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ABSTRACT
APPLICATION OF THE SOIL WATER ASSESSMENT
TOOL HYDROLOGICAL MODEL IN A SMALL, SEMIARID WATERSHED IN JORDAN
By
Lubna Walid Abed Bany Hani
Jordan is classified as an arid to semi-arid country that suffers from both water shortage
and an increasing demand for water due to the increase in population growth rate. About
91% of the country is arid land where annual rainfall is less than 200mm. The watershed is
an integral part of the water resource which is utilized for various purposes by society.
Modeling has become one of the most important tools for watershed management in the
last two decades. In this study a hydrological modeling was accomplished for the
Yarmouk River watershed, which, in the future, may help the decision makers and the
planners to management this watershed in proper way. Soil Water Assessment Tool
(SWAT) model was used to simulate monthly runoff data from the Yarmouk River Basin
watershed. SWAT is a newly developed hydrological model which can be used for a large
gauged or ungauged rural watershed with hundreds of sub watersheds.
Input data over the years 2005 through 2013 was used to calibrate the model and input data
over the years 2014 through 2015 was used to validate the model. Sensitivity analysis
study has been carried out for SWAT model parameters in order to reflect the model
behavior and improve a sensitivity indicator technique for model parameters, SUFI-2
program in SWAT-CUP has been used to calibrate and validate the model. Time series
plots as well as statistical measures such as coefficient of correlation (R2), and the NashSutcliffe coefficient of efficiency (NS) between observed and simulated monthly runoff
values were used to verify the simulation abilities of the models. SWAT model predicted
mean monthly runoff values satisfactorily in calibration and validation periods as indicated
by R2 = 95, NS= 96 and R2=91, NS=63 … respectively; which means that the model
simulate the processes within a realistic sense, details are shown in this study.
Various scenarios were carried out using SWAT model to predict the sediment yield by
applying different land management practices such as contouring and terracing in a sub
watershed located approximately in the center part of Yarmouk River Basin. Contouring
and terracing have a significant effect in reduce the sediment values but the great effect
was achieved by applying the two management practice with each other. Finally, this
study showed that SWAT model is a capable tool for simulating hydrologic components
and erosion in Yarmouk River basin.

XI

Chapter One : Introduction
1.1 Background
Jordan is classified as an arid to semi-arid country that suffers from both water
shortage and an increasing demand for water due to the increase in population growth rate.
About 91% of the country is arid land where annual rainfall is less than 200 mm [1].
Mathematical models have a considerable role in supporting land use planning, with
the aim of enhancing land and water quality. To achieve these functions, the models must
demonstrate that it can correctly simulate the hydrological processes of the studied
watershed and better assess the different challenges which faced a watershed such as
floods, droughts, soil erosion, pollution, climate changes, etc. [2].
Using a distributed approach depends on spatial data is a major assess for the
watershed modeling since it allows representing and simulating for the various components
of the model inputs and an accurate and more realistic spatial scale. Unless many
hydrological models have been tested and developed throughout the world, lack of data is
still the main obstacle preventing the development and diffusion of these models. GIS and
remote sensing are considered as a global spatial models dealing with watersheds as a
single unit, they are able to provide a solution and highly promising opportunity that can
overcome some of these problems by offering new solutions and alternatives for the
construction and the management of the data specially on a more reality of the complex
space which is identified by its heterogeneity and uniformity [3].
Hydrological modeling is based on the presentation of the mathematical equations
related by the main components of the water cycle, by taking into account the physical and
geomorphological characteristics of the selected watershed.

This hydrological model

could be a very useful tool helping water resource managers in accurately understand the
hydrological processes and water quality at the watershed scale, forecast (floods, drought,
management of the irrigation), and quantify the effects of different land use and soil
management practices, runoff and sediment yield in semi-arid and complex watersheds
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with different soils, land uses and management conditions during a long period of time [4],
[5]. Between the different mathematical models currently used, the Soil and Water
Assessment Tool hydrological model stands apart [2].
Researchers from Texas A&M University have developed, tested, and validated
SWAT model with good results for many watersheds all over the world. The SWAT
model has been considered as a practical and effective use as a support tool for planning a
proper land use to improve water quality. Many of potential applications would be by
watershed committees in order to manage water resource, water supply association in
addition to hydroelectric power generation projects. It gathers climatic conditions, surface
runoff, evapotranspiration process, irrigation and drainage, sedimentation transportation,
groundwater, crop growth and harvesting, nutrients yield, pesticides yield, water flow, as
well as the long term effects of different agricultural management practices [4],[5].
However, SWAT model has been widely used for watersheds with moderate to high
precipitation conditions and vegetation cover. To date, this model has not been thoroughly
tested under arid and semi-arid environments [6], [7].
Arid and semi-arid environments in Jordan are described by sporadic, low average
yearly rainfall and very high rainfall intensities which resulted in high amount of runoff
and erosion. Runoff causes erosion of the topsoil which results in accelerated land
degradation on position and increases the risk of flooding towards the wadis (off-site
impact) [8]. Therefore, there is a need to test and validate the model under such arid and
semi-arid environment like north Jordan.

1.2 Objectives
The main objective of this research is directed toward developing various
management scenarios for Yarmouk River Basin using the hydrological model "SWAT"
Soil Water Assessment Model. The specific objectives are:


To test SWAT applicability on arid and semi-arid environment by identifying the
most relevant parameters affecting hydrologic and hydraulic response of
watersheds having low and highly variable rainfall conditions and low vegetation
cover.

2



To apply SWAT for investigate different management scenarios that affect the
water balance components in a sub watershed in Jordan.

1.3 Methodology
1. Preparation of model inputs includes the digital elevation model (DEM), land use
/ land cover data, soil and climatic data.


The DEM is one of the main inputs of the SWAT model. Topography has
been defined by DEM that represents the elevation at any point in a given
area at a specific spatial resolution. GDEM (Global Digital Elevation Model)
will be used to delineate the boundary of the selected watershed and analyze
the drainage patterns of the land surface terrain. Terrain parameters such as
slope gradient, length in addition to stream network characteristics such as
channel slope and width obtained from the DEM.



Watershed land use is one of the most important factors that affect surface
erosion, runoff, and evapotranspiration process in a watershed during
simulation. The land use map of the study area was obtained from the
Ministry of Water and Irrigation of Jordan.



The soil textural and physicochemical properties required by the SWAT
model contain soil texture, available water content, hydraulic conductivity,
bulk density and organic carbon content for each type of the soil. These data
can be obtained from the Ministry of Water and Irrigation of Jordan.



The weather variables which required by the SWAT model for achieving the
hydrological balance contain daily rainfall in addition to minimum and
maximum temperatures.

2. Partition the whole watershed into subbasins that are further subdivided into one
or several homogeneous hydrological response units (HRUs) with relatively
unique combinations of land cover, soil and topographic situation.
The hydrological component of the SWAT model calculate the soil water
balance at each time step depends upon daily amounts of rainfall,
evapotranspiration, runoff, and baseflow.

3

3. Model set-up
The ArcSWAT interface has been used for the setup and parameterization of the
model. A digital elevation model (DEM) imported into the SWAT model. A
masking polygon (in grid format) loaded into the model in order to extract the
area of interest, delineate the boundary of the selected watershed and digitize the
stream networks in the study area.
4. Model calibration and validation
The SWAT model included a large number of parameters that describe the
different hydrological conditions and characteristics across the watershed.
During the calibration process, model parameters subjected to adjustments, in
order to obtain model results that correspond better to the measured datasets.
5. Evaluation of model performance
During both calibration and validation periods, the goodness-of-fit between the
simulated and measured runoff and sediment yields must be evaluated using the
coefficient of correlation (R2) and the Nash-Sutcliffe coefficient of efficiency
(ENS; Nash and Sutcliffe, 1970).

1.4 Synopsis of the Thesis
The thesis document is organized in the following pattern: Chapter 2 provides a
description of different types of hydrological models and a literature review on the SWAT
model. A description of the study area, the data necessary to conduct the study and an
adequate explanation of the model is provided in Chapter 3. Procedures followed to
formulate the model and the assumptions that were made are explained in Chapter 4. The
results and analysis are included in Chapter 5. Chapter 6 presents the scenarios that used to
predict the sediment yield.

Finally, the discussion and conclusions that reached are

presented in chapter 7.
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Chapter Two : Background & Literature Review
This Chapter gives a review of several types of hydrological models that are
available in water resources engineering. Further, it gives information, description about
the SWAT model and the modifications that are made in the SWAT model. In addition to
some previous studies of the SWAT model.

2.1 Hydrological Cycle
Hydrological cycle can be simply defined as the physical process controlling the
distribution and the movement of water, above, on, and below the surface of the Earth.
Water is changing states between liquid, vapor, and ice. A schematic of the hydrologic
cycle for the environment is shown in Figure 1.1

Figure 2-1 : Hydrologic cycle as depicted by the U.S. Geological Survey. [9]

2.2 Hydrological Modeling
Modeling in hydrology is an attempt to represent reality, with the understanding that
it will never be a complete representation. Thus, the aim is to adequately demonstrate the
5

major processes, compare modeled data with measured data, and to refine the model
appropriately. Hydrological models which can also be referred to as rainfall-runoff (R-R)
models are utilized to both comprehend the system and as a predictive tool to hypothesize
changes in the hydrologic regime as a result of changes in the watershed. Inevitably,
hydrological models are simplifications of the real world system, yet they are significant
tools for researchers and decision makers. Initially, inspirations for hydrological modeling
were engineering problems, for example, sewer design in addition to land reclamation
drainage systems design. Hydrological modeling now branched out to applications , for
example, climate changes, irrigation systems management, and flooding prevention
techniques, development of new hydraulic structures can be recommended accordingly of
the simulated hydrologic response [11].
Various diverse situations and scenarios can be run rapidly and non-destructively
within the model inside the model instead of altering the environment.

Proposed

construction designs and spatial placement within the watershed can be tested for impact
on the watershed. Besides, much insight can be increased about the watershed during
accumulation of information, parameterization of the model and output that can be
spatially tested. From empirical formulas in the nineteenth century (known as the rational
method), today, hydrological modeling has advanced to the integration of geographical
information systems (GIS fit for utilizing time series input for real time analysis.
Hydrologic models have been categorized as empirical, physically-based, and
conceptual. An empirical model is a kind of model that does not consider the physical
procedures happening in a watershed in its modelling approach. In any case, a physicallybased model uses an arrangement of logical standards and basic mathematical formulation
to represent the natural system at a suitable scale. Practically, a physically-based model
must be completely distributed, because of the multifaceted nature of this kind of model, a
portion of the procedure descriptions of the natural system are simplified and often
empirical components are incorporated into it. A model including these sorts of
simplifications and empirical components is known as a conceptual model [10]. In a
conceptual model, important hydrological processes such as evapotranspiration, surface
storage, percolation, snowmelt, baseflow, and surface runoff are computed by using simple
mathematical equations rather than solving governing partial differential equations. That,
to replace the partial differential equations with simple statements, different model
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calibration parameters are inserted into the model. Keeping in mind the main advantage of
this type of model is that it is much simpler from the mathematical point of view.

2.3 Description of SWAT
The Soil and Water Assessment Tool (SWAT) is a watershed scale conceptual model
that works on a day by day time step. It is a physically based model. That can reproduce
long term water yield and water quality parameters like sediment, nutrients, and pesticides
from watersheds with different types of soils and land management practices. The SWAT
model is appropriate for hydrological forecast in both large and small scale watersheds.
The comprehensive SWAT model is susceptible to simulate different hydrological
components such as climate, hydrology, temperature of the soil, plant growth, erosion and
sediment yield, nutrient transport, pesticide transport, and different land management
practices. The model accounts for spatial details and it is consider as a good predictor of
long term yields rather than a single flood event [10].

In the SWAT model, a watershed can be apportioned into smaller units on the basis
of two-levels of discretization. First, a watershed can be subdivided into any number of
smaller spatial units called sub-watersheds. From there on, the sub-watersheds are
additionally subdivided into non-spatial groupings called hydrologic response units
(HRUs) on the basis of the identical soil and land use attributes. Thus, the SWAT model
can preserve the spatially distributed parameters of the whole selected basin. The SWAT
model is depends on the water balance equation, and considers vital hydrological processes
such as precipitation, evapotranspiration, overland flow, lateral flow, baseflow, and soil
water storage as shown in the following Figure. In the SWAT model, the water balance for
the soil component of each HRU (assuming one single layer) is represented by equation
2.1 as the following.
∑

(2.1)

Where: SWf is the final soil water content of the soil layer (mm), SWi is the initial
soil water content of the soil layer on day i (mm), t is the time (days), R day is the amount of
precipitation on day i (mm), ETa is the amount of evapotranspiration on day i (mm), Qsur is
the amount of surface runoff on day i (mm), Ql is the lateral flow on day i (mm), Wp is the
amount of water percolating to the underlying soil layer on day i (mm), CR is the upward
movement of water from the shallow aquifer on day i (mm).
7

SWAT has the ability to represent various soil layers in the HRU water balance if
increased complexity is required.

The contribution to streamflow from each HRU

(assuming a single soil layer) can be represented by the Equation 2.2.
(2.2)
Where: Q is the runoff leaving the HRU on day i (mm), Qgws is the base flow from
the shallow aquifer on day i (mm), Qgwd is groundwater flow lost to the deep aquifer on
day i (mm), all other parameters have been described previously.
The total streamflow from the watershed is the summation of the Q contributions
from each HRU.

Figure 2-2: Schematic representation of the water balance for a single soil layer HRU
represented in SWAT [10].
2.3.1 Precipitation
Precipitation, either as rainfall or snow fall, is the main input segment of watershed
modelling. The reliable output of the model highly relies on exact information.
Consequently, precipitation is the key input part of watershed modelling. In humid areas,
rainfall is considered the important source of precipitation whereas in cold areas, many
8

times snow becomes the main part of precipitation, which determines the surface and
subsurface hydrological cycle [11].
Precipitation can be classified either as rain or snow by considering the average daily
temperature. In the SWAT model, the critical temperature that is utilized to categorize
precipitation as snow or rain is defined by the user itself. If the critical temperature is
higher than average daily air temperature, then the precipitation is defined as snow. The
snow pack is resulted by accumulating the snowfall at the ground surface. Snow water
equivalent determine the amount of water which stored in the snow pack. The snow pack
will increase by increasing snowfall or decrease as a result to snow melt or sublimation. In
the SWAT model, the melted snow is added to the precipitation input to calculate the
surface runoff and percolation.

2.3.2 Evapotranspiration
Evapotranspiration is considered also as one of the most important element of
watershed modelling, which largely affected the water balance of arid and semi-arid
regions. There are two elements in evapotranspiration: evaporation and transpiration.
Evaporation can be defined as the loss of water from the soil surface and water bodies,
while transpiration is the process of water movement through a plant and its evaporation
from aerial parts, such as leaves, stems and flowers. Due to evapotranspiration process, a
large amount of water returns to the atmosphere from land surfaces. Evapotranspiration is
additionally classified as potential evapotranspiration and actual evapotranspiration.
There

are

three

methods

offered

by

SWAT

for

computing

potential

evapotranspiration. They are: Penman-Monteith, Priestley-Taylor, and Hargreaves. In the
SWAT model, evaporation from soil and plants are computed separately. Potential soil
water evaporation is calculated as a function of potential evapotranspiration and leaf area
index which can be defined as the area of plant leaves relative to the area of the HRU.
While actual soil water evaporation is estimated by using exponential functions of soil
depth in addition to the water content [12].
2.3.3 Surface Runoff
Overland flow is classified into two portions: the first is the infiltration excess
overland flow and the second is the saturation excess overland flow. In general, infiltration
excess runoff is generated when rainfall intensity exceeds the infiltration capacity of the
9

soil, where the saturation excess runoff mechanism may occur on areas of high antecedent
soil moisture conditions, where there is a thin soil layer and the storage capacity of soil is
limited, and in areas of low permeability and low slope. So, surface runoff relies on the
infiltration capacity, degree of saturation of underlying soil layers, and the vegetation cover
of the ground in addition to the degree of ground slope.
To calculate the surface runoff in the SWAT model, either the Soil Conservation
Surface curve number method (SCS) or the Green and Ampt infiltration equation can be
utilized. Before using either method, the catchment basin is divided into a number of subbasins. Then, the overland flow for each sub-basin is forecasted separately and routed
through a channel system to calculate the total watershed surface runoff [12].
2.3.3.1 SCS Curve Number (CN) Method
In this study, in order to calculate the surface runoff in the SWAT model, the Soil
Conservation Surface curve number method (SCS) has been used, with the following
equation (Soil Conservation Society 1972) [13. Equation 2-1
(2.3)
where Qsurf the runoff depth (mm), Rday is the depth of the daily rainfall (mm), Ia is
the initial abstractions or the amount of water before runoff, interception and surface
storage, like infiltration or the amount of rainfall that intercepted by vegetation. Generally
it assumed to equal 0.2S, and S is the potential maximum soil moisture retention after
runoff begins that changes with changes to soil, land use type, soil water content,
management, and the slope. S can be defined as indicated by Equation 2.4:
(2.4)
Where CN is the daily curve number that correlates the amount of runoff to the
amount of rainfall based on the Land Cover Land Use (LCLU) with a range from 30 to 100
(Figure 2.3). Where lower values of the CN indicate low runoff potential which means the
more permeable of the soil, while larger values of the CN indicate higher runoff potential.
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Figure 2-3: Relationship of runoff to rainfall in SCS curve number method [14].
As indicated previously Ia has been approximated equal 0.2S which can be
substituted into the following equation to get:
(2.5)

It's so clear from the curve number equation that the runoff cannot start until the
initial abstraction has been met, and only if Rday exceeds Ia. Typically, the CN value in the
runoff equation is estimated from Tables provided by the (Natural Resources Conservation
Service 1986) depending on the soil type, land cover, land use and the hydrologic
condition. Based on the antecedent moisture condition (AMC), the CN value is allowed to
change between three different values: AMC I (dry), AMC II (average), AMC III (wet)
[15]. Unreasonable jumps in the retention parameter S can be resulted from this
simplification. SWAT overcomes this problem by gathering its continuous modeling of
soil moisture to the retention parameter S as opposed to only having the three different
moisture conditions (AMC I – III) [12]. Equation 2.6 is used to modify S depending upon
the soil profile water content:
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(2.6)
where S is the retention parameter value (mm), Smax is the maximum possible
retention parameter (mm), SW is the water content of the entire soil profile expect the
amount held at wilting point (mm), and w1 and w2 are shape coefficients that can be
calculated from Eq. (2.7) and Eq. (2.8) respectively only if the following assumptions are
held. The S value for AMC I corresponds to the wilting point of the soil profile, the S
value for AMC III corresponds to the field capacity of the soil profile, and the CN value
equal to 99 when the soil profile is completely saturated.
[

]

[

]

(2.7)

[

]

(2.8)

Where w1 is the first shape coefficient and w2 is the second shape coefficient, FC is
the field capacity of the soil profile or it is the amount of soil moisture or water content that
held in the soil profile after excess water has drained away and the rate of downward
movement has decreased. This process usually takes place from two to three days after rain
or irrigation in pervious soils of uniform structure and texture, S3 is the retention parameter
for AMC III, Smax is the maximum value retention parameter for AMC I, SAT is the
moisture content of the soil when it's completely saturated (mm), and 2.54 corresponds to
the S value for curve number of 99. In case where the top layer of the soil is frozen, then
the retention parameter is modified as the following:
[

]

(2.9)

where Sfrz is the adjusted retention parameter in case of frozen conditions (mm), Smax
is the potential daily maximum value for the retention parameter (mm), and S is the
retention parameter for a soil water content that described as calculated in Eq. (2.6).
Rearranging Eq. (2.9) and substituting the daily moisture content adjusted retention
parameter from Eq. (2.6) allows the curve number approach to be influenced by the soil
water content of that day:
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(2.10)
Where CN is the curve number value, and S is the retention parameter that calculated
for the soil moisture content on that day. Initial CN values suggested by SWAT are based
on land cover, land use, and soil hydrologic group [11].
2.3.4 Infiltration
Infiltration may refer to the process by which water on the ground surface enters the
soil layers. The main role of the infiltration process is to supply water for plant growth and
to recharge the ground water aquifers. The rate of infiltration depends on many factors
such as, physical properties of the soil, vegetation cover on the ground surface, initial
water content of the soil, soil temperature, and the intensity of rainfall or rate of snowmelt.
The amount of water infiltrating into the soil profile in the SWAT model is
calculated indirectly since the surface runoff is computed directly using either of the
previously mentioned methods. Hence, the difference between the amount of rainfall and
the amount of surface runoff determines the infiltrated water [14].
2.3.5 Lateral Subsurface Flow
Lateral subsurface flow, or in another world interflow forms below the ground
surface but above the zone where the soil and bedrock profile is saturated with water. The
lateral subsurface flow shared the streamflow within the watershed. Lateral subsurface
flow is calculated in the SWAT model by using redistribution phenomenon. The
redistribution process is known by the continuous movement of water through soil profiles.
In the SWAT model, the redistribution component is computed by using a kinematic
storage model developed by Sloan and Moore (1984) [14].
2.3.6 Return Flow
A portion of the input precipitation at the end recharges the groundwater aquifers
after percolating through different soil layers. Return flow, or baseflow, is the water that
produced from the groundwater and contributes to the streamflow. In the SWAT model,
groundwater is divided into two aquifer systems: the first is the shallow aquifer, and the
second is the deep aquifer. A shallow aquifer is an unconfined aquifer that contributes to
the baseflow of the stream within the watershed while a deep aquifer is a confined aquifer
that contributes baseflow to the stream outside of the selected watershed. So, water which
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recharging the deep aquifer does not contribute to the streamflow within the delineated
watershed [16].
To determine the amount of water percolating through each soil layer, a storage
routing mechanism combined with a crack-flow routine is utilized in the SWAT model.
With this guess, the amount of water contributing to recharge by the shallow or deep
aquifer is then determined.

2.4 Sediment Loss Predictions
Modified soil loss equation (MUSLE) which was developed by Williams and Berndt
(1977) has been used to estimate sediment yield. Sediment that discharged with runoff
depends on the soil erosion which is a hydrological driven process. By including the runoff
as an independent factor in modeling erosion, MUSLE has an improved reliability of soil
erosion prediction [17]. In general, MUSLE can be expressed as shown in Equation (2.11).
(2.11)
Where: Y is the sediment yield on a given day (ton), Qsurf is the surface runoff (mm),
qpeak is the peak runoff rate (m3/s), Aarea is area (km2), K is the Universal Soil Loss
Equation USLE soil erodibility factor, C is the USLE cover and management factor, P is
the USLE support practice factor, LS is the USLE topographic factor, and CFRG is the
coarse fragment factor.
SWAT estimates the surface runoff (Qsurf) by using the SCS curve number method
and the peak runoff rate is calculated by using the rational method (equation 2.12). Where:
qpeak is the peak runoff rate (m3/s), C is the runoff coefficient, i is the rainfall intensity
(mm/hr) , Aarea is area (km2), and 3.6 is a unit conversion factor.
(2.12)
Also, the equation of MUSLE has been developed by Williams (1975) by using the
amount of runoff generated in each HRU to simulate sediment yield for each HRU in each
sub basin. After that, they are added to calculate the contribution of sediment yield for
whole basin. As a result of this, sediment yield forecasting is improved, the accuracy of the
forecasting is increased and sediment yields on individual rainfall events (storms) can be
estimated [18].
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2.5 Some Previous Studies in Jordan
Abdulla and Eshtawi (2007) improved a hydrological modeling using modeling
environment Automated Geospatial Watershed Assessment Tool (AGWA) and SWAT
model to evaluate the sediment yield in Kufranja basin in Jordan, Where sediment yield
has been calculated at three proposed dam sites in the basin. The calibration process
depended on the most sensitive parameters in SWAT model. Long term rainfall series were
used in the modeling process. AGWA studies the change in the most sensitive parameter in
the SWAT model. The change in this parameter has been considered as different scenarios
in Kufranja basin [19].
Ijam and Tarawneh (2012) presented an application of the Soil and Water
Assessment Tool (SWAT), assiciated with Geographic Information System (GIS) to
simulate the hydrology, soil erosion and sedimentation of Wala dam catchment (2000 km 2)
in Jordan. Model calibration (for the period May 1972 to October 1979) and verification
(for the period October 1990 to September 1998) were carried out using flow rate and
sediment yield data observed at Wala flow station [20].
Ijam and Al-Mahamid (2012) used SWAT model to simulate and predict the water
flow and sediment yield at Mujib dam catchment area. Model calibration was evaluated
using the curve number (CN) and the land cover management factor (C) [1].
Tarawneh et al., (2014) used Soil Water Assessment Tool (SWAT) to model
hydrology and sedimentation processes within the catchment. Sediment samples were
taken at the outlets of the model subbasins and the reservoir to examine chemicals
transport using X-ray fluorescence analysis. A column experiment has been designed using
reservoir sediment cores to investigate leaching and deposition of pollutants though
sediment profile and the potential impact on recharge efficiency [21].

2.6 Other Studies on the Soil Water Assessment Tool Model
Baker and Miller (2013) used Soil Water Assessment Tool to assess the relative
impact of land cover change on hydrologic response. The SWAT model was calibrated
using observation data taken during the 1990s with high annual concordance simulation.
Results showed that land use changes have resulted in corresponding increases in surface
runoff and decreases in groundwater recharge [22].
Stehr et al., (2009) assessed the performance of combining the (SWAT) and
Moderate-resolution imaging spectro radiometer (MODIS) imagery to estimate monthly
flows under limited availability of input meteorological data. The MODIS snow products
were used for validation purposes only [23].
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LÉVESQUE et al., evaluated the performance of the SWAT model under snowmelt
and rainfall for two small watersheds located in southeastern Canada through different
calibration schemes [24].
Malagò et al., (2015) analyzed the strengths and weaknesses of a step-wise
calibration applied on the pan European scale using the SWAT model, in addition to
demonstrate the main advantages of this procedure illustrated by the good performance of
the model obtained in gauged and ungauged sub-basins to gain good knowledge of each
hydrological process through the analysis of temporal and spatial variations of calibrated
flow in the different regions [25].
Manaswi and Thawait (2014) tested the capability of the Soil Water Assessment Tool
model for a period 38 year (1976- 2012).calibration uncertainty program (SWAT-CUP)
was used for the calibration of the period 2000-2010. The model stimulated annual rainfall
for 10 year. Result of the study shows SWAT model can generate the annual average
rainfall and produce the runoff very close to the observed value [26].
Rostamian et al., used the Soil and Water Assessment Tool (SWAT) to model runoff
and sediment in the Beheshtabad (3860 km2 ) and Vanak (3198 km2) watersheds in the
northern Karun catchment in central Iran. Model calibration and uncertainty analysis were
performed with sequential uncertainty fitting (SUFI-2), which is one of the programs
interfaced with SWAT, in the package SWAT-CUP (SWAT Calibration Uncertainty
Programs) [27].
Ahmed and Steenhuis (2010) developed a modified version of the Soil and Water
Assessment Tool (SWAT) model to predict runoff and sediment losses from the Ethiopian
Blue Nile Basin. The model simulates saturation excess runoff from the landscape using a
simple daily water balance coupled to a topographic wetness index in ways that are
consistent with observed runoff processes in the basin. The model was parameterized in a
nested design for flow at eight and sediment at three locations in the basin [28].
Catherine Kuhn (2014) tested the applicability of Soil Water Assessment Tool in
small, urban watersheds. Simulated hydrographs were assessed for accuracy over a twoyear period.

Data from March 2013-April 2014 were used to evaluate the model

performance. The model achieved a reasonable fit after calibration with a Nash Sutcliffe
Efficiency Index of 0.59 [29].
Easton et al., (2008) re-conceptualized Water Assessment Tool (SWAT) model to
distribute overland flow in ways consistent with a new modeling approach called SWATVSA, by modifying how the curve number and available water content were defined. Both
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SWAT and SWAT-VSA were applied to a sub-watershed in the Cannonsville basin in
upstate New York to compare model predictions of integrated and distributed responses,
including surface runoff, shallowly perched water Table depth, and stream phosphorus
loads against direct measures [28].
Chowdary et al., (2012) used Soil Water Assessment Tool (SWAT) and other
distributed hydrological modeling, remote sensing and GIS techniques to describe the
importance of parameterization issues involved when predicting watershed stream runoff
from a case study area of Kansavati watershed in Purulia district of West Bengal, India
[30].
Swami and Kulkarni (2016) used Soil Water Assessment Tool (SWAT) for the
estimation of runoff and sediment yield from Kaneri watershed, located in Western
Maharashtra region. the model was calibrated for the yearly and monthly surface runoff
and sediment yield using the observed data of 1979 to 2000. The model validation was
carried out for a data set of thirteen years of 2001 to 2013. The simulation performance of
the model for calibration and validation was evaluated using graphical and statistical
methods [31].
Bieger et al., (2014) applied the eco-hydrological Soil and Water Assessment Tool
(SWAT) model to simulate the Streamflow and Sediment in a Data Scarce Catchment In
the Xiangxi Catchment in the Three Gorges Region [32].
Jeong et al., (2010) developed and tested of a sub-hourly rainfall–runoff model in
SWAT. SWAT algorithms for infiltration, surface runoff, flow routing, impoundments,
and lagging of surface runoff have been modified to allow flow simulations with a subhourly time interval as small as one minute. Evapotranspiration, soil water contents, base
flow, and lateral flow are estimated on a daily basis and distributed equally for each time
step. The sub-hourly routines were tested on a 1.9 km2 watershed (70% undeveloped) near
Lost Creek in Austin Texas USA [33].
Wangpimool et al., (2013) evaluate the impact of changing conditions in the River
basin affected by the stream flow due to reforestation. The land use data was processed and
reclassified to match with the SWAT model land use code. Ten different categories of land
use in the study area were used for SWAT processing [34].
Hosseini et al.,(2011) used the Soil and Water Assessment Tool (SWAT) to estimate
runoff Sequential Uncertainty fitting (SUFI-2), a program that is linked to SWAT was
utilized for calibration and validation analysis. SUFI-2 is linked with SWAT in the
Calibration Uncertainty Program known as SWAT-CUP. There are two stream gages with
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adequate data for calibration and validation in Taleghan basin with an area of 800 km2 in
northwest of the Tehran, Iran [35].
White et al., (2009) used soil water assessment tool to improve daily modeling of
peak streamflow and surface runoff by replacement of the CN method with a water balance
routine in the SWAT model in addition to petter prediction of the location of runoffgenerating areas of a watershed due to the inclusion of soil topographic indices [36].
Devia et al., (2015) discussed briefly about variable infiltration capacity model
(VIC), TOPMODEL, HBV, MIKESHE and soil and water assessment tool (SWAT) model
and showed that Only a little direct calibration is required for SWAT model to obtain good
hydrologic predictions [37].
Gassman et al., (2007) described historical, development, applications, and future
research directions of the Soil Water Assessment Tool model [7].
Mulungu et al., (2005) applied Soil Water Assessment Tool (SWAT) model on the
Simiyu River catchment at Ndagalu outfall, Tanzania. Input data are spatially distributed
data set such as topographical, land cover and soil data, climatic and River flow time series
data. The model was calibrated for the period 1970-1974 based on the availability of
coinciding climatic data and validates d in the period 1976-1983. The calibration involved
fine-tuning the land covers soil parameters to match the observed discharge at Ndagalu
flow gauging station [38].
Watson et al., (2003) described the initial application of SWAT to the Woady Yaloak
River catchment, located within the Corangamite region, in addition to evaluate its abilities
for simulating the long-term water balance dynamics of the catchment. The performance of
the model for predicting runoff at annual and monthly time scales was found to be very
good [39].
Teshager et al., (2016) used the soil and water assessment tool (SWAT) Eco
hydrological model to model the combined impacts of five agricultural land use change
scenarios and three downscaled climate pathways [40].
Linard et al., (2006) used two quasi-distributed hydrologic models, the Soil and
Water Assessment Tool (SWAT) and the Water, Energy, and Biogeochemical Model
(WEBMOD), to identify dominant hydrologic processes in an agricultural watershed in
Maryland. The adjusted parameters represent intuitive physical characteristics that control
flow processes that cause the precipitation-runoff response. The validity of the specific
hydrologic processes simulated by the models will be evaluated by analyzing the fate and
transport of agricultural chemicals [41].
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Alemayehu et al., (2014) assess the amount of sediment inflow through the Ark City
and Winfield gauging stations into the Kaw Lake using the Soil and Water Assessment
Tool (SWAT) model [42].
Gonfa and Kumar (2014), used Soil and Water Assessment Tool model to estimate
runoff and sediment yield from Mojo watershed (2017.21 km2), Ethiopia. the output of the
study has been support planners and decision makers to take relevant soil and water
conservation measures and thereby reduce the alarming soil loss and land degradation
problems in the watershed [42].
Thampi and Raneesh (2010), investigated the influence of scale on the Soil Water
Assessment Tool (SWAT) model parameters to the 2,530 km2 Chaliyar River basin in
Kerala, India. The study was carried out in this River basin at two scales. Results indicate
that the SWAT model could simulate streamflow at both scales reasonably well with very
little difference between the observed and computed values. However, the results also
indicate that there may be greater uncertainty in SWAT streamflow estimates as the size of
the watershed increases [43].
Gong et al., (2010) investigated the effect of watershed subdivision on Soil Water
Assessment Tool modeling by delineated River watershed into different numbers of sub
watersheds under various delineation schemes by changing the threshold drainage area
(TDA). All schemes were then parameterized and SWAT was run to determine which
scheme had the highest modeling efficiency [44].
Veith et al., (2010) tested The Soil and Water Assessment Tool (SWAT) parameter
sensitivity and auto calibration module on two northern and three southern experimental
watersheds. Conservation Effects Assessment Project (CEAP) has been used for improving
understanding of the strengths and weaknesses of watershed-scale water quality models
under a range of climatic, soil, topographic, and land use conditions. Assessing simulation
model parameter sensitivity has been helped in establishing feasible parameter ranges,
distinguishing among parameters having regional versus universal interactions, and
ensuring that one model process does not compensate for another due to poor parameter
settings. Study findings have been used to determine appropriate parameter ranges for
ungauged watersheds of similar characteristics [45].
Grey et al., (2013) produced a modeling framework using the Soil and Water
Assessment Tool (SWAT) and GIS on a small tropical island (Great River Watershed,
Jamaica) as a tool in Integrated Watershed and Coastal Zone Management [46].
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Uzeika et al., (2012) evaluated the Soil and Water Assessment Tool in a small rural
watershed (1.19 km²) located on the basalt slopes of the state of Rio Grande do Sul in
southern Brazil, where farmers have been using cover crops associated with minimum
tillage to control soil erosion [47].

2.7 Soil Erosion and Runoff and Their Causes in Arid and Semi-Arid
Regions
It is widely known that accelerated erosion is one of the main factors responsible for
soil degradation [48]. Erosion process means soil particles are detached from the soil mass
from one location on the Earth's crust, then transport it to another location and , so soil
erosion resulted from surface process such as wind and water which can cause soil erosion
by detaching soil particles from area not protected by vegetation and moving these down
slopes or downstream. Through the past 40 years, the causes of soil erosion have been
discussed precisely; Soil erosion takes place in all landscapes and under various land uses.
Factors accountable for the high rates of soil erosion especially in the arid and semi-arid
areas are the following, steep slopes, scattered or low in vegetation cover, low erosion
tolerance, high erodibility of the soils and soil surface, high erosivity of rainfall due to its
irregular temporal, locative and intensity distribution, intensive human activities.
The reasons of both erosion and soil erosion processes are thoroughly described and
discussed in the standard literature. Intensity of soil erosion is generally affected by three
factors: Erosivity of water, Erodibility of soils, and human activities. Yair and Raz-Yassif
(2004) examined the effect of slope length in addition to the gradient on soil erosion
process. The study demonstrates that in arid and semi-arid areas soil erosion increase by
increasing slope length, whereas the gradient is a secondary factor [49]. Montgomery
(2003) has accomplished research on spatial soil hydrological properties and their relation
with landscape characteristics [50]. Soil moisture is dependent upon infiltration rates in
addition to evaporation rates. Andréassian, et al. (2004) confirms that sensitivity studies of
rainfall-runoff models with regard to the uncertainty of their inputs have focused quite
exclusively on rainfall. Only few studies take into account the sensitivity of potential
evapotranspiration estimation [51]. Burnash, (1995) includes researches on actual and long
term potential evapotranspiration reviews the average annual evapotranspiration curves
show as meaningful as any readily available discrete information [52]. Auerswald, (1987)
indicated that the influence of soil moisture content affects on soil erosion [53]. Limited
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studies have been accomplished on runoff in arid and semi-arid zones, especially those that
characterized with Mediterranean climate [54].
Runoff is known as the part of the precipitation, snow melt, or irrigation water that
discharged in surface streams, River s, drains, or sewers. Factors that affected runoff
process are the following: precipitation depth, rainfall intensity, rainfall duration, soils
type, land cover; elevation and the slope of catchment. Precipitation is considered the most
affected factor of them [55]. The shape of the drainage basin also plays an important role
in governing the rate at which water enters the stream. In general, there are two types of
catchments according to their shape, fan in addition to fern leaf catchments. The fan
shaped catchments give greater runoff than fern leaf catchment because tributaries in this
type of catchment are nearly of the same size, so that the time of flow is nearly the same
and is smaller. Whereas in the fern leaf catchments the tributaries are generally have
different lengths which lead to high time concentration due to the longer distance the flow
travel through it.
Pilgrim, et al. (2009) discussed the general characteristics of hydrological processes
in arid and semi-arid regions, and their effects on modeling. These factors are: spatial and
temporal variability of precipitation, inception, evaporation, transpiration, losses of the
channel transmission, ponding time, and starting time of runoff and partial-area of runoff.
According to his study spatial and temporal variability of rainfall tends to be more variable
in arid and semi-arid regions than humid regions. he also indicated that the long dry
periods may cause changes in the vegetation and the structure of the soil, especially on
surface part, which directly affect infiltration, runoff generation in addition to soil crust
formation [56]. Other studies indicated by (Shatanwi and Abu-Awwad, 1994) showed that
with maximum rainfall intensity reached to (3.3 - 4.4) mm/hr. 35.4% of effective rainfall
was lost as surface runoff [57].

In recent years theoretical and field studies have

discovered that the spatial generation of runoff is strongly non-uniform. In both humid and
semi-arid environments, the spatial non-uniformity of runoff generation is resulted from
spatial variability in soil infiltration capacities. Clearly, infiltration rates of soils are
affected by the morphometric characteristics of the land surface [58].
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Chapter Three : Study Area
At the outset, this chapter will explain enough the nature of the study area.
Subsequently, the chapter will detail all the data necessary to conduct the study followed
by an adequate explanation of the used method.

3.1 Main Description of the Study Area
The Hashemite Kingdom of Jordan is located between latitudes 29o 11' and 33o 22'
North and longitudes 34o 19' and 39o 18' East and covers area of about 90000 Km2 [59].

Figure 3-1: Jordan map [59].
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The shortage of water resources is one of the fundamental challenges for Jordan. It is
a constraining factor for economic development especially for farming. Fast increments in
population, farming and industrial development have placed heavy demands on water
resources. Recently, Jordan‟s stands at around 9.5 million, including 2.9 million guests
[60]. Jordan is considered among the poorest countries in the world with regard to water
resources. Its climate is mostly arid, over 91% of the total area of Jordan receives less than
200 mm of rainfall per year and more than 70% of the country receiving less than 100 mm
of rain throughout the year, and about 2% of the land area, located in the north-western
highlands, has an annual precipitation exceeding 300 mm. The northern highlands may
receive as much as 600 mm. About 5.5% of the area of Jordan is considered as dry land
with an annual rainfall ranging from 200 to 300 [61].
The Yarmouk River Basin is situated in the northern part of Jordan. Seventy-five
percent of this basin lies in Syria. In Jordan, the basin is situated between coordinates 32°
20 ′ to 32° 45 ′N and longitudes 35°42 ′ to 36°23 ′ E, covering a region of around 1,426
km2 (Figure 3.2).

The study area which is approximately the Jordanian part of the

Yarmouk River Basin is one of the most important basins in Jordan because this basin is a
key part on the hydrological map of the country, and many of Jordan‟s water resources and
population are there. The neighboring mountain areas and heights (Ajlun Mountains and
Golan Heights), which stand at 1200 m above sea level, are the most elevated to the east of
the Jordan Rift Valley. These areas get high precipitation. Likewise, the Yarmouk River
flows at the borders amongst Syria and Jordan which delineates the Northern boundary of
the study area, while the Jordan River represents the western boundary (Figure 3.2). The
Yarmouk River begins from Jabel Al-Arab (Syria) and drains from the Jordanian and
Syrian regions. Syria and Jordan have signed a bilateral treaty over the sharing of the
Yarmouk River in 1987 in preparation for the development of the Al-Wehda dam on the
border between the two countries [62]. In 2006, a major dam (Al-Wehda Dam) amongst
Jordan and Syria was built over this River. It is proposed that this dam will supply Jordan
with around 110 MCM/yr. of potable water. A great part of the flow of the Yarmouk River
is diverted by Syria, leaving just a little share to Jordan amounting to only about one-third
of the proposed share according to treaties and agreements. Jordan utilizes 290 MCM/yr.
of water from Jordan River and Yarmouk River and diverts it to the King Abdullah Canal
to be utilized for irrigation of crops in the Jordan Valley and for domestic and local use in
the Jordan capital Amman. As of now, the YRB experience increasing intensive urban,
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industrial and agricultural activities and plays a major role in socioeconomic development
for both Jordan and Syria.. Water nature of the springs, which discharge into the dam, is of
great significance for deciding the usability of the stored waters. The basin seasonal River
s and valleys drain into approximately sixty km narrow and shallow perennial Yarmouk
River, forming the border between Jordan and Syria. Yarmouk River is considered the
largest tributary of the Jordan River joining it below Lake Tiberius measuring its largest
width of 9 m and depth of 1.5m. The River mean annual historic flow was predicted by
450 to 500 MCM up to the 1950s which after that has been declining to reach about 83 to
99 MCM at present due to the construction of a series of infrastructures and diversion
schemes. However, the River has a highly variable torrential flow with a very low
baseflow that reaches currently about 0.5 to 5 m3/s and prone to irregular flooding which
resulted from rain storms of about 71 MCM [63].

Figure 3-2: Location map of Yarmouk River Basin (YRB) showing principal
physiographic features [64].
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3.2 Basin-Scale Observed Climate Data
Local observed daily climate (natural variability) at 4 stations for precipitation and
SAMAR station for maximum temperature (Tmax) and minimum temperature (Tmin) were
obtained from the Jordanian Ministry of Water and Irrigation (MWI), Department of
Meteorology. The total 5 stations are shown in Figure 3.3 while Table 3.1 and Table 3.2
summarize the stations' information, their geographic characteristics and the temporal span
of data availability. Other climate information including wind speed, solar radiation and
dew-point were taken from the SAMAR meteorological station.

Figure 3-3: The YRB meteorological stations that have been used in the study.
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Table 3-1 : Geographic characteristics of the meteorological stations that used in this
study.
Station
ID

AD0003
AD0010
AD0012
AD0022
AD0034

Station name

Elevation (m)

Latitude

Longitude

Data type

Kufrsoum
Huson
Ramtha
Hosha
Samar
evaporation
station

423.000
637.000
513.000
589.000

32.684
32.487
32.561
32.451

35.799
35.881
36.003
36.061

Precipitation
Precipitation
Precipitation
Precipitation

410.000

32.684

35.869

Temperature

3.3 Yarmouk River Discharge Data
The YR discharge data for the gauging Addasiya station that locates near the
confluence with the Jordan River (YRB outlet point) (see Figure 3.3) was obtained from
the Jordanian MWI. The records that had been obtained expanded an interval from 2005
till 2015.

3.4 Climate
All processes that modeled using SWAT model are driven by the moisture and
energy climatic inputs. Precipitation inputs that required by SWAT model according to the
preferred time interval to the output is daily inputs in case of CN method, and hourly
maximum/minimum air temperature, wind speed, relative humidity, and solar radiation, are
required if the Penman–Monteith method is selected to model evapotranspiration. The
inputs can be entered to the SWAT model either by the user from measured records or
produced by using a weather generator depending on the statistical analysis of climate
normal and extremes. The weather generator can also be used in order to fill the missing in
the measured data record.
3.4.1 Temperature
Daily maximum and minimum inputs of temperature are including a number of
physical process like infiltration, biological process like plant production and organic
decomposition, and chemical process like mineralization. Daily average temperatures can
be derived for processes as the average of maximum and minimum values.
The climate of Jordan is mainly of the Mediterranean type: hot and dry summer and
cool wet winter with two short transitional periods in autumn and spring. The study area is
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a part of the semi-arid region of the Mediterranean climate zones that has a limited
measure of rainfall and high temperatures that has moderate seasonality. The seasons are
December of the previous year to February (winter), March to May (spring), June to
September (summer) and October to November (autumn). Summers are dry and hot due to
subtropical high-pressure systems domination while winters have moderate temperatures
and variable, rainy weather because of the polar front [65].
3.4.2 Precipitation
Precipitation is identified as the major parameter in the hydrological models that
affects the modeled streamflow. So, it is important to insure that adequately distribution of
precipitation in space and time are represented by the user entered data. Precipitation
pattern is both latitude an altitude dependent. Precipitation decreases from North to South,
from West to East and from higher elevation to lower ones.
The observed mean precipitation and temperature along the year (2005-2015) are
depicted in Figure 3.4. The mean monthly rainfall for the watershed is 234.41 mm, and the
median monthly streamflow is 3.38 m3/s. During winter, it is rather cold with mean
monthly temperature of 13.21 oC.

In summer, it is pleasant and the main monthly

o

maximum temperature is 24.84 C. Table 3.2 summarized the climatic parameters over the
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Figure 3-4: Mean monthly climate diagram of YRB as observed (2005-2015).
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Mean monthly precipitation (mm)

Mean monthly climatevalues ( oC)

basin.

Table 3-2: Climatic monthly parameters over the Yarmouk River basin (2005-2015).
Months
Parameters
Oct

Nov

Dec

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Minimum
daily
temperature
o
C

16.29 10.37 7.51

6.06

6.72

9.21

Maximum
daily
temperature
o
C

27.75 19.72 15.66 13.22 14.20 18.81 24.23 25.02 28.00 33.25 32.48 31.68

Mean daily
temperature
o
C

22.01 15.08 11.65 9.74

11.98 14.04 16.60 20.17 20.34 19.25

10.59 14.22 18.17 19.88 22.52 26.64 26.54 25.54

Figure 3.5 indicated the mean monthly precipitation at the four used rainfall stations
of Yarmouk River basin during the period (2005-2015), while the following four Figures
indicated the mean monthly rainfall at each station for the same period.
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Figure 3-5: Mean monthly precipitation diagram of YRB rainfall stations (2005-2015).
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Figure 3-6: Mean monthly precipitation diagram of YRB at Kufrsoum station (20052015).

Figure 3-7: Mean monthly precipitation diagram of YRB at Ramtha station (2005-2015).
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Figure 3-8: Mean monthly precipitation diagram of YRB at Hosha station (2005-2015).

Figure 3-9: Mean monthly precipitation diagram of YRB at Huson station (2005-2015).
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3.5 Weather Generator
When the measured climate data such as precipitation, maximum/minimum
temperatures, solar radiation, relative humidity, and wind speed are not available, then the
weather generator in SWAT model can be used to generate them. Weather generator can
also be used to substitute missing data for a specific time scale within a measured data set,
with a value of "-99" that placed for any missing climate data which signals the weather
generator to substitute this value with a reasonable value. SWAT model can use the
WXGEN weather generator which was developed for the U.S., or other generators that can
be used outside of SWAT, with taking into consideration that many of them may require
reformatting of generated values prior to implementing them into SWAT model. As
mentioned previously the estimation of climate variables by the generator is depend upon
climate normals and extremes that entered by the user (Table 3.3).
Table 3-3: Variables required by the weather generator to produce climate data based on
historical records.
Climate Variable

WGN parameter
Name

Climate station
details

STATION

WGN Parameter
Description
Weather station
name
Latitude of weather
station
Longitude of
weather station
X projected
coordinate of
weather station
Y projected
coordinate of
weather station
Elevation of
weather station
Average daily
precipitation for
each month
Standard deviation
for daily
precipitation in
each month
Skew coefficient
for daily
precipitation in
each month

WLATITUDE
WLONGITUDE
Xpr

Ypr
WELEV
precipitation

PCPMM

PCPSTD

PCPSKW
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Format/Unit
Degrees
Degrees
-

Meters
mm/day

mm/day

Numeric

PR-W1

PR-W2

PCPD

RAINHMX

RAIN_YRS

Temperature

TMPMX

TMPMIN

TMPSTDMX

TMPSTDMIN

Solar radiation

SOLARAV

Relative humidity

DEWPT

Wind speed

WNDAV

Probability of a wet
day following a dry
day in the month
Probability of a wet
day following a wet
day in the month
Average number of
days of
precipitation in
each month
Maximum 0.5 hour
rainfall in enter
period for each
month
Number years of
maximum 0.5 h
rainfall data
Average maximum
air temperature for
each month
Average minimum
air temperature for
each month
Standard deviation
for maximum
temperature in each
month
Standard deviation
for minimum
temperature in each
month
Average daily solar
radiation in each
month
Average dew point
temperature in each
month
Average wind
speed in each
month

Fraction

Fraction

Numeric

mm

Numeric
o

C

o

C

o

C

o

C

MJ/m2/day
o

C

m/s

Although most of the precipitation statistics can be easily calculated with a
spreadsheet program like Microsoft Excel, it is very difficult to calculate parameters like
the probability of a wet day following a dry day in a month (PR_W1) and the probability
of a wet day following a wet day in the month (PR_W2). A freely available program
"pcpSTAT" created by a SWAT user has been used in this study in order to calculate all
the required precipitation statistics with the input of daily rainfall data.
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The

program

was

freely

accessible

through

the

SWAT

website

(http://swat.tamu.edu/software/links/). Using pcpSTAT requires that the input file storing
the amount of daily precipitation data must be an ASCII text file with one column. The
period of precipitation measurement must start on January 1st and must end on December
31st. if there are missing data in the precipitation measurements; these days must be filled
with No Data values that must be a number like -99. TMPMX and TMPMN were retrieved
from climate normal data from SAMAR metrological station. Values for TMPSTDMX and
TMPSTDMN were achieved by using standard deviation functions in excel spreadsheet.
RAINHHMX was achieved by also using excel spreadsheet with pivot Table by using the
maximum values of the 0.5h maximum rainfall data that equals approximately to 0.33 of
the monthly precipitation values, while SOLARAV, DEWPT, and WINDAV were
retrieved from the ministry of water and irrigation. The statistics for each station is
manually entered into the main SWAT Microsoft Access database in the "WGEN_user"
Table.

Figure 3-10: Example of the output resulted from pcpSTAT program for Kufrsoum
precipitation Station (AD0003).
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3.6 Soil Texture
Soil is the uppermost layer of the earth crust developing considerable slowly because
of weathering process. Amount of water, wind speed, solar radiation, degree of
temperature, vegetation and land use are vital parameters besides the type of rock exposed
deciding the kind of soil which develops at distinct sites. Yarmouk River Basin soil
texture can be separated into four soil groups as shown in Figure 3.11 which demonstrates
the soil texture distribution through the Yarmouk River Basin. Additionally, Table 3.4
shows the main soil properties for these groups.
Soil map and its average weighted two layers 'properties were extracted from the
Food and Agriculture Organization of the United Nations (FAO/UNESCO) Digital Soil
Map of the World version 3.6 that was released in January 2003. This digital map has a
coarse scale equal to 1:5000000 and was downloaded from the FAO Geo Network website
which is http://www.fao.org/geonetwork/srv/en/metadata.show?id=14116. The shallow
layer depth is 300 mm while the total soil profile depth is 1000mm with average porosity
of 0.5.

Figure 3-11: A map shows the soil types within YRB based on FAO soil map [66].
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Table 3-4: The YRB FAO soils main properties

Soil class

FAO soil class

Ks*
mm/hr

Bulk
density
g/cm3

Hydrologic
group

Clay
%

Silt
%

Sand
%

Clay 40%

Bv15-3b-3501

1.49

1.6

D

40

33

27

Clay_Loam

Lk5-3ab-3534

4.18

1.4

D

30

35

35

Clay 51%

Vc46-3a-3560

1.85

1.6

D

51

28

21

LOAM

Xk25-2c-3571

4.55

1.4

D

26

40

35

* Ks is the saturated hydraulic conductivity (mm/h).

3.7 Land Use
The YRB land use map was taken away from the Jordanian ministry of water and
irrigation.

This raster map is classified into 19 classes namely Dead Sea, Pastures,

VegeTables, Sands, Tree Crops, Basaltic Rocks, Bare Rocks, Chert Plains, Dry Mudflat,
Wet Mudflat, Dams, Urban Fabric, Open Forest, Wadi Deposits, Bare Soil, Closed Forest,
Field Crops, Waste Water Plants, and Quarries. As shown in Figure3.12. Those classes
should be redefined into SWAT generic land covers that defined in SWAT database as
shown in Figure 3.13.
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Figure 3-12: Land use within the YRB according to the Jordanian ministry of water and
irrigation [67].
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Figure 3-13: A map shows the land use within the YRB according to SWAT model
classes
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3.8 Elevation
Figure 3.14 Shows elevation map of Yarmouk River Basin, the elevation ranges from
-81.111 m below the M.S.L to over 1150 m above M.S.L.

Figure 3-14: Elevation map for YRB.

38

Chapter Four : SWAT Modeling Process
This chapter includes the procedures followed to formulate the model and the
assumptions that were made in this thesis.

4.1 SWAT Setting up
Basin delineation was done utilizing 1 arc-second (approximately 30 m) resolution
Digital Elevation Model (DEM) from the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER). One-degree tiles covering the study area were
downloaded from USGS Earth Explorer website (http://earthexplorer.usgs.gov/) and
afterward processed using tools within ArcGIS 10.1 (©1999–2013 Esri Inc.) into voids
sink and mosaicked DEM. The YRB boundaries were extracted from the DEM utilizing
ArcSWAT interface for the Soil and Water Assessment Tool (SWAT) 2012. The basin is
shown in Figure (3.2). In ArcSWAT, DEM data were used to delineate a watershed
boundary and create 11sub-basins for YRB. ArcSWAT is the ArcGIS interface. DEM, soil,
and land use data were then overlapped and used to create hydrological response units
(HRU‟s). HRU‟s are considers as a unique combinations of land use, soil type and slope.
There were 96 HRU‟s created for YRB each having a special response to incoming
precipitation (Figure 4.1). Precipitation at four stations, minimum and maximum
temperature, relative humidity, wind speed, and solar radiation at SAMAR meteorological
site locations were entered into the SWAT model. A modification of the SCS curve
number method was used to quantify the Partitioning into surface runoff and infiltration
while variable storage method was used to route water through the basin.
Evapotranspiration which driven by daily climate input data series for precipitation and
maximum/minimum air temperature was calculated using Hargreaves method. SWAT
assigns automatically the nearest precipitation and temperature stations to a subbasins
centroid. Each run included one year of warming up to make the model able to Represent
the hydrological water cycle adequately before starting the calculation of various
hydrological quantities. With data entered for topography, soil, land cover, and
meteorological data, SWAT generates distinctive input values in an ArcGIS Geodatabase
for each HRU and subbasins.
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All spatial data used in ArcSWAT used the D_WGS_1984 datum and were projected to
WGS_1984_UTM_Zone_36N. All tabular SWAT inputs used the metric unit system.

Figure 4-1: Spatial distribution of the 11 subbasins created in YRB.

4.2 Sensitivity Analysis and Calibration
After the data was processed by the SWAT model, streamflow at the monthly time
scale was simulated using the default parameter values in ArcSWAT from YRB 2005 to
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YRB 2013. The first year was used as a “warm-up” period. The “warm-up” period make
the model able to calculate values that become initial values for the period of interest.
The sensitivity method which used in this study is the global sensitivity analysis that
was introduced by Van Griensven et al. (2006). This method gathers a Latin-hypercube
and one-factor-at-a-time sampling methods that also has been adopted for calibration and
sensitivity analysis tool SWAT-CUP [68].
4.2.1 SWAT Calibration using SWAT CUP:
SWAT-CUP is an interface that has been developed for SWAT model. Any
calibration/uncertainty or sensitivity program can be easily linked with SWAT model by
using this common interface. SWAT-CUP is the acronym for SWAT Calibration and
Uncertainty Programs. it is used as a computer program for calibration of SWAT models.
The program links Sequential Uncertainty Fitting version 2 (SUFI2), Particle Swarm
Optimization (PSO), Generalized likelihood Uncertainty Estimation (GLUE) , Parameter
solution (ParaSol) and Markov Chain Monte Carlo (MCMC) procedures to SWAT. It
allows sensitivity analysis, calibration, validation, and uncertainty analysis of SWAT
models. SWAT CUP 2012 version 5.1.4 was used in this study for SWAT calibration [69].
SWAT-CUP is considered as an automated calibration model; it requires that the
uncertain model parameters are systematically varied, when the model is run, and the
required outputs (corresponding to measured data) are extracted from the model output
files. The main function of this interface is to supply a link between the input/output of a
calibration program and the model. The simplest way of modifying the file exchange is
through the text file formats.

4.2.2 Conceptual Basis of the SUFI-2 Uncertainty Analysis Routine
SUFI-2 is the acronym for Sequential Uncertainty Fitting version 2. Uncertainty
parameters which used in SUFI-2 accounts for all sources of uncertainties such as
uncertainty in driving variables like rainfall, conceptual models, different parameters, in
addition to measured data. The p-factor represent the measure value of the degree to which
all uncertainties are accounted, which is also the percentage of the measure data bracketed
by the 95% prediction uncertainty (95PPU). Therefore, the percentage of data bracketed by
the prediction uncertainty is considered as a good measure tool to assess the strength of the
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uncertainty analysis. The 95PPU is calculated at the 2.5% and 97.5% levels of the
cumulative distribution of an output variable gained out of Latin hypercube sampling,
renouncing 5% of especially bad simulations [70].
The average thickness of the 95PPU band divided by the standard deviation of the
measured data is known as the R factor, which is a measure that used to quantify the
strength of a calibration/uncertainty analysis. Hence, SUFI-2 seeks to bracket most of the
measured data with the minimum possible uncertainty band. Therefore, SUFI-2 starts by
assuming a large parameter uncertainty within a physically meaningful range, so that the
measured data in the beginning falls within the 95PPU, then minimize this uncertainty in
steps while monitoring the P-factor and the R-factor. In each step, previous parameter
ranges are updated by calculating the sensitivity matrix (equivalent to Jacobian), and
correspondent of a Hessian matrix, followed by the calculation of covariance matrix, 95%
confidence intervals of the parameters, and correlation matrix. Parameters are then updated
in such a way that the new ranges are always less than the previous ranges, and are
centered on the best simulation [71].
P-factor and R-factor are the indices SUFI used to evaluate the goodness of fit
between the model simulation 95PPU band and observed data with its error band. The Pfactor that is ranging from 0 to 1 for a perfect model, indicates the percentage of observed
data with its error that is bracketed by the 95PPU band simulation. Otherwise, the R-factor
- that is varying between 0 for a perfect model to ∞ - measures the ratio between 95PPU
band average width and the observed variable standard deviation. For stream discharge
modeling, P-factor > 0.7 and R-factor < 1.5 is favorable and considered satisfactory but
those are subjective criteria relying on the watershed and the study conditions. A balance
between them should have obtained because higher P-factor value can lead to higher Rfactor value. After several iterations, the calibrated parameters which should take into
account are the new parameter ranges that achieve the best R-factor and P-factor [70].
Additional indices which can be used to measure the goodness of fit among the
observations and the final “best” simulation are quantified by the R2 and/or Nash-Sutcliff
(NS) coefficient.

In addition to t-stat which provides a measure of sensitivity (larger in

absolute values are more sensitive). And, the p-values which determined the significance
of the sensitivity (values close to zero has more significance). It should be noted that we
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do not look up for the “best simulation” as in such a stochastic procedure, in fact the “best
solution” is the final parameter ranges. Equation (4.1) indicates how NS are going to be
calculated.
∑

(4.1)

∑

Where n is the number of time steps, Q_iobs is the observed discharge on day i (m3/s),
Q_isim is the simulated discharge in day i (m3/s) and Qmean is the observed discharge mean
value (m3/s).
Sensitivity analysis was carried out by using the Sequential Uncertainty Fitting
(SUFI-2) algorithm, which is a program that is linked with SWAT model in the Calibration
Uncertainty Program known as SWAT CUP [70]. Based on previous SWAT modeling
efforts in semi-arid watersheds, especially in Jordan, 12 parameters were selected and used
in a global sensitivity analysis in order to determine which parameters were most sensitive
to the streamflow output.
SUFI-2‟s global sensitivity ranked the 12 chosen parameters by varying them over
defined ranges and comparing those parameters with changes in the output streamflow.
The t-stat determined the measure of sensitivity while the p-value determined the
significance of the sensitivity. The 12 most sensitive parameters were then chosen for
calibration (Table 4.1).
Table 4-1: Most sensitive parameters that used for calibration SWAT model.
SWAT
component
HRU

Range
Min
Max

Name

Description

CN2

Curve number

30

90

HRU

ESCO

Soil evaporation
compensation factor.

0

1

Soil

SOL_AWC

Available water capacity of
the soil layer.

0

1

HRU

CANMX

Maximum canopy storage.

0

100

Soil

SOL_K

Saturated hydraulic
conductivity

0

2000
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Groundwater

GW_REVAP

Groundwater "revap"
coefficient.

0.02

0.2

Soil

SOL_ZMX

Maximum rooting depth of
soil profile.

0

3500

REVAPMN

Threshold depth of water in
the shallow aquifer for
"revap" to occur (mm)

0

500

HRU

CH_K2

Effective hydraulic
conductivity in main channel
alluvium.

-0.01

500

Soil

SOL_ALB

Moist soil albedo.

0

0.25

Groundwater

GW_DELAY

Groundwater delay (days).

0

500

HRU

EPCO

Plant uptake compensation
factor.

0

1

Groundwater

After sensitivity analysis has been completed, both manual and automatic calibration
methods were used for optimize the SWAT parameters. First, many different parameters
were manually calibrated from YRB 2005 to YRB 2013 in ArcSWAT. The 12 most
sensitive parameters in particular were assessed more than the others. The default SWAT
model simulations which have been used in the manual calibration process were
deterministic in its nature, which means that one streamflow output has been used to
achieve the best simulation. To assess the manual calibration model performance, the
statically measure R2 has been used in order to give information about the goodness of fit
of a model and ultimately measures how well the regression line approximates the
observed streamflow values.R2 can be expressed by the following equation.
[

∑
[∑

∑

(4.2)

Where: n is the number of events, Qsimi and Qobsi are simulated and observed flow at
event i, Qsimave and Qobsave are the simulated and observed flow over the calibration period
respectively.
Manual calibration was carried out by adjusting each parameter individually in an
ArcGIS Geodatabase, which was linked to the ArcSWAT, after that the model was run in
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order to observe the effect of each parameter had on the streamflow output. Then, the 12
most sensitive manually calibrated parameters which were selected before have been used
as the initial values for the auto-calibration procedure.
Auto-calibration was accomplished using the SUFI-2 algorithm in SWAT CUP.
SUFI-2 as mentioned previously is a stochastic procedure and does not investigate the
goodness of fit measures like the initial SWAT model in ArcSWAT; instead of it looks at
the degree at which uncertainties are accounted for, and generates a range of output values
In SUFI-2, parameter uncertainty accounts for all sources of uncertainties. The p-factor
which is the measure of quantifies of the uncertainties, which is the percentage of
measured data that bracketed by 95% prediction uncertainty (95PPU). The r-factor is the
relative width of the 95% probability band. Latin hypercube sampling has been used in
calculating the 95PPU at 2.5% and 97.5% levels of the cumulative distribution of the
output variable. All forms of uncertainty were shown in the streamflow measurements,
thus the parameter uncertainties generating the 95PPU accounts for all uncertainties [72].
The SUFI-2 algorithm was run with all 12 selected parameters using 200 simulations
from YRB 2005 to YRB 2013 with 1 year of warm up. After any model iteration, each
parameter was adjusted based on SUFI-2‟s suggested parameter ranges. The goodness of
calibration and prediction uncertainty was evaluated depend on the closeness of the pfactor to 100% and the r-factor to 1. The r-factor was estimated in every run and the best
simulation was selected based on the simulation with the most observed and modeled data
within the 95PPU. The coefficient of determination (R2) and the Nash and Sutcliffe
efficiency value (NS) were also used as goodness of fit measures between the monthly
observed streamflow and the best simulated streamflow generated in SWAT CUP. NS is a
common statistical measure used as a goodness of fit measure in hydrological modeling.
NS and R2 are typically evaluated together in order to assess hydrological model
performance.

4.3 Model Validation
After the model was calibrated, model validation was accomplished using the SWAT
model. Model validation refers to running the model using the parameter values which was
determined in calibration and comparing the new monthly streamflow simulation values
with measured monthly streamflow values. The SWAT model was run with the 12
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calibrated parameters from YRB 1/1/2013 through YRB 31/12/2015 with no further
parameter adjustment. The NS and R2 were used to measure the performance of the SWAT
model. Figure 4.2 represents the measured streamflow at AL_ADASYA station (AD0033)
station during the three SWAT model periods.

Figure 4-2: Measured streamflow at AL_ADASYA station (AD0033) station during the
three SWAT model periods
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Chapter Five : Results
This chapter is devoted to present the results of setting up, calibrating and validating
the Soil Water Assessment Tool model in the YRB.

5.1 SWAT Sensitivity Analysis and Calibration
5.1.1 Uncalibrated SWAT model
The uncalibrated SWAT model, which was based on default SWAT parameters from
YRB 2005 to YRB 2013 showed poor results when simulating monthly streamflow values
in AD0033. An R2 of 0.72 was reported. Peak streamflow values were drastically
overestimated and baseflow values were underestimated (Figure 5.1.and 5.2).
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Figure 5-1: Uncalibrated model results are shown with the measured hydrograph.
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Figure 5-2: Scatter plot is shown for uncalibrated streamflow simulations against observed
streamflow.

5.1.2 Calibration Process
SWAT model parameters were calibrated using global sensitivity analysis, manual
and auto-calibration methods from 2005 to 2013. It„s very important to determine the most
significantly sensitive combination of parameters since these parameters represent the
processes. Therefore, the recognition of these parameters will illustrate what are the
dominant processes in the hydrological cycle within the selected study area. In addition to
that, it„s well known that over-parameterization can affect a distributed hydrological model
efficiency drastically making it necessary to decrease the parameters through an efficient
sensitivity analysis [74], [75]. A preliminary sensitivity analysis had been carried out to
determine the most sensitive parameters based on researcher experience, data availability,
and available relevant literatures as well as the global sensitivity analysis of the candidate
parameters. Previous studies of hydrological modeling using distributed models in adjacent
basins to the YRB in Jordan included the ones by Al-Abed and Al-Sharif (2008), Abdulla
et al. (2009), and the modeling of the Jordanian Yarmouk River Basin part for period from
1972 to 1999 by Hammouri et al. (2011). [76- 78], 12 parameters were selected and used in
a global sensitivity analysis in order to determine which parameters were most sensitive to
the streamflow output. The global sensitivity analysis results of the calibrated parameters
are shown in Figure 5.3 in addition to Figure 5.4. These relative sensitivities estimate the
average change in the objective function Nash-Sutcliffe efficiency when changing the
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targeted parameter while all other parameters are changing, which gives partial information
about the parameters sensitivity. The larger t-test-value and the smaller p-test value are the
more sensitive significantly [74].

Figure 5-3: The calibrated parameters global sensitivity results within its realistic
uncertainty ranges against the objective function Nash-Sutcliffe Efficiency (NS)
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Figure 5-4: The calibrated parameters global sensitivity results within its realistic uncertainty ranges against the objective function NashSutcliffe Efficiency (NS).
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For the model calibration, only monthly values of streamflow were used. It is very
clear that the most sensitive parameter which controls the flow partitioning into runoff and
baseflow is the curve number. This is actually a general truth about CN for being the most
important parameter when modeling the hydrologic response using SWAT model [68]. The
second and third most sensitive parameters are the evaporation compensation factor
(ESCO) that governs soil evaporation calculations in addition to the available water
capacity (SOL_AWC) that measure of the ability of the soil to hold water. The fourth and
fifth sensitive parameters are (CANMX) which is the Maximum canopy storage (mm
H2O) and the saturated hydraulic conductivity (SOL_K) parameter that governs how
much-infiltrated water would percolate to the shallow aquifer. The rest seven sensitive
parameters had been tuned the stream flow regime to match as possible the observed flow
regime. One of the most effective parameter in tuning was the ground water delay time
(GW_DELAY) that measures how long it takes for water to leave the root zone bottom to
the shallow aquifer so can become return groundwater flow [14],[79]. Large enough
GW_DELAY days do smooth the release of groundwater over the entire year so the model
becomes able to catch the stream baseflow response through no-rainfall months from June
to September. The effective hydraulic conductivity (CH_K2) that control the transmission
losses to infiltration in the subbasin channels was increased to 13.04 mm/hr from its
default 0 mm/hr that reflect the consolidated high silt-clay nature of the bed of the channel.
This adjustment of CH_K2 allowed the simulated discharge peaks flow to be lowered and
smoothed while keeping the water balance cycle intact. The water balance cycle
components after the calibration process have been done are believed to be in the
appropriate range assuming that the model did simulate the processes within a realistic
sense.
SWAT model contains a large number of parameters; most of them are measured or
estimated from the BASIN database. Total flow manual calibration was used as the
following: the first step was adjusted the curve number (CN2) till satisfactory
runoff/precipitation ratio achieved. The second step was adjusted the soil available water
capacity (SOL_AWC), soil evaporation compensation factor (ESCO), the groundwater
"revap" coefficient (GW_REVAP), in addition to the threshold depth of water in the
shallow aquifer for "revap" to occur (REVAPMN) to achieve satisfactory ET/precipitation
ratio. The groundwater delay (GW_DELAY) was then adjusted in order to match the
observed flow regime as possible. Finally, the high unreasonable peaks in the simulated
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flow regime were reduced by increasing the channel hydraulic conductivity (CH_K2) and
the baseflow alpha factor (ALPHA_BF) which consider as the most effective parameters
on the shape of hydrograph which till peaks become reasonable. After finishing the manual
calibration process, the model which had been obtained was used as default input model
for the automated procedure. This default model had been assured to be not drastically
varying from the observed because it was demonstrated that automated calibration will be
of little help for poor default models [73].
Manual calibrations were undertaken in order to understand the streamflow behavior
depend upon the individual parameter sensitivity, whereas automatic calibrations based on
set algorithms were performed to achieve the optimal values for a set of iterations.
Average monthly observed streamflow from 2006 to 2013 was 1.65 m3/s and the
uncalibrated simulated streamflow was 6.16 m3/s, indicating that the water balance within
the watershed was poor. The manual calibration is used to initially parameterize the model
based on the available data, literature, and analyst„s expertise in order to achieve as a
possible agree in water balance ratios and quantities. Manual calibration with SWAT
model was done during nine years from 1/1/2005 to 31/12/2013. In the calibration process,
the main criterion was to minimize the error between the simulated and the observed mean
monthly flows for the total calibration period at AL_ADASYA station (AD0033). Also to
achieve the best relationship between the simulated and the observed monthly flows in the
calibration process.
After the inputs of SWAT model were processed, streamflow at the monthly time
scale was simulated using the default parameter values in ArcSWAT from 2005 to 2013.
The first one year was used as a “warm-up” period. The “warm-up” period allows the
model to calculate values that become initial values for the period of interest. The
automated procedure is to adjust the parameters within realistic uncertainty ranges
iteratively between auto calibration runs in addition to provide parameter sensitivity
analysis and goodness-of-fit statistics. The automated calibration has been used the
Sequential Uncertainty Fitting (SUFI2) procedure in the decision-making framework
calibration, validation, sensitivity, and uncertainty analysis software SWAT-CUP that was
developed by the Swiss Federal Institute of Aquatic Science and Technology [74].
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The 12 top significantly sensitive parameters that used to calibrate the model as well
as the calibrated values and the realistic uncertainty ranges that had been used are shown in
Table 5.1
Table 5-1: The calibrated parameters and its ranges under the pre-development conditions

Sensitive
parameter

CN2

ESCO

SOL_AWC

CANMX

SOL_K
GW_REVA
P

SOL_ZMX

REVAPMN

CH_K2

SOL_ALB

Definition

Curve
number
Soil
evaporation
compensatio
n factor
Available
water
capacity
of the soil
Maximum
canopy
storage (mm
H2O)
Saturated
hydraulic
conductivity
Groundwater
revap
coefficient
Maximum
rooting
depth of soil
profile.
Threshold
depth of
water in the
shallow
aquifer
Effective
hydraulic
conductivity
in main
channel
alluvium.
Moist soil
albedo

Estimate
d value

Calibrate
d value

80.1

76

1.7

0.742

Units

Realistic
uncertaint
y range

Hydrologic
process

Min

Max

-

60

90

Runoff

inches

0

1

Evaporation

0.098

0.27

mmH2O
/
mm soil

0.0
7

0.18

Soil

0.186

0.910

mm

0

2.5

Evaporation

0.9100

1.925

mm/hr

0

200
0

Soil

0.12

0.1586

None

0.0
2

0.2

Groundwate
r

1000

908.4

mm

840

120
0

Soil

0.13

0.890

mm

-1

1

Groundwate
r

0

13.0499

mm/hr.

2

15

Channel

0.21

0.0625

-

0

1

Soil
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GW_DELA
Y
EPCO

Groundwater
delay
Plant uptake
compensatio
n factor

365

418.5

Days

300

500

Groundwate
r

0.41

0.442

inches

0

1

Evaporation

The time series plots of the observed and modeled streamflow at monthly scales as
resulted by SWAT-CUP95ppu plot output are depicted in Figure 5.5. while the measured
and simulated monthly streamflow for the YRB at AL_Addasiya station as well as the
monthly observed precipitation under calibration period (2006-2013) are depicted in Figure
5.6. During the calibration evaluation R2 value are 0.96 as indicated by the scatter plot for
streamflow simulations against observed streamflow in Figure 5.7, while other measure
during the same period are NS = .95, R2 = 0.96 and R-factor of 0.88 in addition to P-factor
of 0.80, As indicated in Figure 5.8.

Figure 5-5: Measured and simulated monthly streamflow for the YRB at AL_Addasiya
station for the calibrated period (2006-2013) as in SWAT_CUP 95ppu plot output.
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Figure 5-6: Measured and simulated monthly streamflow for the YRB at AL_Addasiya
station as well as the monthly observed precipitation under calibration period (2006-2013).
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Figure 5-7: Scatter plot is shown for streamflow simulations against observed streamflow
for the YRB at AL_Addasiya station under calibration period (2006-2013).

Figure 5-8: Static values for the YRB at AL_Addasiya station under the calibrated period
(2006-2013) as resulted in SWAT_CUP Summary_Stat.txt output.
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5.2 Validation
During the validation period, the calibrated parameters were used to simulate
monthly streamflow values for 24 months from 01/01/2014 to 31/12/2015. The overall
pattern of the simulated streamflow in AD0033 station appeared to be in agreement with
the observed streamflow values. Peak streamflow in YRB between Feb, and Mar 2015
were above estimated and slightly early by 1 to 2 weeks. Simulated baseflow appeared to
be highly correlated with the observed baseflow in both years (Figure 5.9).
Figure 5.10 represents scatter plot for streamflow simulations against observed
streamflow for the YRB at AL_Addasiya station under validation period (2014-2015).
During the validation periods, statics measures are NS = .63, R2 = 0.91 and Mean_sim
(m3/s) 2.7, Mean_obs (m3/s) 4.76 StdDev_sim (m3/s) 4.89, and StdDev_sim (m3/s) 10.05.
Finally the monthly hydrologic water cycle components after the calibration and validation
periods have been finished; we can say that they are believed to be in the appropriate
range. This is, in turn; let us assume that the model simulate the processes within a realistic
sense.

Figure 5-9: Measured and simulated monthly streamflow for the YRB at AL_Addasiya
station as well as the monthly observed precipitation under validation period (2014-2015).
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Figure 5-10: Scatter plot is shown for streamflow simulations against observed streamflow
for the YRB at AL_Addasiya station under validation period (2014-2015).
Table 5.2 summarizes the calculated objective function for both streamflow datasets
for calibration (2005-2013) and validation (2014–2015).
Table 5-2: Summary of the objective functions during the calibration and validation
periods for YRB.
Objective function
R2
NS
Mean_sim (m3/s)
(Mean_obs) (m3/s)
StdDev_sim (m3/s)
(StdDev_obs) (m3/s)

Calibration (2005-2013)
0.95
0.96
1.21
1.65
4.89
4.87
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Validation (2014-2015)
0.91
0.63
2.10
4.76
4.89
10.05

Chapter Six : Analysis of Different Scenarios
This chapter provides different scenarios that used to predict the sediment yield by
applying different land management practices such as contouring and terracing in a sub
watershed located approximately in the center part of the Yarmouk River Basin watershed.

6.1 Scenarios
Surface hydrologic modelling of watershed mainly includes processes like runoff,
sediment as well as pollutants transportation from the watershed to the outlet. Estimation
of runoff and sediment yield is needed for the design of soil conservation structures and for
identifying the critical erosion prone regions of a watershed for application the best
management plan with limited resources. In many countries, Sediments are a very
important component in hydropower development. Filling of reservoirs in addition to loss
of live storage which leads to loss of production potential are the problems which may be
resulted from highly sediment rates. These problems cannot be solved by evacuation of
sediment from reservoirs since it is considered a costly process that can have many inverse
impacts on environment. Simulation of sediment yield can be used as a tool to assess the
sediment influx to reservoirs, and to estimate how much sediment is generated from
various land types. This can be significant in assessing the sustainability of reservoirs and
in evaluating mitigation measures in catchments and in evaluating the effects of
compensatory land use in the case of new development. Such tools can also be very
important in studding land use changes and in estimating the effect of rainfall intensity on
sediment yield in current and future studies of sediment issues which are significant in
studding the global changes [80].
Soil erosion considered the main cause of land degradation and reservoir
sedimentation. Therefore, modelling of runoff and sediment yield at a watershed level is
very important. A conceptual, distributed and continuous time, SWAT2012 (Soil and
Water Assessment Tool) model was selected for the simulation of the runoff and
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Prediction of the sediment yield by applying different land management practices
such as contouring and terracing in a sub watershed located approximately in the center
part of YRB. SWAT has been chosen for this study because it can be used in large
agricultural River basin scales and it is easy to use for simulating crop growth and
agricultural management.
Reduction of erosion in the selected agricultural subbasin#10 which located
approximately in the center part of the study area as shown in Figure (4.1), presented in
Table 6.1.
Table 6-1: Summary of management practices results on sediment yield.
Average initial
Year

sediment
(metric tons)

Contouring

Terracing

(Reduction %) (Reduction %)

Contouring and
Terracing
(Reduction %)

2006

18.99

11.87 (21)

7.29 (34)

4.90 (41)

2007

8.61

5.53 (21)

3.55 (35)

2.51 (43)

2008

10.93

4.44 (15)

4.23 (15)

2.87 (18)

2009

94.90

33.99 (16)

32.12 (16)

19.58 (20)

2010

1718.03

363.48 (25)

483.69 (22)

290.77 (26)

2011

4053.09

874.00 (37)

1128.51 (32)

677.55 (38)

2012

1969.05

256.30 (33)

551.58 (27)

331.72 (31)

2013

40489.69

5246.79 (44)

11223.13 (35)

6735.02 (41)

It's clearly shown that the contouring practice or the terracing practice has a
significant effect in reduce the sediment values but the great effect was achieved by
applying the two management practice with each other. Following Figures represents the
reduction of erosion in the selected agricultural subbasin #10 during the years from 2006 to
2013.
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Figure 6-1: Summary of management practices results on sediment yield through 2006.
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Figure 6-2: Summary of management practices results on sediment yield through 2007.
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Figure 6-3: Summary of management practices results on sediment yield through 2008.
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Figure 6-4: Summary of management practices results on sediment yield through 20062008.
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Figure 6-5: Summary of management practices results on sediment yield through 2009.
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Figure 6-6: Summary of management practices results on sediment yield through 2010.
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Figure 6-7: Summary of management practices results on sediment yield through 2011.
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Figure 6-8: Summary of management practices results on sediment yield through 2012.
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Figure 6-9: Summary of management practices results on sediment yield through 2012.
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Chapter Seven : Conclusions and Recommendations
7.1 Conclusions


The model was successfully run using the GIS interface .The SWAT model was
able to successfully simulate monthly runoff data from the YRB. When it was
calibrated and validated using the SUFI-2 program in SWAT-CUP.

YRB is

expected to be complex due to its nature, and data such climate input data and soil
was relatively limited in the study. The results of simulation during calibration
were excellent. However, during the process of validating the model, results
achieved were generally very good but borer than calibration, although it is similar
to results of other studies in literature.



Two different management scenarios for soil conservation were considered in order
to evaluate the effects on sediment yielding in Yarmouk River basin. Contouring or
terracing management practice will effectively reduce sediment loading of rain fed
lands in the basin by approximately 27% while applying the two practices with
each other reduce sediment loading by approximately 32%. Finally, this study
showed that SWAT model is a capable tool for simulating hydrologic components
and erosion in Yarmouk River basin.



This thesis can be regarded as an exploratory analysis of the suitability of the
SWAT hydrological model to simulate monthly runoff values in the YRB. SWAT
model proved to be suitable tools for use on large-scale watershed, and in particular
for arid and semi-arid subbasins like Jordan and the model could potentially be
used on other ungauged catchment areas with similar land use and climate.
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7.2 Recommendations
The main recommendations arising from this study for future researchers are:



During the modeling process, a specific database for Yarmouk River Basin
watershed has been prepared which is equivalent to the US basins database system.
These data can be used easily in different management objectives such a sediment
yield modeling, water quality modeling, estimating nonpoint loads of pollution or
other management targets.



Develop and prepare full database for the important basins in the Middle East to
use them in a SWAT model as for the proper management in the region.



The use of the SWAT model was greatly-aided by the vast amount of user-support
provided. This includes: the GIS interface tools, the user-support groups both for
the SWAT model and for the SWAT_CUP program, SWAT literature database,
web based documentation and educational videos on the SWAT website.



Calibrated models of catchment areas can be used to assess the potential impacts of
continued land use change; possible increases in abstraction and climate change on
the runoff.

This can be an extremely important tool used in water resource

management and planning. This is particularly true for our region watersheds,
where water security is an issue.


Calibrated models can also be used to assess water resources in adjacent ungauged
watersheds- if conditions such as land use and soil variables are similar.



This thesis contains a very detailed account of how the SWAT model was set-up
and run in this particular watershed. It can be a useful guide for other research that
may focus on hydrological modelling.



The SWAT model was not used to its fully ability in this thesis, due to the scope of
the project, as well as limited datasets. The SWAT model is able to simulate
sediment loading as well as different land use management practices during
agriculture. Therefore there is a lot of potential to use this model in the YRB for
other purposes, if the relevant data is obtained.
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تطبيق النمٌرج الييذرًلٌجي أدًات تقييم التربة ًالمياه في احذ االحٌاض المائية شبو
الجافة في األردن
إعذاد :لبنى ًليذ عبذ بني ىاني

الملخص
ررُف االضزٌ يُبذٛب ػهٗ آَب شاد يُبخ خبف انٗ شجّ خبف ،ح ٛرؼبَ ٙيٍ شح نًٛبِ ٔظٚبزح انطهت ػهٓٛب َزٛدخ
نعٚبزح يؼسالد انًُٕ انؽكبَ ،ٙحٚ ٛؽزكجم  %91يٍ يؽبحخ االضزٌ اقم يٍ  211يهى يٍ االيطبض ؼُٕٚب ،رؼس
االحٕاض انًبئٛخ يٍ يربزض انًٛبِ انًًٓخ انز ٙررسو انًدزًغ ٔانجٛئخ ،إٌ اؼزرساو انًُصخخ انٓٛسضٔنٕخٛخ ٚؼزجط يٍ احس
انٕؼبئم انٓبيخ  ٙإزاضح االحٕاض انًبئٛخ ٔانص٘ القٗ اَزمبضاً  ٙانؼكٕز االذٛطح.
ْ ٙصِ انسضاؼخ رى اؼزرساو انًُصخخ انٓٛسضٔنٕخٛخ  ٙازاضح حٕض انٛطيٕل ،يًب قس ٚؽٓى يؽزكجالً ثسػى اصحبة انكطاض
 ٙانزرطٛط الزاضح ْصا انحٕض يبئٛب ثبَؽت ططٚكخ ،اؼزرسو انًُٕشج ( )SWATازاح رثٛٛى انزطثخ ٔانًبء نزًثٛم قٛى
خطٚبٌ انًٛبِ انؽطحٛخ انمٓطٚخ  ٙحٕض انٛطيٕلًَٕ )SWAT( ،شج ْٛسضٔنٕخ ٙخسٚس ثحًٚ ٛكٍ اؼزرسايّ
نالحٕاض انًبئٛخ انكجٛطح أ نسضاؼخ انًربزض انًبئٛخ انؽطحٛخ ٔػالقزٓب ثبنزطثخ ٔاؼزرساو االضاض ،ٙاؼزرسو اذزجبض
انحؽبؼٛخ (ًَٕ ٙ )Sensitivity analysisشج ( )SWATنزحسٚس انًؼبيالد االكثط ربثٛطاٌ ػهٗ ؼهٕل انُزبئح ٔنزٙ
رؼكػ ؼهٕل انًُٕشج ،اؼزرسيذ انًؼهٕيبد انٓٛسضٔنٕخٛخ ٔانًُبذٛخ ذالل ان زطح ( )2113-2115نًؼبٚطح انًُٕشج ٙ
ح ٍٛاؼزرسيذ انًؼهٕيبد ذالل ان زطح ( )2115-2114الذزجبض انًُٕشج.
نزكٛٛى انًُٕشج رى اؼزرساو انؽالؼم انعيُٛخ ثبالضب خ انٗ رحسٚس يؼبيم االضرجبط (ٔ )R2يؼبيم انك بءح ( )NSنهؼالقخ
انز ٙرطثط يؼسل انزس انًكبغ َٓ ٙبٚخ انحٕض ػُس يحطخ انؼسؼٛخ ٔيؼسل انزس انًؽزرطج يٍ انًُٕشج ،كبٌ
يؼبيم االضرجبط ( )R2ث ٍٛيزٕؼط اندطٚبٌ انؽطح ٙانًكبغ ٔانًؽزُزح يٍ انًُٕشج (ٚ )SWATؼبزل  ٙ %95زطح
انًؼبٚطح ٔ  ٙ %91زطح االذزجبض ٙ ،ح ٍٛكبٌ يؼبيم انك بءح ( )NSث ٍٛيزٕؼط اندطٚبٌ انؽطح ٙانًكبغ ٔانًؽزُزح
يٍ انًُٕشج (ٚ )SWATؼبزل  ٙ 96زطح انًؼبٚطح ٔ  ٙ 63زطح االذزجبض .
رى رُ ٛص ؼُٛبضْٕٚبد يرزه خ ثبؼزرساو انًُٕشج ( )SWATنهزُجؤ ثئَزبج انطٔاؼت يٍ ذالل رطج ٛيًبضؼبد يرزه خ
إلزاضح األضاض ٙيثم انحطاثخ انكُزٕضٚخ ٔانًربطت  ٙحٕض يبئٚ ٙكغ ركطٚجب  ٙيُزرف يُطكخ انسضاؼخ ،ح ٛحسد
ْصِ انزطجٛكبد ثمكم ؼبل يٍ رحًٛم انطٔاؼت يٍ األضاض ٙانًططٚخ  ٙانحٕض ،أذٛطا ،أظٓطد ْصِ انسضاؼخ أٌ
ًَٕشج ؼٕاد ْٕ أزاح قبزضح ػهٗ يحبكبح انًكَٕبد انٓٛسضٔنٕخٛخ ٔانطٔاؼت  ٙحٕض َٓط انٛطيٕل.
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