwater resources. Groundwater is confined to the sand and
limestone formation that has been stored underground for 20,000 years. The thickness of
the groundwater is about 300 m at depths that vary from 150 m to 1500 m (FAO, 2008).
Water uses in Saudi Arabia are categorized at 88 % for agriculture, 9 % for municipal
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use, and 3% for industry (Abderrahman, 2001; Al-Ghobari, 2000; Alazba et al., 2003) as
illustrated in Figure 1. 97 % of agriculture use comes from the non-renewable
groundwater (FAO, 2008). Obviously, agriculture plays a big role in water consumption,
as is the case in most of developing countries.

Water consumption by Sector
Municipal
9%

Industry
3%

Agriculture
88%

Figure 1: Water use in Saudi Arabia.
Before the 1980s, the Saudi Arabian agriculture sector met less than 10% of their
self-sufficiency. Subsequently, the Saudi Arabian government decided to develop the
agricultural domain by expanding the area of agricultural lands. In the mid-1980s, Saudi
Arabia experienced successful development in agriculture and achieved self-sufficiency
in wheat, some vegetables and fruit crops. However, agricultural development has
affected the natural resources. Water is available for the crops through precipitation and
subsurface moisture. Indeed, when these supplies do not provide enough water for crops
as is often the case in Saudi Arabia, irrigation is frequently used as another resource,
since the average rainfall in Saudi Arabia is 104 mm/yr (Alazba et al.,2003), which does
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not meet the crop water requirement. The irrigated area in Saudi Arabia has increased
from 0.4 million hectares in 1971 to 4.6 million hectares in 2008 (Almisnid, 2005).
As a consequence of agriculture, irrigation expansion and improper irrigation
water management, the groundwater is being depleted at an extremely fast rate. For
example, when the Saudi Agriculture Development Company was established in 1983,
the static water level was 76 m and the depth of the well is 600 m; nowadays, it is 194 m
which is almost 4 m/yr. Figure 2 displays the decrease in the static water level from 2004
to 2011. This illustrates that Saudi Arabia is facing a water crisis due to improper
management. Therefore, the need for sustainable agriculture and water management is
higher than ever since Saudi Arabia is classified with respect to its water availability as
“very high stress”, according to its critical ratio> 0.8 (Rijsberman, 2006).
The government of Saudi Arabia has started to encourage companies and farmers
to conserve water and energy. Recently, the Agriculture Development Fund (ADF) has
proposed a second initiative to minimize water consumption from 17 BCM/yr to 5-6
BCM/yr. Indeed, one of the most important factors for water resources planning and
irrigation scheduling is crop evapotranspiration or crop water use.
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Figure 2: Static water level in INMA Co. from 2004 to 2011.
Evapotranspiration is considered a major factor in water loss for agriculture use
around the world and it plays an important role in the hydrological cycle (Jensen et al.,
1990). Evapotranspiration is a combined term representing the transport of water to the
atmosphere in form of evaporation from the soil surfaces and from the plant tissue as a
result of transpiration (Allen et al., 1998). Evapotranspiration is expressed in two forms:
potential evapotranspiration and actual evapotranspiration. Potential evapotranspiration
(PET) is defined as “the maximum water lost from a short green crop under climatic
conditions when unlimited water is available” (Jensen et al., 1990). The reference
evapotranspiration (ETo), which is the rate of evapotranspiration from a well-defined
reference environment, is commonly used. In most cases, limited water is available for
evapotranspiration and the actual rate of water loss is of interest. As such, the actual
evapotranspiration rate is considered a gold standard for irrigation management where
actual evapotranspiration is defined as the rate at which water is actually removed by
evapotranspiration to the atmosphere from the crop (Jensen et al., 1990).
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Evapotranspiration can be measured directly or indirectly using a number of
methods such as lysimeters or soil water change. Measurements of ET in general are
considered expensive and complicated. However, it is used to validate and calibrate ET
models (Farahani et al., 2007). Because of this difficulty in measurement, estimation
models are often used as easier, indirect methods to estimate ET. A large number of
equations exist for the estimation of evapotranspiration such as Penman (1948)
Thornthwaite (1948), Blaney and Criddle (1950), Makkink (1957), Turc (1961), and
Priestley and Taylor (1972). Some of the ET estimation models were derived through
field experiments while others were derived theoretically (Jensen et al., 1990). A Few of
these models involve the use of metrological data that may not be available in developing
countries, such as solar radiation, relative humidity and wind speed and thus making it
necessary to use simpler models based on available metrological data.
A few

studies

have

been conducted

in Saudi Arabia to

measure

evapotranspiration compared to global figures. Most of the studies focused on Central
and Eastern Saudi Arabia. Moreover, two methods of measuring evapotranspiration have
been applied since the 1980s to evaluate and calibrate evapotranspiration models, which
are non-weighing lysimeters (Al-Ghobari, 2000; Al-Omran et al., 2004; Alazba et al.,
2003; Mohammad, 1997; Saeed, 1988) and pan evaporation (Al-Taher and Ahmed, 1992;
Ismail, 1993). The evapotranspiration models vary in their performance spatially and
temporally. For instance, Alazba et al., (2003), Ismail (1993), and Mustafa et al., (1989)
found that Jensen and Haise (1963) was the best model for estimating evapotranspiration
while the Penman family gave the best results in Al-Omran et al., (2004) and Mohammad
(1997). It must also be noted that FAO-56 PM gained popularity recently in Saudi Arabia
5

(ElNesr and Alazba, 2010; ElNesr et al., 2011) because it is recommended by the Food
and Agriculture Organization (FAO). Accordingly, evapotranspiration measurements and
estimations are recommended to be continuously studied. Therefore, the objectives of this
research are presented in the following chapter, with a brief description of each objective
to accomplish the overall goal.
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Chapter 2 – Objectives
The overall goal of this research is to evaluate and to calibrate the
evapotranspiration models in arid zones at field level. In addition to the major objective,
several secondary objectives exist, and these are summarized as follows:

1) To evaluate crop evapotranspiration models at a field level:
a) One combination model (FAO-56 Penman–Monteith).
b) Three radiations models (Priestley–Taylor, Makkink, and Turc).
c) One temperature model (Hargreaves–Samani).
2) To calibrate the evapotranspiration models based on measurements:
a) Calibrate the empirical coefficients developed in their local climates.
b) Obtain the new coefficient to fit site specifications.
3) To evaluate the accuracy of the calibrated models and recommend the best model for
estimating crop evapotranspiration in Saudi Arabia
a) Evaluate and validate calibrated models
b) Simplicity and accuracy of the calibrated models.

7

Chapter 3 – Literature Review
This chapter provides an introduction to evapotranspiration mechanisms. It starts
with a brief overview of the physical processes behind evapotranspiration. Next the
established experimental techniques for measuring evapotranspiration are introduced and
individually discussed (divided into hydrological, micrometeological and plant
physiology approaches). Finally, the different theoretical models for estimating the
evapotranspiration are considered. The work in this chapter leads to on to a more in depth
critical review of reference evapotranspiration models in the next chapter.

3.1 Overview of Evapotranspiration
Evapotranspiration is the process in which water returned to the atmosphere
through the process of evaporation and transpiration. This is one of the most important
processes in the hydrological cycle, irrigation, water management and planning (Allen et
al., 1998). Knowledge of the hydrologic cycle, determined by its two components ET and
precipitation is essential in the process of planning and operating water resource projects.
The evaporation component is the loss of water from soil and plant surfaces to the
atmosphere whereas the transpiration is water loss from vegetation through its stomata
and leaves (Jensen et al., 1990). Transpiration helps the plant absorb and transport
mineral nutrients. It also cools the leaves during radiant periods due to the removal of
latent heat for vaporization. However, too much transpiration can lead to plant stress.
Most of the crops have the ability to eliminate high transpiration stress through reduction
of the leaf area (Pereira et al., 1999).
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Evapotranspiration (ET) is affected by three factors including weather parameters
such as temperature, solar radiation, humidity, and wind speed; crop factors such as crop
type, variety, plant density; and management and environmental factors such as soil
salinity, poor land fertility (Allen et al., 1998; Jensen et al., 1990). Considering both
components of evapotranspiration separately, transpiration is affected by soil moisture
and crop characteristics where evaporation is affected by weather parameters. ET is often
expressed in units of depth per time (mm day-1) or energy per unit area over a specified
time (MJ m-2 day

-1

) (Allen et al., 1998). The concept of evapotranspiration can be

expressed in two forms either actual evapotranspiration (AET) or Potential
evapotranspiration (PET).
3.1.1 Evapotranspiration concepts
Actual evapotranspiration (AET) occurs when soil water is limited which is the
case in an arid environment. Therefore, the soil water content controls the
evapotranspiration. Potential evapotranspiration (PET), was first defined by Penman
(1956) as “the amount of water transpired in unit time by a short green crop, completely
shading the ground, of uniform height and never short of water” (de Jong and Tugwood,
1987). One fundamental condition of potential evapotranspiration has been expressed as
the surface vapor found from surface pressure which Van Bavel stated (1966). The term
“potential” is equivalent to the maximum possible level of water loss under given
climatic conditions. As soil water depletes, evapotranspiration decreases and reduces
from potential to actual evapotranspiration (Katerji and Rana, 2011) particularly, in arid
regions where the potential evapotranspiration is extremely high and the available water
is very limited.
9

However, scientists became confused as to which crop can be used as a short green
crop since the definition proposed by Penman lacked the specific crop to be used. A clear
definition of PET was later given during an international meeting held in the Netherlands
(Anon, 1956) and was then defined as “the rate of water vapor loss from short canopy
under the following conditions: grown in a large surface, during an active growth stage,
completely covering the soil, of homogeneous height, in optimal water and nutritional
state” (Katerji and Rana, 2011). However, a contradiction to the meaning of the word
“potential” in climatology kept arising leading to a crucial criticism of PET as a maximal
possible evaporation rate where in a humid region, AET was found to be greater than
PET (Katerji and Rana, 2011). As a result, reference evapotranspiration (ETo) has gained
significant acceptance by engineering scientists over the potential evapotranspiration
(PET). Furthermore, critical to the processes of water supplies (surface and ground
water), water management, and the economics of the multi-purpose water projects
(irrigation, power, water transportation, flood control, municipal and industrial water uses
and wastewater reuse systems), an accurate estimation of the evapotranspiration is
extremely important (Jensen et al., 1990) and hence the need for reference
evapotranspiration (ETo).
Allen et al, (1998) defined reference evapotranspiration (ETo) as:
“the rate of evapotranspiration from a hypothetical reference crop with an
assumed crop height of 0.12 m, a fixed surface resistance of 70 sec/m and
albedo of 0.23, closely resembling the evapotranspiration from an extensive
surface of green grass of uniform height, actively growing, well-watered, and
completely shading the ground”.
ETo is well known as an expression for the evaporating power of the atmosphere at a
specific location and time of year (Allen et al. 1998). In the ET o definition of the
reference crop is well defined as grass that is assumed to be free of water stress and
10

diseases (Irmak et al., 2003). ETo has been historically used by two main crops, grass and
alfalfa as a reference crop evapotranspiration (Penman 1948, Blaney and Criddle 1950,
Jensen and Haise 1963, Hargreaves 1974, Doorenbes and Pruitt 1977, Linacre 1977,
Jensen et al. 1990, Allen et al. 1994, Allen et al. 1998, Pereira et al. 1999). Alfalfa is
known to be a better crop since it has a stomatal resistance and exchange values that are
very similar to many agricultural crops and a deep root system. However, more
experimental data exist on short clipped grass and therefore, grass was selected as the
primary reference surface by the FAO for international use (Pereira et al., 1999). .

3.2 The Measurement and Estimation of Evapotranspiration
The Evapotranspiration process is complicated to measure. However, several
methods have been developed for this purpose. The methods for measuring ET have been
divided into three different categories each of which were developed to fulfill different
objectives.

The three different

ET

measuring approaches are:

hydrological,

micrometeorological and plant physiology (Rana and Katerji, 2000). On the other hand,
ET modeling is necessary for in order to obtain a management tool to a detailed
understanding of a system or in interpreting experimental results. Thus, ET estimation is
required and two approaches for ET estimation were defined. The ET estimation
approaches are: analytical and empirical.
3.2.1 Evapotranspiration measurements
Evapotranspiration measurement is accomplished by three different approaches.
The hydrological approach is intended to quantify the evaporation over a period of time.
A second micrometeorological approach is designed to understand the process of energy
transfer and matter between the surface and the atmosphere. The third approach, plant
11

physiology, is designed to study the water relations set of individual plants or parts of
plants (Rana and Katerji, 2000).
i)

The hydrological approach:
a) Lysimeters
Lysimeters have been used extensively to develop, calibrate and validate ET

methods (Allen et al., 1998; Doorenbos and Pruitt, 1977; Jensen et al., 1990). Lysimeters
are extremely sensitive to environmental factors. Unfortunately, there is no sufficient
documentation and description on lysimeters reported data in literature as indicated by
Allen et al., (2011). This problem has led to uncertainty of the data represented in
important studies (Allen et al., 2011). However, it is the most reliable method for
estimating ET. Lysimeters can be categorized into three groups: (1) Non-weighting
lysimeters, constant water tables that provide reliable data weekly or for longer periods of
time in areas where a high water table exists and the water table level is the same inside
and outside the lysimeter; (2) Non-weighing lysimeters are percolation types where
changes in water stored in the soil are determined by sampling methods of inputs and the
rainfall and percolate are measured. This is the only evapotranspiration measured method
used in Saudi Arabia so far (Al-Ghobari, 2000; Al-Omran et al., 2004; Alazba et al.,
2003; Mohammad, 1997; Saeed, 1988; Salih and Sendil, 1984); (3) Weighing lysimeters
where changes in soil water are detected by weighing the entire unit using a mechanical
scale (Jensen et al., 1990).
In spite of the wide use of lysimeters and their precise estimation of
evapotranspiration, certain other downsides of this method exist. Lysimeters have shown
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to represent a small sample relative to a field area and therefore imperfect for use in
vegetation or water management. Also, lysimeter systems are difficult to maintain
original soil profile characteristics including density during and after construction (Allen
et al., 2011). Moreover, the heating of the metallic rim caused by radiation especially in
an arid environment produces microadvection of heat into the lysimeter canopy;
therefore, the measurement will be influenced (Rana and Katerji, 2000) and (Allen,
2011).
b) Water balance
Measuring ET using changes in soil water has been used for nearly a century. Up to
1960, gravimetric analysis based on soil sampling was the primary method used to
determine soil water content. After the 1980s, due to advances in technology, a number
of electromagnetic devices based on dielectric and capacitance measurements were
introduced to measure soil water content with the best results obtained in coarser textured
soils. Time domain reflectometry-based methods as well as neutron thermalization
methods presented by modern soil water sensors have also been used and intensively
studied by a number of scientists as cited by Allen et al. 2011 (Evett et al., 2006; Sumner,
2000). The average ET in the water balance method is determined by calculating the
change in soil water between sampling dates plus rainfall minus any known drainage or
surface runoff that may have occurred (Allen et al., 2011; Farahani et al., 2007).
Therefore, AET can be determined by calculating the soil water balance: the amount of
water entering, remaining, and leaving the soil profile within a given time (Rana and
Katerji, 2000).
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ii)

Micrometeological approaches
Evapotranspiration is regarded as the energy employed for transporting water from

inner leaves and plant organs to the atmosphere as vapor. From an energy perspective,
this is referred to as “latent heat” (E, where  is the latent heat of vaporization). Latent
heat is measured as energy flux density (W m-2) (Rana and Katerji, 2000). The following
is a discussion of the main methods of latent heat flux measurement. These techniques
are: energy balance, aerodynamic method and the eddy covariance.
a) Bowen Ratio and Energy balance
The Bowen ratio approach is a commonly used method in estimating
evapotranspiration (Jensen et al., 1990). The evaporation of water requires energy;
therefore, the process of ET is limited by the input of energy into the system. At one
particular moment , the energy arriving at the surface must be equal to the energy leaving
the surface (Allen et al., 1998). This is described by the following energy balance
equation:

Equation 1 - Energy Balance
where

is net radiation, G is soil heat flux,

is the latent heat flux and H is the

sensible heat flux. Other variables such as heat stored in the plant or the energy used by
metabolic activities are not considered in Equation 1 due to their small values compared
to the other four variables (Allen et al., 1998). Rn and G can be measured or estimated
using climatic parameters. H requires accuracy of temperature gradients above the
surface and therefore is difficult to measure. A positive value of R n indicates an input of
14

energy to the surface which is typical in a daytime condition. On the other hand, a
positive value of the three other variables (G,

T and H) indicates a loss of energy from

the surface. It should be noted that only the vertical flux gradient is considered while the
horizontal gradient is omitted and should only be used in areas of homogenous land cover
(Allen et al., 1998). Due to the dependency of the energy balance method on technical
procedures, it is extensively used only in research. A limitation to this method is its
application to short periods of time (Jensen et al., 1990) and increase in the relative errors
when the water is limited (Allen et al., 2011).
b) Aerodynamic method
Assuming that a flux density is related to the gradient of the concentration in the
atmospheric surface layer (ASL), then the latent heat flux is determined by:
E = - pu*q*
Equation 2 - Latent heat flux
Where q is the specific air humidity, u* is the friction velocity determined by:
u*= ku / (ln(z-d/z0)- m
Equation 3 – Friction velocity
k = 0.41 is the von Karman constant, d (m) is the zero displacement height, z0 (m) is the
roughness length of the surface, m is the stability correction function or moment
transport and q* is determined from the humidity profile measurements (Rana and
Katerji, 2000). The calculation of stability functions is performed through a series of
iterative functions.
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The above method proposes a major difficulty in the correct measurement of the
vapor pressure at different heights above the crop. As a result, the latent heat flux E is
usually derived indirectly by the energy balance when the sensible heat flux is
determined by the flux gradient relation:
H = - cpu*T*
Equation 4 - Sensible heat flux
Where T* is calculated using the air temperature profile:
T* = k(T-T0)/(ln (z-d/z0) - h )
Equation 5 – Air temperature profile
T0 is the temperature extrapolated at z= d+z0 and h is the correction function for heat
transport. Other variables are defined in equation 3.
c) Eddy covariance
Evapotranspiration can be measured using the Eddy covariance method that
works to measure vertical wind fluctuations acquired to the vapor density. Vertical wind
fluctuations can be measured using sonic anemometer; vapor density is measured using a
fast response hygrometer, both of which have to be acquired at a frequency of 10-20 Hz
(Allen et al., 2011).
Eddy covariance is a method based on the transport of scalar (vapor, heat, CO2)
and vectorial amounts (momentum) in low atmosphere in contact with the canopies that
are mostly governed by air turbulence (Stull, 1988). Latent heat in this case is obtained as
the covariance of vertical speed wind and vapor density (ms -1and gm-3) as
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E =  w’ q’
Equation 6 - Latent heat
where w’ is vertical wind speed and q’ is humidity. The vertical wind speed and
humidity must be obtained at sufficient frequencies necessary for the contribution of all
the significant sizes of the eddy and summing their product over a hourly time scale (15
minutes to one hour) (Rana and Katerji, 2000).
To avoid any issues arising from the fluctuations of humidity measurements, E
can be obtained directly as a residue of the energy budget as presented in equation 1.This
method is considered too costly and labor intensive and therefore is only used for
research purposes (Allen et al., 2011).
iii)

Plant physiological approach
Measurement of water loss from a whole plant or a group of plants is done using

plant physiology methods. Of these methods, the Sap flow method and the Chambers
system are mentioned in the following.
a) Sap flow method
Closely linked to plant transpiration is sap flow. Sap flow is often measured using
two different methods: heat pulse and heat balance. Heat pulse was first introduced and
applied as a basic method by Cohen et al (1988) in herbaceous plants (Rana and Katerji,
2000). Heat pulse is estimated by measuring heat velocity, stem area and xylem
conductive area. In spite of its simplicity, this method proved to be inaccurate at a low
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transpiration rate and is in constant calibration for every crop type (Rana and Katerji,
2000).
b) Chambers system.
The Chambers system was first introduced by (Reicosky and Peters, 1977)as a
rapid measure for ET as cited by Rana and Katerji (2000). Then first version of the
system was portable, consisted of aluminum conduits covered with Mylar, polyethylene
or other plastic or glass films and the air within the chambers was mixed with
strategically located fans. The system was introduced for daily measurements of ET and
is not suitable for long term measurements. Research has shown a number of weaknesses
to this system including ET measurements being influenced by surrounding conditions.
The most recent improved chamber systems are very expensive due to the high cost of
the key components (Rana and Katerji, 2000).
3.2.2 Evapotranspiration Estimation
As discussed above, it is clear that direct measurements of evapotranspiration propose
a difficult task; therefore, the need for other indirect methods has arisen with which the
actual evapotranspiration can be estimated by reference evapotranspiration (ETo)
multiplied by crop coefficients (Kc). The accuracy of estimating actual evapotranspiration
relies primarily on the ability of models to represent the physical laws governing the
process and the accuracy of meteorological and crop data (Jensen et al., 1990) especially
Penman Monteith model.
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Reference Evapotranspiration
Many models have been developed to estimate reference evapotranspiration based on
meteorological data for various climates. These models are categorized into three groups:
1) combination methods including Penman (1948); 2) radiation methods including
Makkink (1957), Priestley and Taylor (1972), and Turc (1961); 3) temperature methods
such as Hargreaves-Samani (1985), and Thornwhite (1948). Amongst these models,
FAO-56 Penman-Montaith has been selected by the Food Agriculture Organization as a
standard equation for estimating reference evapotranspiration over the world (Tabari,
2010). However, it requires considerable metrological data such as temperature, relative
humidity, wind speed, and solar radiation which are not always available in developed
countries. Models that use readily available weather data are therefore preferable (Tabari,
2010).
Estimating ET is done by adjusting to a defined surface condition such as clipped
grass or alfalfa. ET estimated using grass as a reference is often referred to as ET o and
when estimated using alfalfa is referred to as ETr. To estimate crop evapotranspiration
(ETc), ETr or ETo are adjusted to a specific crop, climate or site conditions by
multiplying ETo (or ETr) by the dimensionless crop coefficient (Kc) as follows (Allen et
al., 1998):
ETc= Kc ∙ ETo
Equation 7 – crop evapotranspiration equation
Crop Coefficient (kc)
Crop coefficients can be determined for specific locations and crops and when
specific crop coefficients are not available, published values may be used (Allen and
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Wright, 2002). To apply crop coefficients, two common methods are used. These two
methods are the mean crop (single) coefficient approach and the dual crop coefficient
approach.
The mean (single) crop coefficient (Kcm) approach represents the transpiration from the
crop with wetted soil evaporation distributed smoothly over the season (Jensen et al.,
1990), where the Kcm is adjusted for crop water stress by multiplying it by a scaling
factor, Ka, such that Ka =1 when soil moisture is adequate enough to restrict transpiration,
otherwise, Ka < 1 (Allen et al., 1998).
The dual crop coefficient (Kc) is a method that works to model an actual system day-today as it accounts for transpiration and soil evapotranspiration separately as
Kc= Kcb Ka + Ke
Equation 8 – Dual crop coefficient
where Kcb is a basal crop coefficient representing the transpiration component, Ka is a
scaling factor accounting for crop water stress and k e represents evaporation from the
wetted soil surface (Jensen et al., 1990). Ke is zero when the soil surface is dry.
This chapter reviewed the concept of evapotranspiration as well as the
measurement of evapotranspiration whether it is measured directly or indirectly. Finally,
the estimation of evapotranspiration was calculated theoretically by using crop coefficient
and reference evapotranspiration. This chapter has led to a critical review of ETo models
on the next chapter since these models will be evaluated and calibrated for estimating
crop evapotranspiration.
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Chapter 4 - Critical Review of Reference Evapotranspiration Models
There are a large number of reference evapotranspiration models that can be
applied to estimate reference evapotranspiration (ET o). Many studies have been
conducted to evaluate their performance. Some of these models are physically-based and
others are semi-empirical and empirical based (Jensen et al., 1990). These models can be
categorized into three groups according to their respective climatic parameters which
play a dominant role in the model: combination, radiation-based and temperature-based
(Igbadun et al., 2006). A brief review of the development of these models is discussed, as
well as the advantages and disadvantages associated with using each group. Finally, their
performance is presented in different climatic and geographical regions.

4.1 The Development of Reference Evapotranspiration models
It has been mentioned above that reference evapotranspiration (ET o) is
categorized into three different groups according to the climatic parameters (combination,
radiation and temperature). Therefore, this section will discuss the historical development
of each group as well as the assumptions associated with it.
Combination methods:
The first estimation model proposed by Penman in 1948 worked to combine the
aerodynamic formulas for the vertical transfer of sensible heat and water vapor with the
surface energy balance equation (Jensen et al., 1990). Penman’s model (1948) was based
on assumptions of air saturation at the surface and horizontal uniformity of the surface
(negligible advection effects). As such, the model was only applicable to both open water
and wet land surfaces with complexity arising in situations where the surface was dry or
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partly wetted. Negligence of the advection effects led to serious errors when considering
open water such as lakes or rivers (Hooghart, 1987). Also, Penman’s model was the first
to ever consider the net radiation as a significant factor in the evaporation process during
the 1940s when no direct measurements of net radiation existed. However, Penman
estimated the net radiation using extraterrestrial radiation (Ra), percentage of sunshine
and humidity (Jensen et al., 1990). Penman’s model depended on semi-empirical
expressions and over time it became necessary to revise this model.
In 1963, Bouchet, (Hooghart, 1987) discovered that the parameters in Penman
model are not independent; in fact, if water vapor and heat is brought into the
atmosphere, an alteration in the water deficit results. As such, models for evaporation for
the planetary boundary layer were derived and later brought into the well-known PriestlyTaylor and Makkink models.
In 1965, Monteith, (Hooghart, 1987) revised a formula to describe the
transpiration from a dry, extensive-horizontal uniform surface using the same physical
principles as the Penman model; this was devised for a dry crop completely shading the
ground. He discussed the relationship of aerodynamic and canopy resistance. His model
was later referred to as the Penman-Monteith equation (Katul et al., 1992) . Research and
experimentation have shown that the PM model described successfully the transpiration
and the interceptive loss from all kinds of vegetation including tall forests, arable crops
and heathland (Hooghart, 1987). The basic form of the PM equation is defined as follows
by (Jensen et al., 1990).
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Equation 9 – Basic form of Penman Monteith
where

is air density in Kg/m3,

is specific heat of dry air (1.013* 10-3 MJ/kg oC),

is the mean saturated vapor pressure in Kpa,
resistance for water vapor s/m,

is the bulk surface aerodynamic

is the mean daily ambient vapor pressure in Kpa, and

is the canopy surface resistance in s/m.
The aerodynamic resistance for a neutral stability condition is:

Equation 10 - aerodynamic resistance
where, ra = aerodynamic resistance (m/s),

= height of wind speed measurements (m), d

= zero-plane displacement of wind profile

= reference crop height (m),

= roughness length for momentum transfer,
temprature and humidity measurements (m),

= roughness length for transfer of heat

K = von Karman’s constant (0.41),

and vapor,
measured at height

= height of

= wind speed

(m/s).

Allen et al. (1998) assumed some constant parameters to simplify the pervious
equation. He assumed a crop height of 0.12 m for clipped grass with a fixed surface
resistance of 70 s/m and an albedo of 0.23. The equation presented in this study follows
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the hypothetical assumption for clipped grass and assuming standard weather
observations at a height of 2 m, the FAO-56 PM ETo equation is presented in Chapter 5.
Radiation method:
The radiation method was essentially adopted by Makkink equation (1957) when
humidity and wind speed are not measured (Doorenbos and Pruitt, 1977). Many
radiation-based models exist (Jensen et al., 1990). However, due to their widespread use,
three equations have been chosen in this research to estimate reference evapotranspiration
(ETo):
Priestley-Taylor (PT):
PT (1972) is a simplified version of a combination method used for large-scale
relationships (Jensen et al., 1990). It is argued that radiant energy has more affects than
advective when the surface areas are generally wet and can be used in humid climates,
since “radiation received will increase as the square of grid point separation, whereas
advective effects will increase more or less linearly” (Priestley and Taylor, 1972).
Therefore, the aerodynamic effects could be ignored and they were forced to proceed
empirically by adding a coefficient beside the radiant term (McNaughton and Spriggs,
`1989). A value of

was found to fit the data from several sources (Jensen et al.,

1990). The form of the equation used in this study described by (Jensen et al., 1990) is
illustrated in Chapter 5.
Makkink (MK):
MK (1957), which was developed in the Netherlands, can be considered a
simplified version of Priestley-Taylor equation, requiring incoming solar radiation and
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temperature (Makkink, 1957). However, the difference between PT and MK is that,
instead of using net radiation, MK uses incoming solar radiation which offers a potential
advantage over Priestly-Taylor. Currently, the Makkink method is popular in Western
Europe and has been successfully applied in the USA (Amatya et al., 1995).The form of
the equation is defined in Chapter 5.
Turc (TR):
TR (1961) was also developed in the Netherlands and involves simplified
versions of an equation for potential evapotranspiration (assumed to be ETo) for ten day
periods under the general climate condition of Western Europe (Jensen et al., 1990). It
has been used to some extent in the USA (Amatya et al., 1995). The form of the equation
is defined in Chapter 5.
Temperature methods:
Since often not all the meteorological data such as solar radiation, relative
humidity and wind speed is – especially in developing countries such as Saudi Arabia –
available, simple models that require only temperature are preferred. Many researches in
the early 1920s began to correlate evapotranspiration to air temperature. Thornthwaite
(1948) and Blaney and Criddle (1950) correlated monthly air temperature with
evapotranspiration using water balance. However, these models were not recommended
to be used in arid and semiarid climates since such climates do not follow the conditions
that were defined by Thornthwaite (1948). Finally, Hargreaves and Samani (1985) is a
temperature-based model which was modified from Hargreaves (1975) and is
recommended to be used in semiarid and arid regions (Allen et al., 1998). Therefore, it
has been chosen to be tested in this research. The Hargreaves-Samani model was
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originally based on Hargreaves (1975) who made several regression analyses from eight
years of daily cool grass weighting lysimeter and weather data in Davis, California. He
stated that for a period of five days, the temperature (F) and global radiation at the
surface could predict 94% of the variance in the measurement of ET whereas wind speed
and relative humidity count for 10% and 9% respectively. However, this equation
requires more than just temperature and solar radiation. Therefore, Hargreaves and
Samani proposed an equation to estimate solar radiation using extraterrestrial radiation
(Ra) and the difference between maximum and minimum monthly temperature
(Hargreaves and Allen, 2003). In fact, extraterrestrial radiation can be calculated for a
certain day and the location. Therefore, the only parameter that must be observed is
maximum and minimum temperature (Droogers and Allen, 2002). These empathize the
classification of HS as a temperature-based ETo equation. The HS model has the ability
to compensate the lack of Rs and humidity required by combination methods. Also, there
is a correlation between the temperature difference (TR) and the relative humidity and
vapor pressure deficit. It should be noted that many weather stations around the world
measure the maximum and the minimum temperature which can increase the use of
Hargreaves-Samani (Saghravani et al., 2009). The description of the model is presented
in Chapter 5.

4.2 Advantages and Disadvantages of ETo models
Each model offers distinct advantages and disadvantages when calculating
reference evapotranspiration (ETo). Irrigation engineers have to decide which model is
ideal, based on the available data and the accuracy of each model beside the crop water
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stress which is the main criteria to select which model to recommend. In Table 1, the
advantages and disadvantages associated with each group are summarized.
Table 1 - The advantages and disadvantages of the selected model used in this study to
estimate ETo.
ETo models

Advantages

Combination

Well-documented compared to
lysimeters under different
climate conditions (Jensen et al., 1990)
Yield good results under a variety of
climate scenarios (Allen et al., 1998)
Predominantly physically based
approach (Irmak et al., 2003)

Radiation

Requires Temperature, radiation

Temperature

Requires only temperature

Disadvantages
Requires many
meteorological data
Many assumptions Fixed
rc= 70 m/s
The data quality of all
weather parameters are poor
except temperature
(Droogers and Allen, 2002)
Local calibration needed
(Jensen, 1966)
Lack of aerodynamic
resistance
Applicable for long period
calculation (Amatya et al.,
1995)
Less sensitive to the quality
of input weather parameters
(Hensen, 1984)
Local calibration needed
Sensitive to sensible heat
Advection (Gavilán et al.,
2006)

4.3 Models Performance
It has to be noted that all of these ET o models were compared to measured ETo
data to test their applicability to different climates (Alazba et al., 2003; Denmirtas et al.,
2007; Jensen et al., 1990; Saghravani et al., 2009; Trajković and Gocić, 2010). They were
divided into three approaches (combination, radiation and temperature methods) to
examine their performance in different climates including Saudi Arabia.
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Combination methods:
The Penman family is considered to be the most accurate model for calculating
reference evapotranspiration (ETo). According to Jensen et al, (1990), combination
methods ranked the best among other models which correlated well with lysimeter
measurements at ten tested sites located in different climates around the world. In humid
climates, Yoder et al., (2005) compared eight reference evapotranspiration models to the
measured ETo by lysimeter. Based on their results, FAO-56 PM and the original Penman
were the best among other models for estimating ETo. In a similar study, Denmirtas et al.,
(2007) compared four evapotranspiration models to measured ETc water balance in
estimating sweet cherry trees evapotranspiration. He revealed that FAO-56 PM
performed well in one year while not in the next year.
For semiarid regions, (Trajković and Gocić, 2010) evaluated seven ETo models
against measured ETo by lysimeters on a daily basis. They revealed that the performance
of the FAO-56 PM on a daily basis was the best among other models whereas (Berengena
and Gavilan, 2005) reported that FAP-56 PM ranked third. Moreover, (Gavilán et al.,
2007) compared two versions of Penman-Monteith (FAO-56 and ASCE) against
Lysimeter data in estimating ETo on a daily and hourly basis. Both versions were
superior on a daily basis whereas ASCE PM performed better on an hourly basis whereas
López-Urrea et al., (2006) Found out that FAO-56 performed better on hourly basis.
However, Bakhtiari et al., (2011) compared six grass reference evapotranspiration models
against the lysimeteric data. Results indicated that FAO-56 PM underestimates of
reference evapotranspiration (ETo) with a relative error reached almost 32 %.
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In an arid region, a study conducted in Riyadh at the King Saud University,
Mohammad (1997) focused on estimating reference evapotranspiration for two years
from alfalfa grown in three drainage type lysimeters using ten different estimating
methods and climatic data obtained from a weather station in the area. He stated that the
Penman family method yielded the best results. A similar study by Al-Omran et al.,
(2004) confirmed that Penman-Monteith had the best performance amongst other models.
Radiation models:
In general, as was indicated in the development of radiation models, it is not
surprising that these models did not perform well. However, their performances vary
from under- or overprediction depending on the region where they were applied. For
instance, in a humid climate (Suleiman and Hoogenboom, 2007; Yoder et al., 2005)
Priestly-Taylor overestimated ETo whereas performing well in Germany (Xu and Chen,
2005). On the other hand, Turc performed well in a humid climate (Yoder et al., 2005).
For a semiarid environment, most radiation models are not recommended to be used
(Berengena and Gavilan, 2005; Trajković and Gocić, 2010). However, in a semi arid
envirnement Pritley-Taylor performed well (Stannard, 1993). In arid regions, the only
recommended radiation model is Jensen and Haise (Alazba et al., 2003; Ismail, 1993;
Mustafa et al., 1989). As it was indicated above, the performance of FAO-56 PM in
estimating reference evapotranspiration (ETo) is superior in the case of an absence of
measurements. Recent research has focused on the evaluation of radiation models based
on FAO-56 PM (Alexandris et al., 2006; Tabari, 2010; Trajkovic and Kolakovic, 2009).
Therefore, radiation-based models require calibration before being extrapolated to
another environment.
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Temperature models:
The temperature-based models have been tested around the world due to
their simplicity. The performance of temperature-based methods varies depending on the
version of the model. For instance, Thornwhite (1948) and Blaney and Criddle (1950)
performed well in a humid climate (Bautista et al., 2009). On the other hand, HargreavesSamani (HS) performed better in semiarid and arid regions (López-Urrea et al., 2006)
while demonstrating poor performance in a humid climate (Yoder et al., 2005).
Therefore, all temperature-based models require calibration before extrapolating them to
another environment.
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Chapter 5 - Materials and Methodologies
This chapter provides a description of the study area and the experimental data
which was used for modeling and analysis purposes. This chapter consists of three main
parts (materials, determination of crop evapotranspiration, and models performance
Assessment). Each of these parts will be discussed individually.

5.1 Materials
This section describes the location and tools used in this study to measure and
estimate crop evapotranspiration. This section divided into two main parts which are sites
descriptions and field measurements and instrumentation.
5.1.1 Site Descriptions
The experimental data was collected from the Saudi Agricultural Development
Company (INMA) and the Leha Company. The study area lies between latitude
1956’05.14” N to 2000’30.63” N and longitude 4445’54.60” E to 4451’58.07” E at
an elevation of 770 m above mean sea level (Figure 3). The area of the farm is 100 km 2
which represents a medium farm in Wadi Al-Dawasir. The farm contains 90 center pivots
with each pivot having its own well. The INMA grows different types of crops such as
alfalfa, wheat and potatoes. Alfalfa and wheat are the most important crops from the
economical point of view of the farm. On the other hand, Leha focuses just on potato
crops which have also recently become economical.
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Pivot 26

Pivot 55

Figure 3 - A satellite picture of the INMA. Pivots #26 and #55 are circled.
Once the location was specified, the field instrumentations and measurements are
presented below to collect the data to measure and estimate crop evapotranspiration.
First, the amount of water applied, soil water contents and crops were used to measure
crop evapotranspiration while the weather data and crops were used to estimate crop
evapotranspiration mathematically.
5.1.2 Field Instrumentations and Measurements
Water
Water quantity is an important component for water balance. Below is presented
how the water quantity was measured.
Estimating the actual water applied during the irrigation application:
The flow was measured using an ultrasonic flow meter on a monthly basis. The
center pivot covers for alfalfa, wheat, and potatoes were 60 ha, 66 ha, and 45 ha,
respectively, as Table 2 illustrates. At the beginning of the season, the revolution was
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measured based on actual measurements to determine the time. The water applied was
calculated using Equation 11:

Inet (mm) =
Equation 11 – net Irrigation
where IGr = gross irrigation water applied (mm); Q= the flow rate (m3/hr); t = time (hr),
and A= area (m2); Irrigation efficiency (%).
Each month has a different time revolution per round. For instance, during winter,
the time revolution ranges from 18 to 30 hours. On the other hand, revolution time during
the summer ranges from 30 to 40 hours. Therefore, during the season, the water
application varied accordingly. Also, the flow varies according to the season.
Table 2 - The area covered by different crops beside the flow and gross irrigation.
Crop
Alfalfa
Wheat
Potatoes

Average Flow
(GPM)
1190
1030
1000

A
(ha)
60
66
45

Revolution at
100% (hr)
15
17
12

IGr
(mm)
7
6
6

Soil
Soil is an important component in water balance. Therefore, soil physical analysis
and soil water content measurements are discussed below.
Physical analysis
Soil samples were taken from Pivot 26 at four levels (0-20 cm, 20-40 cm, 40-60
cm and 60-80 cm). They were mixed and then sent to King Saud University Laboratory
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to determine the soil texture, bulk density, field capacity, welting point, and saturation as
illustrated in Table 3.
Table 3 - Characteristics of the Pivot #26 soil.
Soil Physical characteristics
Sand (%)
Silt (%)
Clay (%)
Bulk density (g/cm3)
Soil water content at 0 (Kpa)
Soil water content at –10 (Kpa)
Soil water content at –1500 (Kpa)

66
20
14
1500
0.36 (cm3/cm3)
0.206 (cm3/cm3)
0.062 (cm3/cm3)

Soil water content measurement:
The EnviroSCAN system was developed in Australia and has the potential to
monitor soil moisture content continuously at various depths within the crop root zone.
The EnviroSCAN determines how often and how much to irrigate. Thus, the
EnviroSCAN was used in this research for measuring soil water content at various depths
for three locations since the soil water content is one of the components used to calculate
the water balance.
The EnviroSCAN capacitance probes have multiple sensors located at various
depths with 10 cm intervals. Each probe can hold up to 16 sensors. The sensors work on
an electric field between two poles, as shown in Figure 4. The probe used in this research
study contained five sensors at depths of 10, 20, 30, 50, and 80 cm for alfalfa and five
sensors at depths of 10, 20, 30, 40, and 50 cm for wheat and potatoes. These probes were
connected to a solar powered data logger (Figure 5) where the sensor’s soil water
readings were recorded at 30-minute intervals. The capacitance method measures the
dielectric content of the soil surrounding the sensor, which reflects the water content of
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the soil-water-air mixture. The dielectric constant of a medium depends on the
polarization of its molecules in an electric field (Fares and Alva, 2000).

Figure 4 - : EnviroSCAN Probe Design Source (www.sentek.com)
The EnviroSCAN software interpolates the frequency readings from the solar
powered data logger and displays the dynamics of soil water content through time. Field
frequencies are later converted into scaled frequencies (SF) using the formula published
by (Buss, 1993):

Scaled Frequency (SF) =
Equation 12 – Scaled frequency
The default manufacturer’s equation that converts scaled frequency to volumetric
water content is:
SF =
Equation 13 - volumetric water content
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where A is 0.1957; B is 0.404; C is 0.028520; and

is the soil water content by volume.

Figure 5 - The data logger in Pivot  26.
Weather station
Metrological data was collected from the INMA weather station between January
2010 and March 2011. Metrological data was collected every minute and later converted
to hourly values by averaging the minute readings. Hourly data was then converted to
daily data by averaging over 24 hours, except for solar radiation which was summed over
24 hrs. The weather data included daily values of the following parameters: maximum,
minimum and average air temperature and humidity; average and high wind speed;
atmospheric pressure; precipitation; and solar radiation. There was missing data due to
technical problems from March 1 st to March 15th, 2010. Therefore, to compensate for this
missing data, it was provided by a neighboring company (NADEC) and the national
Wadi Al-Dawasir airport. Table 4 shows the average monthly weather data of 2010 in
Wadi Al-Dawasir is shown.
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Table 4 - Average monthly weather data for 2010 in Wadi Al-Dawasir.
Tmax
Tave
Tmin
RHmax RHave RHmin
WS
RS
(°C)
(°C)
(°C)
%
%
%
m/s
MJ/m2/d
23.4
15.2
7.7
72.2
48.5
26.5
2.50
18.3
JAN
27.6
19.3
11.2
63.9
40.4
22.4
2.75
20.4
FEB
32.4
24.3
16.0
48.1
29.8
18.3
3.07
23.2
MAR
34.9
28.2
20.8
53.0
33.2
20.2
3.34
25.4
APR
38.5
31.2
23.1
48.4
28.2
14.7
2.50
27.5
MAY
41.5
33.5
24.5
35.8
19.1
8.8
2.10
27.5
JUN
41.5
34.6
27.4
36.5
21.7
12.0
2.74
27.8
JUL
42.0
34.8
26.9
35.5
21.2
11.4
2.10
26.0
AUG
38.7
30.6
21.4
39.4
20.9
9.5
2.16
24.7
SEP
34.4
26.5
17.7
49.0
27.8
13.3
1.90
21.3
OCT
26.9
19.2
11.4
61.7
37.8
18.8
1.88
18.9
NOV
22.8
14.8
7.4
65.7
45.5
24.0
2.27
18.0
DEC
Tmax, Tave, and Tmin = maximum, average and minimum temperature, RHmax, RHave, and
RHmin = maximum, average, and minimum relative humidity, WS = wind speed, and Rs
=Solar radiation.

Months

Crops:
Three crops have been selected (alfalfa, wheat and potato) in this project to
measure their crop water use (crop evapotranspiration) using weekly water balance and a
mathematical approach.
Alfalfa
Alfalfa, shown in Figure 6, is a perennial crop with a deep root system that can
reach as deep as 1 m. The crop was planted in September 2009. However, the study was
conducted for the full year of 2010. There are ten cycles for alfalfa in Wadi Al-Dawasir
yearly. In this study, it was assumed that no evapotranspiration occurs when the crop is
cut. Table 5 illustrates the number of cuts, irrigation dates, and cutting dates. This
information is crucial to calculate the crop coefficient during each cut that is going be
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illustrated in the crop coefficient section. Each cut was treated as a separate crop cycle.
Each cycle consisted of four stages: initial, development, mid-season, and late.
Table 5 - Alfalfa growing season.
No of Cut
st

1
2nd
3rd
4th
5th
6th
7th
8th
9th
10th

Irrigation
Date
10-Jan-10
28-Feb-10
1-Apr-10
1-May-10
6-Jun-10
11-Jul-10
10-Aug-10
11-Sep-10
13-Oct-10
12-Nov-10

Cutting
Date
13-Feb-10
23-Mar-10
24-Apr-10
26-May-10
4-Jul-10
2-Aug-10
4-Sep-10
2-Oct-10
1-Nov-10
15-Dec-10

No of Days
35
24
24
26
29
23
26
22
20
34

Wheat and Potatoes:
Wheat and potatoes are two of the most important irrigated crops in Saudi Arabia.
In Wadi Al-Dawasir, wheat is mostly planted from November until December.
Unfortunately, the first eight weeks were not included in the study due to technical
problems affecting the EnviroSCAN. However, the research did cover the last 10 weeks
of growing wheat. On the other hand, potatoes grew from the planting date until the
harvest, covering the whole season of EnviroSCAN data.
Table 6 - Wheat and potato growing season.
Crops

Planting Date

Harvest Date

No of Days

Wheat
Potatoes

20-Nov-09
1-Dec-2010

19-Mar-10
2-Apr-2011

120
121
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Conducted
study
70
121

Figure 6 - The INMA alfalfa crop at Pivot # 26.

5.2 Determination of Crop Evapotranspiration
The determination of crop evapotranspiration consists of two main parts: water
balance model and mathematical models. The water balance model consists of four parts,
net irrigation, effective precipitation, change in soil water content, and deep percolation
to measure evapotranspiration as residuals. On the other hand, mathematical models went
through a process to calculate crop evapotranspiration, meteorological data collection,
assessment of data quality and integrity, calculation of reference evapotranspiration (ET o)
models, mean crop coefficient, and estimate crop evapotranspiration. After crop
evapotranspiration was obtained by these methods, they went through a calibration
process to minimize the difference. Calibrated models were also evaluated and validated
using wheat in 2010 and potato 2010/2011. Finally, there was an assessment of model
performance before and after calibration was made.
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5.2.1 Water Balance Model
The field water balance of alfalfa, wheat and potatoes grown in sandy loam soil
can be defined based on the conservation of mass as follows:

Equation 14 – Water Balance Model
where S is the change in water storage in the root zone; P eff is the effective
precipitation; Inet is the net irrigation; Dp is the drainage below the bottom of the root
zone; and ET is the evapotranspiration during a given period of time, t= 1 week. All
these variables are expressed in millimeters. A runoff component was not considered in
Equation 14 since the field was leveled to a zero slope and the irrigation application was
less than or equal to field capacity (Zhang et al., 2004). Effective precipitation is also
counted to be zero since the rainfall that occurred during the cutting and bailing period
did not exceed 5.4 mm/year.
The variation in soil water storage between two depths (z1= 0 cm and z2= 80 cm)
for alfalfa and (z1= 0 cm and z2= 50 cm) for wheat and potato for a given period of time
t = 30 minutes were calculated based on measured water content readings by the
capacitance probes using Equation 15:

Equation 15 – Soil water change
where s is the change of soil water content in mm, z1 and z2 are the depth, and t 1 and t2
are calculated at 30 minutes differences.
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Deep percolation:
In deep percolation, the water percolates downward through the soil beyond the
reach of the plant’s roots (Burt, 1999). Alfalfa develops a strong and deep root system
that reaches as deep as 1 m. As mentioned above, the EnviroSCAN probes were placed at
different depths depending on the crop. The last sensor was used to prove that there is
barley deep percolation since there was barely any movement in that sensor; the same
applied to the wheat and potatoes. Figure 7 shows an example of the last sensor
indicating that the soil water content is almost constant over the whole season and thus
implying that the deep percolation can be negligible.
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Figure 7 - Alfalfa EnviroSCAN soil water content at various depths.
After measuring the input data, the only missing factor is crop evapotranspiration. It is calculated as a residual of all other
components for the selected crops as shown in Tables 7, 8, and 9. Table 10 shows the calculation of each water balance component.
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Table 7 - Alfalfa weekly water balance.
Weeks
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
SUM

Inet
(mm)
29.00
26.00
37.00
41.00
15.00
32.00
64.00
73.00
7.00
53.25
54.00
40.00
0.00
54.00
57.00
61.50
33.00
65.00
54.00
82.00
30.00
83.94
29.00
69.49
11.00
44.78
64.00
49.30
5.00
62.58
46.40
35.00
60.79
44.01
0.00
58.00
20.00
27.00
29.71
0.00
1647.77

Peff
(mm)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.00

DP
(mm)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.00
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∆S
(mm)
15.7
2.5
1.4
0.7
-18.4
2.9
18.5
18.3
-11.6
24.4
9.8
-11.0
-16.8
26.2
8.7
3.4
-28.0
33.4
-5.8
5.9
-26.7
37.2
-13.1
-0.4
-27.4
10.9
24.1
-10.2
-21.1
17.7
-5.3
-17.0
27.3
8.7
-28.2
31.3
-2.6
-2.0
-0.6
-17.7
65.22

ETr
(mm/w)
13.31
23.52
35.60
40.27
33.42
29.06
45.48
54.70
18.59
28.81
44.18
50.95
16.80
27.82
48.27
58.08
60.96
31.62
59.83
76.08
56.73
46.71
42.14
69.90
38.40
33.90
39.94
59.54
26.11
44.90
51.73
52.01
33.50
35.28
28.18
26.68
22.61
29.00
30.28
17.68
1582.54

ETr
(mm/d)
1.90
3.36
5.09
5.75
4.77
4.15
6.50
7.81
6.20
4.12
6.31
7.28
8.40
3.97
6.90
8.30
8.71
4.52
8.55
10.87
8.10
6.67
6.02
9.99
9.60
4.84
5.71
8.51
8.70
6.41
7.39
7.43
4.79
5.04
5.64
3.81
3.23
4.14
4.33
3.54
6.18

Table 8 - Wheat weekly water balance.
weeks
1
2
3
4
5
6
7
8
9
10
SUM

Inet
(mm)
34.80
21.00
39.50
29.70
21.30
35.00
37.80
28.50
17.40
5.00
270.00

Peff
(mm)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Dp (mm)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

∆S
(mm)
4.33
-11.25
3.79
-4.52
-12.91
9.13
5.13
-8.36
-7.31
-1.80
-23.76

ETc
(mm/w)
30.47
32.25
35.71
34.22
34.21
25.87
32.67
36.86
24.71
6.80
293.76

ETc
(mm/d)
4.35
4.61
5.10
4.89
4.89
3.70
4.67
5.27
3.53
2.27
4.33

Table 9 - Potato weekly water balance.
Weeks
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
SUM

Inet
(mm)
11.0
18.5
12.8
18.6
38.3
28.0
42.0
27.0
35.1
43.0
44.0
45.7
57.4
35.5
40.4
29.0
39.3
42.3
607.8

Peff
(mm)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

∆S
(mm)
-6.17
2.21
-3.47
-1.41
1.93
-6.63
8.69
-1.90
2.23
3.51
-2.96
-3.07
9.17
-6.27
-1.39
-11.54
-2.51
4.02
-15.56

DP
(mm)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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ETc
(mm/w)
17.17
16.29
16.24
19.96
36.37
34.63
33.31
28.90
32.86
39.49
46.96
48.77
48.23
41.73
41.79
40.54
41.81
38.28
623.3

ETc
(mm/d)
2.45
2.33
2.32
2.85
5.20
4.95
4.76
4.13
4.69
5.64
6.71
6.97
6.89
5.96
5.97
5.79
5.97
5.47
4.95

Table 10 - A summary of methods and assumptions for each term in the water balance
model.
Term

Description

Method

The change of soil
water content

Measured
continuously at five
depths during the
growing season on
30-min intervals

Peff

Effective
precipitation

Inet

Net Irrigation

Dp

Deep Percolation

ET

Measured using
tipping bucket rain
gauge
Measured on a
monthly basis using
ultrasonic device
Identified from last
sensor on a depth of
80 cm.
Calculated by water
balance equation :

Evapotranspiration

Assumption
The water content
taken at a given
depth is
representative of
vertical depth
increment
Zero
Irrigation efficiency
75%
Zero
The difference
between these
components on a
daily basis is
equivalent to alfalfa
evapotranspiration

The measured crop evapotranspiration was calculated based on weekly water
balance as it was indicated above. Next, the mathematical models used in this study are
presented below to estimate evapotranspiration for the selected crops.
5.2.2 Mathematical Models
Assessment of weather integrity and quality control needs to be calculated before
utilizing data in the calculation of ETo (Allen et al., 1998). Two weather stations were
selected to test the quality control and assurance: the Wadi Al Dawasir airport and the
NADEC. Therefore, the daily INMA data represented by all variables under study were
subjected to a number of data quality control procedures. When a value was missing, an
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average of the values of the previous day or the nearby stations was substituted for use,
allowing for a complete set of data on 365 days of the year. However, only the days of
the year were the crop was present were used for estimating ET and later compared with
the measured ET.
Data Quality Control
Quality control procedures on relative humidity are considered the most difficult
control measures to perform due to the great variation of relative humidity on the spatial
and temporal levels (Allen, 2008). The INMA data was compared with the available data
from the nearby stations and missing data substituted by the data of nearby stations. Daily
temperature values were also compared with the nearby stations of the Wadi Al-Dawasir
airport and NADEC and missing data was substituted with data from the nearby stations.
A regression analysis following the procedure explained by (Allen et al., 1998)
was used for completing the missing data for the variables temperature and relative
humidity. First, the mean X and the standard deviation S x for the X values of the data set
of the INMA were calculated using Equations 16 and 17. Similarly, the mean Y and the
standard deviation Sy for data set of NADEC and Airport.

Equation 16 - Mean

Equation 17 – Standard Deviation
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where xi were the individual observations from the INMA data set; yi were the
corresponding values taken from the airport and NADEC stations respectively; and n was
the number of observations.
A regression of y on x was then done using the following regression analysis:
Yi = a + b xi
Equation 18 – Linear equation

Equation 19 - Slope

Equation 20 - Intercept

Equation 21 – Correlation coefficient
where a and b are empirical regression constants; covxy is the covariance between xi and
yi; and r2 is the regression correlation coefficient. A high r 2,

 0.7 and a value of b

falling in the range of 0.7 b  1.3 indicates good conditions and sufficient homogeneity
(Allen et al., 1998). Table 11 summarizes the values of b and r 2 for the two weather
stations after applying the above equations. As is clearly displayed in Table 11, the
coefficient values, except for wind speed (WS), indicate the possibility of replacing the
missing data in the INMA study with available data from another station. The reference
used for missing data in this study was the NADEC weather station due to its close
proximity to the INMA and for being a similar agricultural environment as the INMA.
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Table 11 - The correlation coefficient (R2) and the slope (b) values of the INMA weather
stations to the NADEC and Wadi Al-Dawasir airport.
Station
NADEC
Wadi Al
Dawasir
airport

B
R2
B

Tmax
(°C)
1.04
0.99
1.03

Tave
(°C)
1.02
0.99
0.91

Tmin
(°C)
1.01
0.97
1.00

R2

0.98

0.97

0.99

Coefficient

RHmax RHave RHmin
%
%
%
0.99
0.98
0.96
0.87
0.96
0.95
0.93
0.97
0.95
0.85

0.95

0.95

WS
m/s
0.70
0.60
0.80
0.66

Solar radiation (Rs) data was not available at the nearby stations as they were at
the INMA. Therefore, a comparison of the study’s solar radiation data with the nearby
stations was impossible. It is important to note that a quality control procedure on solar
radiation is considered a difficult task compared with the quality control procedure
performed on temperature and humidity since there is no solar data measured in Wadi AlDawasir (Allen, 1996). However, another possible choice for quality control on solar
radiation was to compare the study’s data with the estimated clear sky solar radiation
(Rso), where Rso is the amount of solar radiation that would strike the local surface on a
clear, cloudless day given the sun angle and day length for that specific day (Allen et al.,
1998). A coefficient of value 0.8 was used to reduce the Rs to Rso in case Rs greater than
Rso (Allen et al., 1998). The values of solar radiation from this study were tested using
the clear sky solar radiation indicating the maximum value of solar radiation occurrence
on that day. If the measured solar radiation exceeds the envelope, the solar radiation
needs to be corrected. Allen el al. (1998) described three methods to calculate the clear
sky solar radiation. This method can be expressed as shown in Equation 22:

Equation 22 – Clear sky solar radiation
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where Rso is a clear sky solar radiation, Z is the height above the sea level of the station
and Ra is the extraterrestrial radiation.

35

30
Rso(MJ/m2/d)

Rs MJ/m2/d

Rs (MJ/m2/d)
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Figure 8 - : Measured solar radiation versus clear solar radiation.
As shown in Figure 8, a few days specifically on January, March, and December
needed calibration since Rs fall significantly above Rso. Calibration was performed by
multiplying Rs by a corrected factor of 0.8 as follows: Rs(cor) = 0.8 Rs as Allen et al. (1998)
indicated.
Assessing Integrity of Data
Since the ETo is defined to take data from well-water, the meteorological data has
to reflect the ETo definition. Otherwise, it will overestimate the reference
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evapotranspiration. Therefore, the temperature was adjusted to be used in calculating ETo
by applying the procedure adapted by (Allen et al., 1998) as follows:
1) Calculating dew point temperature,

Equation 23 – Dew temperature
where

;

= minimum air temperature
minimum relative humidity (%);

2) Calculate

;

= maximum air temperature

= maximum relative humidity (%);

;
=

= the saturation vapor pressure; and

, if

then,

3) Apply the corrected temperature equation for maximum and minimum:

Equation 24 – Corrected temperature
where

=2 for arid and semiarid environment.

4) Computing ETo using the corrected temperature values.
After following the procedure above, the data reflect well-water as defined
by (Allen et al., 1998). The corrected temperatures are presented in Table 12 on a
monthly basis.

50

Table 12 - Monthly maximum, minimum, average temperatures from 2010.

Months
JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

Tmaxcorr
(°C)
22.00
24.99
27.61
30.11
32.31
32.91
33.03
33.70
31.07
28.90
23.51
20.51

Tavecorr
(°C)
13.83
16.69
19.51
23.37
25.06
24.96
26.21
26.48
22.97
20.93
15.83
12.51

Tmincorr
(°C)
6.30
8.60
11.26
15.98
16.95
15.96
18.96
18.57
13.82
12.18
8.09
5.16

Estimating Crop Evapotranspiration
Once the meteorological data from the INMA was edited and quality controlled, it
was used to calculate the ETo using Ref-ET software, a program developed by the
University of Idaho (www.kimberly.uidaho.edu/ref-et/). Five different models were used
in this research for the estimation of reference crop evapotranspiration: the FAO-56
Penman–Monteith; Hargreaves–Samani; Priestley and Taylor; Makkink; and Turc
method. Each model depends on a different set of metrological of variables. Table 13
gives a model description for each of the five models used in this study.
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Table 13 - ETo models used in this study (Amatya et al., 1995).

Method

Approach

FAO56 PM

Combination

HS
(1985)

Temperature

Mk
(1957)

Equation Form

ET0 =

ET0=

Main
parameters

Location
developed
for

Coeff.

Tmax,
Tmin,
Tave,
RH,
WS, Rn

U.S
(applicable
to all
locations)

=900
=0.34

Tmax,
Tmin,
Tave, Ra

Semiarid
western U.S

=0.0023
=17.8

Tave, Rs

Cool
climate, the
Netherlands

=0.61,
=0.12

Tave, Rn

Australia,
U.S

=1.26

Tave,
RH, Rs

Cool
climate
Europe

ET0=
Radiation

PT
(1972)

Radiation

TR
(1961)

Radiation

ET0=

ET0=

=0.5

=0.0133

Reference Evapotranspiration Models Description
FAO-56 Penman–Monteith
The Penman family models are generally considered amongst the most accurate ET
models in any climate. According to (Allen et al., 1998), FAO-56 Penman–Monteith
equation for a grass reference crop is defined as follows:

ET0 =
Equation 25 – Penman Monteith
where ET0 is the reference evapotranspiration (mm/day); R n is net radiation at the canopy
surface (MJ/m2day); G is soil heat flux at the soil surface (MJ/m2day);  is the

52

psychometric constant (Kpa/Co); T is the mean daily temperature (C); u2 is mean daily
wind speed at 2 m height (m/s); e s is mean saturation vapor-pressure (Kpa); ea is mean
actual vapor-pressure (Kpa); (es – ea) is the saturation vapor pressure deficit (Kpa); and 
is the slope of the saturation vapor-pressure-temperature.
Hargreaves and Samani method:
The Hargreaves and Samani model (1985) is a modified version of the older
evapotranspiration model (Hargreaves, 1975) presented by (Hargreaves and Allen, 2003):
ET0=
Equation 26 – Hargreaves Samani
where ETo is the reference evapotranspiration (mm/day); Tave is the mean air temperature
(c0), Tmax is the maximum daily temperature (c0); Tmin is the minimum daily temperature
(c0); and Ra is the daily extraterrestrial radiation (mm/day).
Priestley and Taylor Method:
The Priestley and Taylor method (1972) is a shortened version of the original
Penman (1948) model. The intent of the model was for use in large-scale numerical
modeling where it is assumed that advection is small, allowing the aerodynamic
component of the original Penman equation to be reduced to a coefficient that modifies
the remaining equation. The form of Priestley Taylor was used in this study is described
as follows by (Jensen et al., 1990):
ET0=
Equation 27 – Priestley Taylor
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where ETo is the reference evapotranspiration (mm/day);  is empirical coefficient =
1.26,  is the psychometric constant (Kpa/C0);  is the slope of the saturation vaporpressure-temperature; Rn is net radiation (MJ/m2day); and G is soil heat flux (MJ/m2day).
Makkink:
The

Makkink

model

was

designed

in

1957

to

estimate

potential

evapotranspiration. This model was modified from the Penman model (1948) by
disregarding aerodynamic components and replacing net radiation with solar radiation:
ET0=
Equation 28 - Makkink
where Rs is solar radiation (MJ/m2day);  is the psychometric constant (Kpa/C0);  is the
slope of the saturation vapor-pressure-temperature; and λ is the latent heat of vaporization
(MJ/kg).
Turc method:
The Turc model (1961) was developed in Western Europe. It has been used to
some extent in the United States (e.g. (Amatya et al., 1995)). As defined for operational
use by Allen (2003):
ET0=
Equation 29 - Turc
where, ET0 is the reference crop evapotranspiration (mm/day); T mean is the mean monthly
air temperature (C0); Rs is solar radiation (MJ/m2day); and λ is the latent heat of
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vaporization (MJ/kg). If the average relative humidity is greater than 50 %, then
If not then it can be calculated by

Sensitivity Analysis
A sensitivity analysis was performed using Tiberius data mining software, version
7.0.3 (http://www.tiberius.biz/) with “generalized delta rule as the training algorithm
were used to develop all the ANN models” (Adamowski, 2008) to compute the relative
importance of each weather parameter on reference evapotranspiration (ET o) for the
selected models in this research. A different number of hidden neurons layers were tested
to select the best ANN architecture based on the minimum root mean square error
(RMSE) criteria. As a result, there were five hidden neurons. The weather data and ET o
models were transferred from Excel to the Tiberius software. Eight meteorological data
were included as inputs and one output (ETo models) in the test as Figure 9 shows.

Figure 9 - The ANN model structure to test the relative importance of weather data
parameters.
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Single Crop Coefficient (K c)
The single alfalfa, wheat and potato crop coefficients were used from the FAOpublished book to compute crop evapotranspiration as Table 14 illustrates.
Table 14 - Published FAO mean crop coefficient.
Crop

Kcini

Kcmid

Kcend

Alfalfa

0.4

1.2

1.15

Wheat

0.3

1.15

0.4

Potato

0.4

1.15

0.75

Kcini= crop coefficient during initial stage; Kcmid= crop coefficient during middle
stage; Kcend= crop coefficient at the end of the late season.
There are four stages developed for each cut since alfalfa is treated as a full crop
similar to wheat and potato crop starting from irrigation until the crop is harvested. All of
the crop coefficients were calculated based on

(Allen et al., 1998) procedure as

illustrated in Table 15. However, the initial crop coefficient was estimated using Figure
10 since the evapotranspiration during the initial stage is in the form of evaporation
(Allen et al. 1998).
Table 15 - Duration of growth stage for the three crops.
Crop
Alfalfa
Wheat
Potato

Ini. Stage
Day
5
15
25

Dev. Stage
Day
10
25
30

Mid. Stage
Day
10
60
30

Late Stage
Day
5
30
30

After the crop coefficient was identified and crop length for the selected crops, the crop
coefficient curve can be constructed to determine KC for any given day (Allen at al.
1998).
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Figure 10 - Kcini Versus ETo for various days between wetting events for small
infiltration depths from (Allen et al., 1998).
Estimating crop evapotranspiration:
Since all variables were calculated, the crop evapotranspiration can be calculated
using the following equation:
ETc = ETo∙ Kc
Equation 30 – crop evapotranspiration equation
where ETc = Crop evapotranspiration (mm); ET o = Reference evapotranspiration (mm);
and Kc = Crop coefficient (Dimensionless unit)
Models Calibration
In case one of the selected crop evapotranspiration models did not fit the observed
ETr, the coefficients of these models had to be calibrated with regards to the following
procedure:
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Theoretically, the end solutions can be improved by calibrating the values of the
model’s coefficients (Xu and Singh, 2002). To this end, the Microsoft Excel automatic
optimization was utilized to calibrate these coefficients. The least square error was
chosen as the optimal parameter to determine the level of dispersion in this research
(Castaneda and Rao, 2005). Let m ETr be the measured alfalfa ETr and c ETr the
computed ETr (calculated evapotranspiration from the five selected models which is a
function of model parameters). The objective function to be minimized is achieved by
setting the condition, and defining the coefficient parameters presented in Table 13 leads
to optimizing the constant.
MF =
Equation 31 – Minimized Function
After calibrating evapotranspiration models, the calibrated models were verified
and validated using two different crops.
Calibrated Models Evaluation and Validation
Evaluation and validation assess whether the calibrated crop evapotranspiration
models correctly estimate the measured crop evapotranspiration. Wheat was used to
evaluate the performance of the calibrated ETc models since this crop followed the
management of the INMA Company. On the other hand, potatoes were used to validate
the calibrated ETc models in the Leha Company since the calibrated models had to cover
the Wadi Al-Dawasir region (spatial) and in the following year 2011 (temporal). A
similar procedure to alfalfa crop evapotranspiration water balance was followed for both
crops.
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After the models were calibrated, evaluated and validated, the performance of the
models was statistically tested to indentify the best model to apply for irrigation
secluding at Wadi Al-Dawasir environment.

5.3 Models Performance Assessment
Evaluating a model performance is done using both statistical criteria
(quantitative) and graphical displays (qualitative). The combined approach is useful in
making comparative evaluations of model performance between alternative or competing
models (Loague and Green, 1991). Quantitative and qualitative approaches were used to
evaluate the performance of the different models discussed in this thesis. The qualitative
approach consisted of representing the observed and estimated data graphically and
quantitatively by the coefficient of determination (r 2) and other summary and difference
measures listed in Table 16.
The coefficient of determination is defined as the squared value of the Pearson
correlation coefficient (Table 16). The coefficient of determination is an estimate of the
combined dispersion against the single dispersion of the observed and predicted values
since it represents the squared ratio between the covariance and the multiplied standard
deviations of the observed and predicted values (Krause et al., 2005). The coefficient has
values ranging from zero to one representing how much of the observed dispersion is
explained by the prediction. The closer the value of the correlation coefficient to one, the
stronger the correlation is. A value of zero indicates no correlation between the observed
and predicated values. The correlation of determination alone is often an insufficient and
misleading evaluation criterion since the magnitude of r 2 is not consistently related to the
accuracy
59

y of prediction where accuracy is defined as the degree to which a model’s predicted
observations approach the magnitudes of the observed values (Willmaott et al., 1985). As
such, recommendations have been made to use other summary and difference measures
to confirm the accuracy of the results (Krause et al., 2005; Licciardello et al., 2007).
The Nash and Sutcliffe (1970) coefficient of efficiency (E) and its modified
version (E1) were also used to assess the efficiency of the models. E is known to be
sensitive to extreme values while E 1 works to reduce the effect and squared terms and
therefore is used to significant over- or underprediction (Krause et al., 2005; Legates and
McCabe, 1999). The Nash and Sutcliffe (1970) coefficient of efficiency (E) and its
modified version (E1) were also used to assess the efficiency of the models. E is known to
be sensitive to extreme values while E1 works to reduce the effect and squared terms and
therefore is used to significant over- or underprediction (Krause et al., 2005; Legates and
McCabe, 1999). E is defined as one minus the sum of the absolute squared difference
between predicted and observed values normalized by the variance of the observed values
(Table 16). Negative higher values of E are observed with higher dynamics and lower
values are observed with lower dynamics; thus its sensitivity. This is due to the
normalization of the variance of observations found in the equation of E.
The efficiency E has values ranging between one and - ∞, with a value of one
representing a perfect fit. When the values of E are reported as negative, it reflects the
mean of the observed time series as a better predictor than the model. According to
common practice (Van Liew and Garbrecht, 2003), simulation results are considered to
be good for values of E greater than or equal to 0.75 and satisfactory for values ranging
between 0.75 and 0.36. Values less than 0.36 are considered unsatisfactory. The RMSE
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describes the difference between the observed values and the model predictions in the
unit of the variable (Licciardello et al., 2007). The systematic RMSEs and unsystematic
(RMSEu) were also used to assess model efficiency. A model is classified as a “good”
model if the RMSEs approaches zero and the RMSE u approaches zero (Table 16).The
coefficient of residual mass (CRM) is used to indicate prevalent model over- or
underestimation of the observed values (Chanasyk et al., 2003; Loague and Green, 1991).
Negative values of CRM indicate the overestimation of the model to the measured values
while the positive values indicate underestimation of the measured values (Chanasyk et
al., 2003). Optimal values for the above indicated efficiency tests are one for r2, E, and
E1, and zero for RMSE and CRM.
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Table 16 - Statistical analysis of computed crop evapotranspiration models.
Range of
Coefficient or measure

Equation
Values

Coefficient of
0 to 1
Determination (R2)
Coefficient of Efficiency

–

to 1

–

to 1

(E)
Modified coefficient of
Efficiency (E1)
Root mean square error
0 to
(RMSE)

Systematic (RMSE s)

0 to

Unsystematic (RMSEu)

0 to

Coefficient of residual
mass (CRM)
n= Number of observations;

observed and estimated values at the time step i;

Mean of observed values; = value predicted by the regression equation at the time
step i.
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Chapter 6 - Results and Discussion
This chapter will discuss the results of the daily alfalfa crop evapotranspiration
measured by averaging weekly water balance and the evaluation of reference
evapotranspiration models on estimating actual alfalfa evapotranspiration using the single
crop coefficient before and after calibration. This chapter also includes the cumulative
actual alfalfa evapotranspiration during the 2010 season for measured and estimated crop
evapotranspiration in calibrated and uncalibrated models. Moreover, wheat and potatoes
were tested using calibrated models to evaluate and validate the applicability of the
models on estimating crop evapotranspiration using the same concept as used in the
alfalfa crop. In addition, the cumulative potato crop evapotranspiration was included for
the 2010/2011 season. Finally, this chapter provides a discussion of the five selected crop
evapotranspiration models (PM, HS, PT, MK, and TR).

6.1 Results
The results consist of three main parts: models calibration using alfalfa crop,
calibrated models evaluation using wheat crop, and validation using potatoes. The models
calibration results presents the models before and after calibration against measured
alfalfa crop evapotranspiration. On the other hand, calibrated models evaluation and
validation just consider the calibrated models compared to measured data using wheat
and potato.
6.1.1 Models calibration
The selected five models were evaluated and then calibrated based on alfalfa crop
evapotranspiration measurements in 2010. The models were Penman Monteith,
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Hargreaves Samani, Priestley Taylor, Makkink and Turc. Also, the cumulative of alfalfa
crop evapotranspiration in 2010 is presented.
Penman Monteith model
Average weekly on a daily basis before calibration and after calibration FAO-56
PM ETr were effective in predicting actual alfalfa ET based on 40 weeks of water
balance in 2010 (Figures 11 and 12). In this study, uncalibrated FAO-56 PM ETr
predicative accuracy decreased, whereas calibrated FAO-56 PM ETr increased when
ETm was greater than 7mm per day. However, 85% of the data points in calibrated and
uncalibrated FAO-56 PM ETr were inside 99.99% (red dashed line) with a narrow
confidence interval implying high precision (Figures 11 and 12). The 1:1 (bold) line in
Figures 11 and 12 indicates a perfect fit between computed and measured ETr, whether
calibrated or not. Moreover, as Equations 32 and 33 shows, the calibrated FAO-56 PM
ETr improved slightly on estimating alfalfa crop evapotranspiration. The slope decreased
by about 1.5%, while the intercept increased by 7% once the model was calibrated.
Regardless of their differences, both are close to unity.
Measured ETr (mm/day) = 1.042 FAO-56 PM ETr - 0.1851
Equation 32 – Best fit of measured to computed FAO-56 PM
Measured ETr (mm/day) = 1.027 calibrated FAO-56 PM ETr – 0.1981
Equation 33 - Best fit of measured to computed FAO-56 PM
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Measured ETr vs Computed ETr
Measured ETr (mm/day) = - 0.1851 + 1.042 FAO-56 PM ETr (mm/day)
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Figure 11- Regression analysis for the Penman-Monteith FAO-56 and the measured
alfalfa crop evapotranspiration
In Table 18, both the uncalibrated and calibrated FAO-56 PM ETr had R2 values
of 0.96, which indicates a strong positive correlation. The Nash-Sutcliffe Coefficient of
Efficiency (E) for each uncalibrated and calibrated FAO-56 PM ETr was 0.95 and 0.96,
respectively, both of which are considered good. The Modified Coefficient of Efficiency
(E1) for calibrated and uncalibrated was 0.79 which is considered good since both models
have similar behavior. The RMSE was calculated for both of ETr models to be 0.44
mm/day and 0.43 mm/day respectively. Similarly, the calculated RMSEs for calibrated
and uncalibrated FAO-56 PM ETr were 0.43 and 0.42 respectively. Because both of these
values are closer to zero than their RMSE, this provides further indication that the model
performance is sufficiently accurate. The RMSEu calculated for both of the calibrated and
uncalibrated combination models was 0.11 mm/day. Likewise, when the RMSEu is close
to the RMSE, this indicates that the models are performing well. Finally, the coefficient
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of residual mass was computed to be 0.01 for the uncalibrated model and -0.004 for the
calibrated model. Both of these values are close to zero which supports the argument that
the FAO-56 PM ETr can perform well without calibration. Based on regression and
statistical analysis, FAO-56 PM ETr can perform very well without calibration. There is a
less than a 1% increase of its coefficient from 900 to 924. However, this value was based
on crop resistance which equals to 70 m/s. Any change of this coefficient will produce a
new hypothetical assumption for which FAO-56 PM ETr was developed.

Measured ETr vs Computed ETr
Measured ETr (mm/day) = - 0.1918 + 1.027 Calibrated Computed ETr (mm/day)
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Figure 12- Regression analysis for the calibrated Penman-Monteith FAO-56 and the
measured alfalfa crop evapotranspiration
Hargreaves-Samani model
A similar procedure was applied to investigate the relationship between the
measured alfalfa crop ETr, using weekly water balance and the calculated HargreavesSamani ETr in 2010 (Figures 13 and 14). The regression coefficient shows a strong
positive correlation (R2=0.87). Nonetheless, Figure 13 clearly shows that the uncalibrated
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HS ETr model underestimates the observed ETr. The maximum uncalibrated HS ETr was
8 mm/day while measured ETr was 11 mm/day, indicating poor performance in a high
evaporative demand. Therefore, the need for calibration is recommended to improve the
estimation of ETr by adjusting the model parameter. Table 17 shows that the new
coefficient applied to calibrate the HS equation was 0.0029. The new coefficient had
increased by 26% from its original coefficient, 0.0023. On the other hand, the calibrated
HS ETr model improved on estimating alfalfa crop evapotranspiration. As Figure 14
depicts, the regression is not statistically different from 1:1 line, indicating a very good
match between the measured ETr and the calibrated HS ETr model. However, a slight
underestimation exists for ETr < 4.3 mm/day whereas a slight overestimation occurs for
ETr > 8.5 mm/day. The 99.99% CI has been tested, and the test shows that 77.5% of the
data points within the 99.99% CI. The regression models are given below:
Measured ETr (mm/day) = 1.178 HS ETr (mm/day) + 0.3725
Equation 34 - Best fit of HS ETr to measured ETr.
Measured ETr (mm/day) = 0.9456 calibrated HS ETr (mm/day) + 0.3725
Equation 35 – Best fit of Calibrated HS ETr to measured ETr.

In Table 18, statistical analysis was performed to test the performance of the HS
ETr model before and after calibration. For the coefficient of determination (R 2), the
value was 0.87 for both models, which indicates no improvement between calibrated and
uncalibrated HS ETr. However, the coefficient of efficiency (E) for each of the two
models was 0.48 and 0.87, respectively. The uncalibrated model is considered
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satisfactory (0.36≤0.48<0.75) whereas the calibrated model is considered good
(0.75≤0.87≤1).
On the other hand, the modified coefficients of efficiency (E 1) values were 0.27
and 0.67 which is considered poor for the uncalibrated model and satisfactory for the
calibrated model.

Measured vs Computed ETr
Measured ETr (mm/day) = 0.3725 + 1.178 Computed ETr (mm/day)
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Figure 13 - Regression analysis for the calculated Hargreaves Samani ETr and the
measured alfalfa crop evapotranspiration

The computed RMSE yielded by the uncalibrated HS ETr model was 1.49
mm/day; for the calibrated HS ETr model, it was 0.75 mm/day. This result indicates that
the calibrated model performed better than the original equation. The RMSEu of the
uncalibrated HS ETr model was 1.29 mm/day, whereas the same value for the calibrated
HS ETr model was 0.12 mm/day. This result indicates that the calibrated model should
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approach zero which supports the argument that the HS ETr model performed better once
it is calibrated. Both had RMSEs values of 0.74 mm/day.
The coefficient of residual mass (CRM)—a measure of the tendency of the model
to overestimate or underestimate the observed values—was 0.2 for the HS ETr model and
0.01 for the calibrated HS ETr. The original equation yielded a higher CRM than the
calibrated model which emphasizes the improvement of the calibrated HS ETr model in
the Wadi Al-Dawasir region.

Measured vs Computed ETr
Measured ETr (mm/day) = 0.3725 + 0.9456 Computed ETr (mm/day)
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Figure 14 - Regression analysis for the calibrated Hargreaves Samani ETr versus
measured alfalfa crop evapotranspiration
Priestley Taylor model
Figure 15 and Figure 16 show graphs of the regressions from the uncalibrated and
calibrated PT ETr models which demonstrated the best performance when compared to
water balance measurements. As is evident in Figure 15, the uncalibrated PT ETr
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underestimates measured ETr. Indeed, it has to be calibrated to fit the Wadi Al-Dawasir
area. As shown in Table 17, the new coefficient derived from the calibrated PT equation
was 1.99, indicating an increase of 58% when compared to the original coefficient of
1.26. Figure 6 shows that the calibrated PT ETr does not fit the measured ETr very well.
There is still a slight underestimation for ETr < 5.8 mm/day and a slight
overestimation at 7.5 mm/day. The 99.99% CI is also shown (red dashed line) in Figure
15 and Figure 16; 80% of the data points fall within this interval. A regression correlation
coefficient of 0.85 reveals a good positive correlation between the measured and
calculated values. The regression model of best fit for these figures was
Measured ETr (mm/day) = 1.402 PT ETr (mm/day) + 0.535
Equation 36 - Best fit of calibrated PT ETr to measured ETr
Measured ETr (mm/day) = 0.9218 calibrated PT ETr (mm/day) + 0.535
Equation 37 – Best fit of calibrated PT ETr to measured ETr
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Measured vs Computed ETr
Measured ETr (mm/day) = 0.5350 + 1.402 Computed ETr (mm/day)
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Figure 15 - A regression analysis for calculated Priestley Taylor ETr versus measured
alfalfa crop evapotranspiration

In Table 18, the original calibrated PT ETr model had an R2 value of 0.85 which
indicated a strong fit to the data. However, the coefficient of efficiency (E) for each of the
two models was 0.31 and 0.85 respectively. The uncalibrated model is considered to be
poor (0.31<0.36) at estimating alfalfa crop evapotranspiration while the calibrated model
is considered to be good (0.75≤0.85≤1). Moreover, the modified coefficients of
efficiency (E1) for these models were 0.24 and 0.66 respectively, which is considered
poor for the uncalibrated model and satisfactory for the calibrated model.
The RMSE for the two models was calculated as 2.37 mm/day and 0.82 mm/day
respectively. This calculation confirms that PT ETr performs poorly without calibration.
Similarly, the RMSEs for both models were 0.80 mm/day, indicating that no difference
exists between the calibrated and the original PT ETr. On the other hand, the RMSEu for
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the two equations were computed to be 2.23 mm/day and 0.17 mm/day, respectively.
Finally, the coefficient of residual mass was computed to be 0.35 for the uncalibrated
model and 0.009 for the calibrated model. This is another statistical criterion indicating
that PT ETr cannot perform well in the Wadi Al-Dawasir environment unless it is
calibrated.

Measured vs Computed ETr
Measured ETr (mm/day) = 0.5350 + 0.9218 Computed ETr (mm/day)
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Figure 16 - Regression analysis of the calibrated Priestley Taylor ETr versus measured
alfalfa crop evapotranspiration
Makkink model
The regression plot in Figure 17 and Figure 18 shows the uncalibrated and
calibrated MK ETr, compared to the measured ETr using weekly water balance. The
99.99% CI was also included (red dashed line), showing that 77.5% of the data points fall
inside it. Both models had a moderate range of 99.99% indicating moderate precision.
Figure 17 clearly indicates that the uncalibrated MK ETr underestimated measured ETr.
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The deviation expands along the high evaporative demand; therefore, it is important to
calibrate ETr to reflect the environment of Wadi Al-Dawasir. The new coefficient
obtained was 0.963, a 60.5% increase over the original coefficient, 0.6, illustrated in
Table 17. In Figure 18 can be seen that the calibrated model fit very well the observed
data. However, a slight overestimation occurred for ETr < 5.5 mm/day. The regression
model is given below in Equation 38 and Equation 39 for best fit:
Measured ETr (mm/day) = 1.574 MK ETr (mm/day) -0.1706
Equation 38 – Best fit of MK ETr to measured ETr
Measured ETr (mm/day) = 1.029 calibrated MK ETr (mm/day) – 0.1954
Equation 39 – Best fit of calibrated MK ETr to measured ETr
Measured vs Computed ETr
Measured ETr (mm/day) = - 0.1706 + 1.574 Computed ETr (mm/day)
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Figure 17 - Regression analysis for the calculated Makkink ETr and the measured alfalfa
crop evapotranspiration
As Figure 17 and Figure 18 indicate, the slope was almost close to unity once it
was calibrated with a negative intercept on both models close to zero. In Table 18,
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statistical analysis was performed to test the model performance for MK ETr before and
after calibration. The coefficient of determination (R2) value was 0.86 for both models
which indicates no improvement between the calibrated and the uncalibrated MK ETr.
However, the coefficient of efficiency (E) for each of the two models was 0.33 and 0.86
respectively. The uncalibrated model is considered to be satisfactory (0.33<0.36), while
the calibrated model is considered to be good (0.75≤0.86≤1).
On the other hand, the modified coefficients of efficiency (E 1) were 0.24 and 0.66
respectively. This is considered poor for the uncalibrated model and satisfactory for the
calibrated model.
The computed RMSE yielded by the uncalibrated MK ETr model was 2.39
mm/day while it was 0.77 mm/day for the calibrated MK ETr model. This finding
indicates that the calibrated model performs better than the original equation. The
RMSEs of the uncalibrated MK ETr model was 0.76 mm/day whereas for the calibrated
MK ETr model, it was 0.77 mm/day. The RMSEu computed for the original MK ETr was
2.27 mm/day, while the calibrated MK ETr was 0.06 mm/day. This indicates that the
calibrated MK ETr performs better than the original.
The coefficient of residual mass (CRM)—a measure of the tendency of the model
to over or underestimate the observed values—was 0.35 for the MK ETr model and 0.002 for the calibrated HS ETr. The original equation yielded a higher CRM than the
calibrated model which emphasizes the need to calibrate the MK ETr model
appropriately for the Wadi Al-Dawasir region.
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Measured vs Computed ETr
Measured ETr (mm/day) = - 0.1954 + 1.029 Computed ETr (mm/day)
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Figure 18 - Regression analysis of the calibrated Makkink ETr versus measured alfalfa
crop evapotranspiration.
Turc model
Figure 19 and Figure 20 show the regression analysis of uncalibrated and
calibrated TR ETr versus measured alfalfa crop evapotranspiration as judged by weekly
water balance. Furthermore, the 99.99% CI is also included (Figure 19 and Figure 20).
Compared to other models, the TR equation had the lowest data point that fell inside the
CI (at about 62.5%). Figure 19 clearly shows that the uncalibrated TR ETr had the
highest deviation compared to other models, implying that it caused the greatest
underestimation among the crop evapotranspiration models used. For example, the
highest calculated TR ETr was 4 mm/day, whereas the measured ETr was 11 mm/day.
Figure 19 further shows that the uncalibrated TR ETr cannot be applied to Wadi
Al-Dawasir unless it is calibrated. The TR ETr models were improved when calibrated
(Figure 20). Nonetheless, there is a high deviation for low and high evaporative seasons.
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Therefore, it underestimates ETr for ETr < 6 mm/day and overestimates ETr for ETr > 6
mm/day. As Figure 20 depicts, the calibrated TR ETr model performed worst with
regards to the regression equation’s slope and intercept. The regression model of best fit
was as follows:
Measured ETr (mm/day) = 2.049 TR ETr (mm/day) + 1.060
Equation 40 - Best of TR ETr to measured ETr
Measured ETr (mm/day) = 0.8471 calibrated TR ETr (mm/day) + 1.060
Equation 41 – Best of calibrated TR ETr to measured ETr
Measured vs Computed ETr
Measured ETr (mm/day) = 1.060 + 2.049 Computed ETr (mm/day)
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Figure 19 - Regression analysis of the calculated Turc ETr versus the measured alfalfa
crop evapotranspiration.

In Table 18, the original and calibrated TR ETr model had an R 2 value of 0.88
which indicates a strong fit in the data. However, the coefficients of efficiency (E) for
each of the two models were -2.53 and 0.85, respectively. The uncalibrated model is
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considered to be poor (-2.53<0.36) for estimating alfalfa crop evapotranspiration while
the calibrated model is considered to be good (0.75≤0.85≤1). Moreover, the modified
coefficients of efficiency (E1) were -1.12 and 0.62 respectively, which is considered poor
for the uncalibrated model and satisfactory for the calibrated model.
The RMSEs for the two models were calculated to be 3.89 mm/day and 0.81
mm/day respectively. This confirms that TR ETr is doing a poor job without calibration.
Similarly, the RMSE for the two models was 0.72 mm/day, indicating no difference
between the calibrated and the original TR ETr. On the other hand, the RMSEu for each
of the two equations was computed to be 3.82 mm/day and 0.37 mm/day respectively.
Finally, the coefficients of residual mass were 0.60 for the uncalibrated model and 0.02
for the calibrated model. This is another statistical criterion indicating that TR ETr cannot
perform well in Wadi Al-Dawasir unless calibrated.
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Measured vs Computed ETr
Measured ETr (mm/day) = 1.060 + 0.8471 Computed ETr (mm/day)
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Figure 20 - Regression analysis of the calibrated Turc ETr versus measured alfalfa crop
evapotranspiration.

Table 17 – A summary of the coefficients obtained for the four models (PM, HS, PT,
MK, and TR) after calibration.
Method

Penman-Monteith (FAO-56)

Equation form

ET0 =

Hargreaves –Samani (HS)

Priestley-Taylor (PT)
Makkink (MK)

Turc (TR)

ET0=
ET0=

ET0=
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Original

Calibrated

900

924

a= 0.0023
b= 0.5
c= 17.8

a =0.0029
b= 0.5
c= 17.8

a= 1.26

a =1.99

a= 0.6
b= 0.12

a= 0.963
b= 0.12

a= 0.0133

a= 0.0343

Cumulative Alfalfa Crop Evapotranspiration models

The actual cumulative alfalfa evapotranspiration, consisting of the sum of all
values over the 40 weeks, was computed for measured and estimated ETr for the year
2010. Figure 21 displays the five different cumulative models before calibration versus
the measured ETr. The results indicate that the FAO-56 PM-ET was the best model for
estimating Alfalfa crop evapotranspiration, with similar values measured on a weekly
basis, where ETr measured at 1583 mm and FAO-56 PM-ET at 1568 mm. The
Hargreaves-Samani model ranked second, with a cumulative crop evapotranspiration of
1266 mm and a 20% underestimation of measured ETr. On the other hand, PT ETr and
MK ETr displayed close results to one another when estimating ETr with a recorded
underestimation of 35%. Finally, the TR ETr model proved to be the worst model when
used for annual estimation of ETr with a significant underestimation of 60%. Production
of such significant underestimation values presents the persistent need for calibrating the
radiation and temperature based models to represent the local conditions of Wadi Al
Dawasir.
As Figure 22 clearly indicates, all models improved greatly in performance after
calibration for the cumulative actual evapotranspiration, implying a significantly
improved estimation of the cumulative actual evapotranspiration after calibration.
However, some models, such as Turc, still could not perform well, especially when
requiring seasonal calibration to produce better performance.
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Figure 21 - Cumulative measured and calculated alfalfa crop evapotranspiration in 2010.
Cumulative measured and calibrated computed ETr
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Figure 22 - Cumulative measured and calculated alfalfa crop evapotranspiration in 2010
after calibration for 10 cuts period.
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Table 18 – Statistical analysis applied for each tested model before and after calibration on calculating alfalfa crop evapotranspiration
N= 40
ETm

Before Calibration
R2

E

E1

After Calibration

RMSE

RMSEs

RMSEu

mm/day

mm/day

mm/day

CRM

Ranked

R2

E

E1

RMSE

RMSEs

RMSEu

mm/day

mm/day

mm/day

CRM

Ranked

PM

0.96

0.95

0.79

0.44

0.43

0.11

0.01

1

0.96

0.96

0.79

0.43

0.44

0.11

-0.004

1

HS

0.87

0.48

0.27

1.49

0.74

1.29

0.20

2

0.87

0.87

0.67

0.75

0.74

0.12

0.01

2

PT

0.85

-0.31

-0.24

2.37

0.80

2.23

0.35

3

0.85

0.85

0.66

0.82

0.80

0.17

0.01

4

MK

0.86

-0.33

-0.24

2.39

0.76

2.27

0.35

4

0.86

0.86

0.66

0.77

0.77

0.06

0.00

3

TR

0.88

-2.53

-1.12

3.89

0.72

3.82

0.60

5

0.88

0.85

0.62

0.81

0.72

0.37

0.02

5

6.1.2 Calibrated Models Evaluation
The selected models have been calibrated and Figure 23 shows the good fit between observed and calculated (Penman
Monteith, calibrated Hargreaves Samani, calibrated Priestley Taylor, calibrated Makkink, and calibrated Turc) wheat ETc. Table 19
shows the statistical analysis used to test the performance of models compared to measured data. The results are reviewed below for
the selected models.
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Penman Monteith model
The FAO-56 PM ETc offers the best performance, with an R2 value of 0.95 (Table
19), which indicates a strong positive correlation. Moreover, the coefficient of efficiency
value (E) was 0.91 and the modified coefficient of efficiency value (E1) was 0.61,
indicating good and satisfactory performances, respectively. However, there was an
imperceptible loss in accuracy because of a small increases in positive bias and a large
overestimation for higher ETc values (Figure 23-a).
The slope of the FAO-56 PM models was 1.04 which tends to overestimate the
measured wheat ETc by 4.6%. Moreover, the statistical analysis in Table 19 confirms the
superiority of FAO-56 PM in estimating wheat crop evapotranspiration with a RMSE of
0.29 mm/day, while the RMSEs and RMSEu were 0.45 mm/day and 0.20 mm/day
respectively. The CRM was -0.05, confirming a slight overestimation as shown in Figure
23-a.
Calibrated Hargreaves Samani model
The calibrated HS ETc model (Figure 23-b) shows a tendency to underestimate
when the evaporative demand increases beyond the measured wheat ETc. The slope of
the HS ETc model was 0.97 which tends to underestimate the measured wheat ETc by
3%. In Table 19, statistical analysis was performed to test the model performance of the
calibrated HS ETc. The coefficient of determination (R2) value was 0.67, which indicates
a median positive correlation between the measured and estimated ETc. However, the
coefficient of efficiency (E) and the modified coefficient of efficiency (E1) were 0.71 and
0.51 respectively, indicating a satisfied model based on the statistical criteria. The
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computed RMSE yielded by the calibrated HS ETc model was 0.49 mm/day while the
RMSEs of the calibrated HS ETc was 0.57 mm/day. The RMSEu was computed to be
0.36 mm/day. This is another indicator that the calibrated HS ETc performs well. The
Coefficient of Residual Mass (CRM)—a measure of the tendency of the model to
overestimate or underestimate the observed values—was 0.02 for the HS ETc model
which shows its suitability for use in the Wadi Al-Dawasir region. Based on regression
and statistical analyses, the calibrated HS was ranked third on the applicability of
estimating wheat ETc (Table 19).
Calibrated Priestley Taylor model
As shown in Figure23-c, the calibrated PT ETc is in good agreement with the
measured ETc; points from this model fall on the 1:1 line perfectly with only about a 1%
level of underestimation. In Table 19, the calibrated PT ETc model has an R2 value of
0.83, indicating a strong positive correlation. On the other hand, the NSE (E) and the
MCE (E1) were 0.82 and 0.60 respectively, which are considered good and satisfactory.
The RMSE and RMSEs of the calibrated PT ETc were 0.38 mm/day while the RMSEu
was 0.06 mm/day. This indicates that the PT ETc model works well after being
calibrated. In addition, the CRM was 0.01, indicating a slight underestimation. The
calibrated PT ETc had the second best performance in estimating wheat crop
evapotranspiration after the FAO-56 PM model.
Calibrated Makkink model
In a similar manner to the FAO-56 PM ETc, the calibrated MK ETc shows a tiny
overestimation compared to measured ETc (Figure 23-d). The slope of the calibrated MK
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ETc model was 1.03 which tends to overestimate measured wheat ETc by 3%. The
coefficient of determination (R2) value was 0.75 which indicates a median positive
correlation between measured and estimated ETc. On the other hand, the coefficient of
efficiency (E) and the modified coefficient of efficiency (E 1) were 0.67 and 0.38,
respectively, indicating a satisfactory model based on statistical criteria. The computed
RMSE yielded by the calibrated MK ETc model was 0.52 mm/day while the RMSEs of
the calibrated MK ETc was 0.56 mm/day. The RMSEu was computed to be 0.14
mm/day, another indicator that the calibrated MK ETc performed well. The coefficient of
residual mass (CRM)—a measure of the tendency of the model to over or underestimate
the observed values—was -0.03 for the MK ETc model. This emphasizes its good
performance and fit for the Wadi Al-Dawasir region.
Based on regression and statistical analysis, the calibrated MK was ranked fourth
on the applicability of estimating wheat ETc (Table 19).
Calibrated Turc model
Unlike the other calibrated ETc models, the calibrated TR ETc had the worst
performance (Table 19). Figure 23-e shows that the TR ETc model underestimated
measured ETc by 17%. The underestimation increased rapidly as the measured ETc
increased. Table 19 confirms the poor performance of TR ETc with an NSE (E) and an
MCE (E1) equal to 0.25 and 0.03 respectively. The RMSE was 0.79 mm/day, indicating
low relative errors. On the other hand, the RMSEs and RMSEu were 1.20 mm/day and
0.45 mm/day, the highest values compared to the other models. The CRM was 0.15,
indicating an underestimation of measured ETc (Table 20).
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Table 19 – Statistical analysis on computing wheat crop evapotranspiration using
different models.
N=10

R2

E

E1

RMSE

RMSEs

RMSEu

mm/day

mm/day

mm/day

CRM

Ranked

ETm

-

-

-

-

-

-

-

-

PM

0.95

0.90

0.65

0.29

0.45

0.20

-0.05

1

HS

0.67

0.71

0.41

0.49

0.57

0.36

0.02

3

PT

0.83

0.82

0.60

0.38

0.38

0.06

0.01

2

MK

0.75

0.67

0.38

0.52

0.56

0.14

-0.03

4

TR

0.68

0.25

0.03

0.79

1.20

0.45

0.15

5

6.1.3 Models Validation
The calibrated models were validated using weekly water balance of potatoes in
order to identify the performance of calibrated models on estimating potato crop
evapotranspiration in a neighbor project. The results are presented below as follows
(Penman Monteith, calibrated Hargreaves Samani, calibrated Priestley Taylor, calibrated
Makkink, and calibrated Turc).
Penman Monteith model
Figure 24-a illustrates the measured and calculated FAO-56 PM potato ETc
during the 2010 and 2011 seasons. The average weekly ETc for potatoes increased from
an initial value of 2.09 mm/day to 6.96 mm/day at 13 weeks after planting (WAP), and it
dropped to 5.47 mm/day at the end of the late season stage at 18 WAP. On the other
hand, the corresponding values for measured ETc were 2.43, 6.96 and 5.47 mm/day.
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As Figure 24-a shows the polynomial relation implies the increase of potato
evapotranspiration along with crop development until it starts to decrease late in the
season. A slight underestimation occurs at the beginning and end of the season. In Table
20, the coefficient of determination (R2) had a value of 0.97, thus indicating a very strong
positive correlation between the observed and the computed outcomes. The best
performance can also be confirmed with (E) and (E1) which were 0.95 and 0.78,
indicating a very good performance. Moreover, the RMSE was 0.33 mm/day which is the
lowest value compared to other models. The CRM was 0.02, indicating a slight
underestimation compared to measured data.
Calibrated Hargreaves- Samani model
The calibrated HS ETc model correlated reasonably well with measured ETc
values throughout the season (Figure 24-b). However, some weeks in the season did
over- or underestimate measured ETc values. For instance, week 5 and week 17
underestimated measured ETc while week 8 overestimated measured ETc. The highest
ETc computed was 7.25 mm/day while measured ETc was 6.96 mm/day. As Figure 24-b
portrays, the polynomial relation between the measured (dashed line) and the computed
calibrated HS ETc model (solid line) shows that the calibrated model underestimated
measured potato ETc early and late in the potato season. A regression analysis showed a
good linear relationship (R2=0.77) between measured and estimated outcomes (Table 20).
The NSE (E) and the MCE (E1) were 0.82 and 0.62 respectively, indicating a good and a
satisfactory model. On the other hand, the RMSE was 0.63 mm/day, indicating that the
calibrated HS ETc models are doing a good job. However, a slight underestimation was
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calculated by CRM equal to 0.04; regarding this underestimation, the calibrated HS ETc
ranked second (Table 20).
Calibrated Priestly Taylor model
The behavior of calibrated the PT ETc is quite similar to the calibrated HS ETc
when estimating measured potato ETc on a weekly basis (Figure 24-c). As Figure 12
depicts, the calibrated PT ETc underestimated the measured ETc at the beginning and end
of the season. In Table 20, the coefficient of correlation (R2) was 0.83, indicating a good
fit between the observed and estimated outcomes. However, another statistical analysis
was performed to confirm the applicability of using PT ETc. The coefficient of efficiency
(E) and the modified coefficient of efficiency (E1) were 0.80 and 0.55, thus indicating a
behavior similar to that of the calibrated HS ETc model. It produced a RMSE value of
0.66 mm/day, next to the calibrated HS ETc method. The RMSEs and RMSEu were 0.67
and 0.27 m/day, respectively. The CRM was 0.04, which shows a slight underestimation
compared to the measured ETc equivalent of 4%. Therefore, this model ranked third
among other models (Table 20).
Calibrated Makkink model
In Figure 24-d, the calibrated MK ETc model does not fit well with the measured
potato ETc. As Figure 24-d makes clear, the calibrated MK ETc overestimated
measurements of ETc from weeks 3 to 13, and then underestimated measurements until
the end of the season. This appears to be from the polynomial correlation between
measured (dashed line) and estimated (solid line) outcomes. In addition, the coefficient of
determination (R2), which is equal to 0.64, confirms the poor performance of this model
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(Table 20). Surprisingly, the NSE (E) and MCE (E1) were 0.76 and 0.55, indicating good
and satisfactory model performance. The RMSE was 0.73 mm/day while the RMSEs and
RMSEu were 0.76 and 0.33 mm/day, respectively. Finally, the CRM was -0.02 indicating
a slight overestimation compared to measured ETc. This model ranked fourth among the
models (Table 20).
Calibrated Turc model
The calibrated TR ETc model was the worst among the models, as is illustrated in
Figure 24-e.
The model estimates were very close to the measured ETc; this was emphasized
by its strong positive correlation (R2) equal to 0.86 (Table 20). However, it
underestimated ETc throughout the whole season with the exception of weeks 8 and 18.
The NSE (E) and the MCE (E1) were 0.73 and 0.47, indicating satisfactory performance.
The RMSE was 0.77 mm/day, which was close to the calibrated MK ETc; however, the
RMSEu was high, equal to 1.23 mm/day. Finally, the CRM indicated a moderate
underestimation of measured ETc. According to regression and statistical analyses, the
calibrated TR ETc model ranked as the least accurate model for estimating measured
ETc.
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Figure 24 - Comparison of measured and computed ETc models a) Penman Monteith b)
Calibrated Hargreaves Samani c) Calibrated Priestley Taylor d) Calibrated Makkink e)
Calibrated Turc using single crop coefficient during 2011 at Leha Company.

90

Table 20 – Statistical analysis on computing potato crop evapotranspiration using
different models.
N=18

R2

E

E1

RMSE

RMSEs

RMSEu

mm/day

mm/day

mm/day

CRM

Ranked

ETm

-

-

-

-

-

-

-

-

PM

0.97

0.95

0.78

0.33

0.35

0.15

0.02

1

HS

0.77

0.82

0.62

0.63

0.68

0.25

0.04

2

PT

0.83

0.80

0.55

0.66

0.67

0.27

0.04

3

MK

0.64

0.76

0.55

0.73

0.76

0.33

-0.02

4

TR

0.86

0.73

0.47

0.77

1.23

0.53

0.13

5

Cumulative potato crop evapotranspiration
The seasonal cumulative potato ETc was 623 mm and is displayed in Figure 25.
FAO-56 PM, calibrated HS, and calibrated PT were close to measured potato ETc with a
slight underestimation of 2%, 4%, and 4%, respectively. On the other hand, the calibrated
MK model had a slight overestimation of about 4%. The calibrated MK model started to
deviate in week five, which continued until the end of the season. Finally, the calibrated
TR model had the worst performance compared to other models, with 13%
underestimation.
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Figure 25 - Cumulative measured and calculated potato crop evapotranspiration.

6.2 Discussion
The results were presented previously as calibration, evaluation and validation for
the selected models while the discussion analyzes and investigates the performance of the
selected models (Penman Monteith, calibrated Hargreaves Samani, calibrated Priestley
Taylor, calibrated Makkink, and calibrated Turc) individually in all crops. The relative
errors of all models (calculated ETr divided by measured ETr) were investigated as well
as the sensitivity analysis of the crop evapotranspiration models.
6.2.1 Penman Monteith model
As the statistical analyses above indicate, the FAO-56 PM is superior in
estimating crop evapotranspiration in different regions, including arid regions, without
calibration (Al-Omran et al., 2004; Benli et al., 2006; DehghaniSanij et al., 2004; Jensen
et al., 1990). Therefore, many studies have used FAO-56 PM as the standard equation to
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calibrate other empirical equations (Allen et al., 1998; ElNesr et al., 2011; Jensen et al.,
1990; Tabari, 2010). This implies that EnviroSCAN can be used as a tool to measure crop
evapotranspiration. However, there are some limitations of using EnviroSCAN such as
high initial cost and difficult installation.
In general, the performance of FAO-56 PM is considered as the best of the
models. Nevertheless, deeper analysis is necessary to investigate the applicability of this
method for use on a weekly basis. Therefore, the relative error which was calculated by
dividing computed ETr over measured ETr for alfalfa crop evapotranspiration was
plotted in Figure 26 on a weekly basis and then compared to measured data. As shown,
the FAO-56 PM ETr has the maximum positive relative error (RE) of 12%, indicating
overestimation with a minimum negative RE of 14%, indicating underestimation. On a
weekly basis, the estimated ETr was overestimated during low evaporative but
underestimated during high evaporative. The results also show that underestimation
occurred during high wind speeds.
Once again, the performance of FAO-56 PM on wheat ETc shows that it is highly
applicable (Figure 27). However, it seems that this model is biased; when referring to the
alfalfa crop evapotranspiration during the winter, the model is overestimating. The
maximum RE was 14% with an acceptable range while the minimum RE was 2%. On the
other hand, the potato maximum RE was 13% while the minimum RE was 17% (Figure
28).
Sensitivity analysis was performed to examine the parameters that had the most
influence on FAO-56 PM (Table 21). Table 21 shows that wind speed and maximum
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temperature were the most significant parameters affecting the FAO-56 PM equation. As
a consequence, it is superior in estimating crop evapotranspiration in hyper arid
environments. Next, solar radiation had almost 0.246 on Statistical significance in FAO56

PM

model.

Other

parameters

had

an

insignificant

influence

on crop

evapotranspiration. As a result, any absence of primary parameters will affect the
estimation of crop evapotranspiration. Using FAO-56 PM to determine irrigation
scheduling is the best choice to conserve water consumption, which is the case at the
INMA Company. However, the application of the FAO-56 PM method is limited in many
regions such as Wadi Al-Dawasir due to the lack of required meteorological data;
furthermore it requires trained operators to apply the method. Under such circumstances,
simple equations based on either temperature or radiation are often alternatives once
locally calibrated.
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Figure 26 - The relative error on calculating Alfalfa crop evapotranspiration using
different models.
6.2.2 Calibrated Hargreaves Samani model
As the statistical analyses above indicate, it can be expected that the HS equation
will underestimate crop evapotranspiration in arid regions (Amatya et al., 1995; Jensen et
al., 1990; Saeed, 1988; Xu and Singh, 2002). Indeed, several authors have been trying to
improve the performance of Hargreaves Samani by adding rainfall, wind speed, and
vapor pressure (Allen et al., 1998; Droogers and Allen, 2002). However, the lack of
necessary data in most weather stations, especially in developing countries, prevented
them from progressing their function. Therefore, the adjustment of the model parameters
is an alternative way to improve its estimation in local conditions; this is the case in this
study and other studies such as (Bautista et al., 2009; Ghamarnia et al., 2011; Razzaghi
and Sepaskhah, 2011; Tabari, 2010). The performance of the model improves once it is
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calibrated, as Table 17 indicates that the new coefficient was 0.0029 for the whole year.
However, this coefficient may vary if the model was calibrated on a monthly basis.
HS coefficients vary from 0.0017 to 0.0042. Investigations in different studies
show that it is clearly not the region that plays the role of the HS coefficient value. The
most two important factors are the wind speed and the difference between the T max and
Tmin values (Razzaghi and Sepaskhah, 2011; Tabari and Talaee, 2011). This requires
calibrating the HS model in a different environment to be used for irrigation scheduling,
for which there is another study in North Saudi Arabia by Mohammed in progress to
calibrate the HS model. Also, as discussed above, FAO-56 PM is superior when
estimating crop evapotranspiration. Therefore, it is necessary to calibrate the HS model
on a monthly basis according to the available weather data based on FAO-56 PM.
Furthermore, there could be a difference if the actual evapotranspiration is less than the
potential evapotranspiration.
The HS model ranked second in all tested crops, indicating that the model is
performing well on a weekly basis which is the recommended time period (Amatya et al.,
1995). In addition, the HS ranked directly after the FAO-56 PM when it was tested in
semi-arid and arid environments (Benli et al., 2010; Nandagiri and Kovoor, 2006). For
example, the performance of the calibrated HS model was good over the whole year (see
Figure 26). Nonetheless, when using calibrated HS, the maximum overestimation of 29%
occurred in week 34 (Gavilán et al., 2006) when there was a high ∆T and a low wind
speed; however, the minimum underestimation of 28% occurred during weeks 6 and 7
(Gavilán et al., 2006) when there was a low ∆T and a high wind speed. Wind mixes up
the top and bottom layers of the atmosphere; as a result, it reduces the difference between
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the Tmax and Tmin values by decreasing the Tmax value during the day and increasing Tmin
value at night (Temesgen et al., 1999).
To some extent, this difference would explain the tendency to underestimate
during windy weeks. In addition, this underestimation is obvious on high evaporative
demand and thus indicating moderate performance. On the other hand, the overestimation
started in August and lasted until December. In general, the calibrated HS is a good
performance model, especially just requiring maximum and minimum temperatures
(Allen et al., 1998).
The calibrated HS model was evaluated and validated using wheat and potato
crops to test its estimates for crop evapotranspiration. As Figure 27 shows, the calibrated
HS model performed well throughout the wheat season with high relative error equal to
16% and low relative error equal to 17%, considering the expected above-mentioned
reason for alfalfa crop evapotranspiration. On the other hand, the performance of the
calibrated HS ETc model was slightly decreased on potato ETc, with a maximum RE of
20% and a minimum of 30% (Figure 28). The sensitivity analysis performed using ANN
models to test the relative importance of each parameter on the calibrated HS model is
presented in Table 21. The results confirm that temperature is the most influential
parameter on the calibrated HS model, while solar radiation had a smaller effect. Other
parameters had zero relative importance. This shows that a consideration of the
temperature improved the estimation of crop evapotranspiration and thus providing an
advantage over other radiation models.
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Figure 27 - The relative error on calculating wheat crop evapotranspiration using
different models.
6.2.3 Calibrated Priestley Taylor model
The statistical analyses above show that Priestly-Taylor could not estimate crop
evapotranspiration in arid regions unless it was calibrated, which confirms other studies
by (Jensen et al., 1990; Mohammad, 1997) indicated that a value of 1.7–1.75 would be
more appropriate to semiarid and arid sites for constant α, rather than 1.26 as
recommended by Priestly-Taylor (1972), due to the advection of sensible heat energy.
However, the site of this study has a hyper-arid climate with a moderate to high
wind speed during the course of the study. Therefore, a constant of 1.99 was used (Table
17). The performance of the PT model improved once it was calibrated. Indeed, as
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indicated in Figure 26, the PT needs to be calibrated on a seasonal basis to present better
performance. However, the yearly calibration did provide acceptable performance.
The performance of the calibrated PT varied between selected crops and ranked
from second in wheat to fourth in alfalfa. The PT ranked right after HS in an arid
environment (Nandagiri and Kovoor, 2006). For instance, in Figure 26 it can be seen that
the performance of the calibrated PT ETr was good from the end of June until early
December in 2010. However, the minimum relative error reached 31% in week seven due
to wind speeds that reached 4m/s. On the other hand, the maximum relative error was
26% in weeks 12 and 14 due to low solar radiation caused by cloudiness.
The calibrated PT model was evaluated and validated using wheat and potatoes.
Figure 27 illustrates the ratio of calibrated PT to measured wheat crop evapotranspiration.
The minimum relative error in wheat was 21% while the maximum was 15%. The first
six weeks and the last week matched or overestimated the measured amount while the
remaining data underestimated the measured wheat crop evapotranspiration. The
underestimation was caused by high wind speed which occurred in these weeks,
indicating a positive bias. On the other hand, the maximum relative error was 26% in
weeks 12 and 14, whereas the minimum was 31% in week seven for potatoes (Figure 28).
During the first five weeks, the calibrated PT underestimated measured ETc, showing
negative bias, but weeks seven, eight and nine had positive bias, and the rest show normal
distribution.
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Figure 28 - The relative error on calculating potato crop evapotranspiration using a
different model.
Table 21 shows a similar procedure for testing the relative importance of weather
data parameters to the calibrated PT model. It appears that solar radiation was the most
important parameter with an equivalency of 100%. The next most important factor is the
average temperature parameter. Other parameters showed no significant importance. The
sensitivity analysis indicates that the PT model did not account for two important
variables affecting crop evapotranspiration: wind speed and Tmax as it is in FAO-56 PM
and HS. Therefore, expectations were positively and negatively biased.
6.2.4 Calibrated Makkink model
As the statistical and regressional analyses above indicate, the Makkink model
cannot be used to estimate crop evapotranspiration with its original coefficient. This
model underestimated the alfalfa crop evapotranspiration by about 35% (Table 17). Once
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the model was calibrated, it gave a better performance than its original equation.
However, the MK model ranked third among the other five models in the alfalfa crop.
Further analysis is required to evaluate its performance on a weekly basis compared to
the measured data. Figure 26 shows the relative error associated when using the Makkink
model on a weekly basis. The maximum relative error was 34% in week 40, while the
minimum was 28% in week seven. The MK model overestimated crop evapotranspiration
during the winter period, indicating a bias. As a result, this model must be calibrated on a
seasonal basis to achieve the best output.
Wheat crop evapotranspiration follows the same pattern found in the alfalfa crop;
the model overestimated ETc during the winter season. The maximum relative error
found was 20% while the minimum RE was 17%. On the other hand, the maximum RE
for potatoes was 32%, while the minimum was 15%.
A sensitivity analysis was performed to verify the relative importance of each
weather data parameter on the MK model. Similar to other models (Table 21), the MK
model had a significant relative importance of solar radiation, emphasizing the
classification of this model as a radiation-based model. The average temperature was the
second most important parameter on the MK model. The difference between the PT
model and the MK model is that the MK model considers solar radiation while the PT
model considers net radiation. The MK model has an advantage over the PT model
because net radiation is difficult to measure. However, regression and statistical analyses
proved that the procedure followed to calculate net radiation in (Allen et al., 1998) is
adequate.
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6.2.5 Calibrated Turc Model
The previous discussions show that the empirical models used in this study are
reliable when applied in areas for which they were developed. Nonetheless, large errors
can be expected once they are extrapolated to climatic areas without calibrating the
constant involved in the formula. As the analyses show, the Turc model had the worst
performance on estimating crop evapotranspiration before calibration among the selected
models,. This indicates that the model must be calibrated first before each measurement.
(Mohammad, 1997) reported that the Turc model underestimated crop evapotranspiration
during that study’s entire period. Accordingly, the TR model was calibrated to fit the
conditions of the Wadi Al-Dawasir region. However, seasonal bias remains a major
problem.
As described in the above results, the calibrated TR model provided the worst
performance even when calibrated, indicating that the model must be calibrated on a
seasonal basis to provide a better performance. As Figure 16 indicates, the calibrated TR
model is biased. From November until May, the calibrated TR model underestimated the
measured alfalfa evapotranspiration while it overestimated ETr for the rest of the year. In
addition, the calibrated TR model produced a similarly bad performance for wheat and
potatoes, particularly during fall and winter (Figure 27 and Figure 28). For instance, the
minimum relative errors for wheat and potatoes were 27% and 25%, respectively. Indeed,
use of this model leads to a shortage of water which will affect production. Clearly, this
model is not recommended for use in the Wadi Al-Dawasir region.
Table 21 depicts the sensitivity analysis conducted using the ANN model to
quantify the relative importance of each parameter affecting crop evapotranspiration
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using the TR model. Similar to a radiation-based model, solar radiation was the most
influential parameter. On the other hand, RHave was the second most influential parameter
which varies from the PT and MK models since TR considers a relative humidity
coefficient as described in equation 29. The least influential parameter was Tave; other
parameters were not considered.
Table 21 – The relative importance of meteorological data in each tested model.
Variables
Tmax
Tave
Tmin
RH max
RH ave
RH min
Rs
WS

PM
0.84
0.02
0.03
0.03
0.01
0.06
0.24
1.00

HS
1.00
0.81
0.27
0.00
0.00
0.00
0.17
0.00

PT
0.00
0.257
0.00
0.00
0.00
0.00
1.00
0.00
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MK
0.00
0.25
0.00
0.00
0.00
0.00
1.00
0.00

TR
0.00
0.54
0.00
0.00
0.88
0.00
1.00
0.00

Chapter 7 - Summary and Conclusions
The primary objective of this project was to evaluate and calibrate
evapotranspiration models under hyper arid environments. This was accomplished by
using the weekly water balance with an emphasis on EnviroSCAN soil water content
probes. The results from the alfalfa water balance were used to assess the accuracy of
estimating crop evapotranspiration using five existing evapotranspiration models:
Penman–Monteith, Hargreaves–Samani, Priestley–Taylor, Makkink and Turc with mean
crop coefficient in the Wadi Al-Dawasir environment. Based on the alfalfa crop
evapotranspiration, these models were calibrated by minimizing the RMSE. The
computed calibrated models were evaluated against the measured wheat crop
evapotranspiration. In addition, the calibrated models were also validated against a
neighboring project (Leha) for potato crop evapotranspiration to test their applicability on
estimating ETc.
Based on the results and statistical analysis, FAO-56 PM was the most accurate
method for estimating crop evapotranspiration with a slight underestimation of 2 % since
FAO-56 PM considers the most influential weather parameters which are wind speed and
temperature in hyper arid environments. On the other hand, both radiation and
temperature-based models were not applicable in the Wadi Al-Dawasir region since they
were developed in different regions and showed significant error. However, some models
proved to be performing better than others. For example, the Hargreaves–Samani model,
the only temperature-based equation, performed second best since it considers the second
influential parameter which is maximum temperature in evapotranspiration for hyper arid
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environment – based on its statistical analysis – with a moderate underestimation of 20
%. The Priestley-Taylor and Makkink had similar performances with a 35%
underestimation of measured ETr. Finally, the Turc model had the worst performance
compared with other models, with a 60% underestimation of the measured ETr since it
considers relative humidity which is insignificant parameter in hyper arid environments.
In fact, using radiation and temperature based models will put the crop under water stress
and a production loss would be expected. Therefore, it is important to calibrate these
models to fit the Wadi Al-Dawasir environment.
The performance of the empirical models improved, once they were calibrated to
the measured alfalfa crop evapotranspiration. The surprisingly good performance of the
simple Hargreaves–Samani equation, which only requires maximum and minimum
temperature with the new coefficient 0.0029, fit Wadi Al-Dawasir provides an
opportunity for improving irrigation scheduling with average high and low relative error
equal to 8% and 11%, respectively. Other radiation based models varied on their
performance. MK and PT are ranked third and fourth with a slight difference between
them. The new coefficients obtained for MK and PT were 1.99 and 0.963, respectively.
Finally, the results of Turc model were the worse with an increase of its coefficient from
0.00131 to 0.00343 to fit hyper arid environment; furthermore, it requires seasonal
calibration to improve its performance.
Once the selected crop evapotranspiration models are calibrated, they have to be
evaluated and validated. The evaluation was implemented using wheat crop. The results
revealed that the performance of calibrated Priestley Taylor ranked second on estimating
wheat evapotranspiration with high and low RE equal to 6% and 9%, respectively. Next
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was the calibrated HS model with high and low RE as 9% and 11% respectively. Both
calibrated MK and TR performed worst compared with the measured wheat ET c.
Similarly, the performance of the calibrated HS and PT were the best among other
models for estimating the potato crop evapotranspiration.
FAO-56 PM for selected crops would be the best choice for irrigation scheduling
since it considers the most influential factors on crop evapotranspiration such as wind
speed, temperature and solar radiation. However, some slight overestimation was
recorded during the tested period. Indeed, FAO-56 PM validates using EnviroSCAN as a
tool to calculate ETc. The drawback of this method is that it requires meteorological data
which is not available, particularly in developing countries such as Saudi Arabia.
Furthermore, a method specialist is required to calculate ETc using a non-reference
weather station. Unfortunately, most of the irrigated regions in Wadi Al-Dawasir have
limited access to any weather data. Therefore, the need for a simple model (such as
radiation and temperature based methods) is essential for irrigation scheduling.
The conclusions found in this work would be considerable use to farmers and
governments environmental agencies. As they would lead to lower cost of food, greater
water security over the long term and reduced environmental degradation. It is possible
that the work may even substantially improve the quality of life in Saudi Arabia by
reducing severity of droughts whilst increasing the reliability of food supply. Moreover,
calibrated models can be used along with climate forecasts to better estimate the
irrigation demand forecasts on a weekly basis for short-term forecasts. Also, it can be
used along with long-term climate forecasts – climate variability and change – to predict
the irrigation water demands.
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Recommendations:
1) It is clear that alfalfa had the highest crop evapotranspiration with 1582 mm
during the year. Therefore, not planting this crop could be a big factor in
conserving water in Saudi Arabia.
2) The most accurate of the easily applied models for estimating crop
evapotranspiration was the calibrated HS and PT.
Future research:
1) The importance of developing crop coefficients for alfalfa, wheat and potatoes
using a weighing lysimeter to reflect Wadi Al-Dawasir environment on a daily
basis.
2) Regarding the literature review, the only crop evapotranspiration measurement
used in Saudi Arabia was a non-weighing lysimeter. Therefore, the need for
conducting other measurements such as a weighing lysimeter is crucial to have an
accurate ET measurement on a daily basis.
3) Evaluate the calibrated ET models and their impacts on crop yield
4) Since the FAO-56 PM model proved to be superior on estimating reference crop
evapotranspiration, it is recommended to calibrate the selected models for long
period to obtain the average of calibrated coefficients.
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