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Abstract

This study reviews a number of hydrological
modelling studies in arid areas, including
the use of spatial analysis in geographical
information systems (GIS) and remote sensing
(RS) packages. Specifically, it aims to review the
most important GIS tools and spatial data used in
modeling processes. We discuss the use of digital
elevation model data, land-use/cover data, soil
data, and rainfall data in terms of their impacts
on applications of hydrological modelling. The
review concentrates on commonly used tools, e.g.,
the soil and water assessment tool, the kinematic
runoff and erosion model, the identification of unit
hydrograph and component flows from rainfall,
the evaporation and stream flow model, and the
Hydrologic  Engineering  Center-Hydrologic
Modelling System. The runoff curve number
method is illustrated as an example of methods
that are utilized in GIS-based hydrological
models. Arid areas require more attention from
researchers in order to overcome the obstacles
to hydrological modelling identified in the study.
For example, they should consider new methods
for determining spatial rainfall and infiltration
from transient flows that come from flash floods.
Instead of using gauged data on arid areas, RS data
can be used for simulating events. Observational
data can also be improved by creating multiple
measurement stations in affected areas.

Keywords: Digital Elevation Model, Spatial
Information Technology,
Modelling, Arid Areas, and SWAT
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Introduction

The significant demand for water resources,
along with the associated current and future
environmentalissues, haveledto growing concerns
regarding the prediction and understanding of the
natural process of this situation. Several models
have been developed to simulate hydrological
systems, from precipitation to streamflow
(Beven, 2001). With the rapid advancement of
computer technology, geographic information
systems (GIS) and remote sensing (RS) have
played a fundamental role in developing these
hydrological models (Wilson et al., 2000). RS
technology has improved the availability of data,
and GIS is a powerful tool that processes several
kinds of data. Furthermore, GIS has the capability
to provide improved and clearer visualizations.

Several studies have been carried out with the aim
of analyzing and modelling hydrological systems
(Wheater et al. 2008). Most of these studies have
presented hydrological models and categorized
them according to their complexity, data
availability, and user requirements. Furthermore,
numerous studies have been conducted to explore
the linkage between hydrological models and
advanced technology, such as GIS and RS. One of
the most comprehensive studies in this field was
undertaken by Ogden (2001). This study provided
a detailed description of hydrological models and
applications, including GIS features for watershed
analysis and hydrological modelling. Another
study on RS data applications in hydrological
modelling was presented by Kite et al. (1996).
However, despite their usefulness, most of these
studies developed several efficient models that
were only suitable for humid environments
(Pilgrim et al., 1988).

Due to the harsh climatological and physical
conditions in arid areas, a limited number of
studies have been carried out on this topic
(Wheater et al., 2008). For example, Al-Turbak

(1996) used a geomorphoclimatic model in three
arid watersheds in Saudi Arabia to calculate
rainfall intensity. Another study in Oman was
carried out by Al-Qurashi (2008), who applied
a distributed, physically-based rainfall-runoff
model to predict event hydrograph features in a
catchment area.

The present study reviews a wide range of
literature related to hydrological modelling
in arid regions, including the use of GIS and
RS technology on hydrological and watershed
models. The combination of data, such as digital
elevation model data, land-use/cover data, soil
data, and rainfall data, will be discussed in detail
regarding their role in hydrological modelling
applications. The soil and water assessment
tool (SWAT), the kinematic runoff and erosion
model (Kineros2), the identification of unit
hydrograph and component flows from rainfall,
(IHACRES)
model, and the Hydrologic Engineering Center-
Hydrologic Modelling System (HEC-HMS) are
all examples of hydrological models that have

evaporation, and streamflow

been successfully used in some studies in arid
regions. The runoff curve number (RCN) method
is illustrated as an example of a method used in
GIS-based hydrological models.

Methodology

World-famous databases were used to procure
various types of articles, academic papers,
dissertations, documents, and studies related to
hydrological modeling in arid regions, including
those employing GIS and RS technology for
hydrological and watershed models. These
databases were ABS Statistics, BioOne, CSA,
Current Contents, Emerald, Gale databases,
Hein Online, Informit, JSTOR, Science Direct,
Scopus, SpringerLink, Taylor and Francis, Web of
Knowledge, and Google Scholar. In order to use
these databases to conduct searches for studies,
articles, research, and other literary reports,
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a number of keywords were used or tagged
together or differently. These keywords included
hydrological modeling, hydrological modeling
and arid areas, GIS for hydrological modeling,
watersheds and modeling, remote sensing and
precipitation, climate factors for hydrological
modeling, soil and runoff, moisture and runoff,
erosion, runoff and hydrogeological modeling
in geographical areas, spatial techniques, GIS,
hydrological modeling of engineering, dry areas
and watersheds, and remote sensing data for
watershed and watercourse extraction.

1. Hydrological models

Hydrological models are mathematically based
and can be defined as conceptual representations
of the hydrological system (KITE, 1996). The
primary use of hydrological models is to simulate
the hydrological system from precipitation to
streamflow for the purpose of prediction and
understanding of the hydrologic process (Reed et
al.,2007). There are different kinds of hydrological
models, varying from simple to sophisticated.
Simple models are “mainly based on data and the
use of mathematical and statistical concepts to
link a certain input to model an output.” A more
complex model, also called a physically-based
model, produces three-dimensional simulations
of a watershed (KITE, 1996).

Hydrological models are used to study the
runoff process. Over the years, there have been
many attempts to simulate and generate the runoff
process, such as the black-box technique (Chow
et al., 1988). However, this technique leaves out
vital information about hydrological processes
that generate runoff. The black-box technique was
followed by a “Period of Rationalization” when
three methods coincided—the unit hydrograph
method, Richard’s equation for unsaturated
flow, and Horton’s work on infiltration and the
production of runoff (Chow, 1964). Another
approach was advanced by Engman (1986),

Vol.11 (1) March 2019

who gathered many internal processes, turning
the black-box technique into a computer-based
model. However, some of these system states were
estimated states, which can influence the results
of the process. Other studies have mainly focused
on understanding the streamflow generation
process using infiltration and the determination
of taking effective rainfall into account. Kirkby
(1978) proposed using several runoff-generation
methods to develop a more realistic approach
to modelling runoff generation. These methods
included infiltration-limited overland flow, partial
area overland flow, saturation excess overland
flow, sub-surface stormflow, and saturated wedge
flow (Wood et al., 1990).

With advancements in technology, deterministic
hydrological models were developed. They fall
into two main categories—Ilumped and distributed
models. The watershed in lumped models is
expressed as a single entity with a single rainfall
input. Lumped models require limited data to
be applied to the watershed. However, this can
compromise the model resolution. Examples
of the most popular lumped models include the
identification of unit hydrographs and component
flows from rainfall, the evaporation and
streamflow data (IHACRES) model (Jakeman
and Hornberger, 1993), the Australian water
balance model (AWBM) (Boughton and Chiew,
2007), the GR4J model (Perrin et al., 2003), and
the North American mesoscale model (NAM)
(DHI, 1993). In recent years, some models have
been developed that closely represent observed
hydraulic phenomena.

This has led to more advanced distributed models
in which watershed is broken down into smaller
areas. According to Beven (2001b), “distributed
models make predictions by discretizing the
catchment into a large number of grid squares.”
Examples of grid models include SWAT (Arnold
et al., 1998b), TOPMODEL (Beven et al., 1995),
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and the hydrologic modelling system (HEC-
HMS) (Scharffenberg and Fleming, 2010). By
contrast, distributed models require a great
amount of conventional hydrometeorological and
spatial data in order to run (Abushandi, 2011).

Hydrological modelling in arid areas

The sub-tropics have the most arid zones in
the world. The relationship between rainfall and
reference water demand is the basis for determining
the degree of aridity and can be used to divide arid
zones into several sub-categories (De Pauw et al.,
2000). In arid regions, hydrologists cannot use
hydrological models efficiently due to the harsh
climatic conditions and the lack of quality data
(Al-Qurashi et al., 2008; Beven, 1984; Bronstert,
2004; MclIntyre and Al-Qurashi, 2009; Pilgrim
et al., 1988). They also conclude that disrupted
models cannot give an accurate representation
of reality, that is, the “full picture of reality.”
This can intensify the dilemma of harsh weather
conditions and quality data deficiency in arid
areas. For example, flow measurement of flash
floods is difficult to predict for several reasons,
such as the harsh climatological and physical
arid conditions, a lack of suitable natural control
sections in streams with movable beds, the high
cost of artificial control, limited access in rainy
seasons, and the possible damage of instruments
by rocks and sediment loads (Pilgrim et al., 1988).

A limited number of distributed models have
been developed or modified for arid environments.
Al-Turbak (1996) calculated rainfall intensity and
duration by using physically-based infiltration
components in a geomorphoclimatic model in
three arid watersheds in Saudi Arabia. According
to the study, the model successfully reproduced
surface runoff hydrographs for areas in which
detailed and accurate data were available.

Another study was carried out by Al-Qurashi
(2008) in Oman. It applied a distributed,
physically-based, rainfall-runoff model (Kineros)

to 27 rainfall-runoff events from arid catchments.
The model was used to predict the features of
the event hydrographs in the catchment area.
Al-Qurashi (2008) stated that the rainfall-runoff
model could mainly be used in arid areas to
represent spatially distributed surface topography
and/or rainfall and to simulate spatially distributed
runoff. The study concluded that the dataset used
for the rainfall-runoff model produced inaccurate
results when it was used in arid areas. There are
many explanations for this conclusion, such as
limited observation and the lack of calibration of
key surface and subsurface parameters.

A GIS-based Soil Conservation Service curve
number (SCS-CN) approach was developed
by Shadeed and Almasri (2010). This approach
was used to calculate the combined CN of West
Bank catchments in Palestine. They managed to
use their results to prove the applicability of the
GIS-based SCS-CN approach for that region.
However, the authentication of the validity of
the developed approach was limited due to the
insufficiency of rainfall-runoff records.

1.2 Hydrological and watershed models in
geographic information systems and remote
sensing technology

Hydrological modelling has been strongly
influenced by advancements in GIS and RS
technology. RS technology has improved the
availability of hydrological data, while GIS is
a powerful tool that has the ability to process
several kinds of data, such as vector and raster
data. Moreover, GIS is able to represent geo-
referenced data, thus enabling the overlaying,
merging, and visualization of data (Lu, 1996).
Jain et al. (2004) stated that GIS technology
reduces estimation time, manages and analyzes
huge databases that show characteristic land-
surface diversity, and improves the presentation
of model results. Merging these technologies
has resulted in simplified, effective distributed
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hydrological modelling (Lu, 1996).

Several studies have described the use of GIS in
hydrological modelling (Zhang et al., 1990; Lee
and Terstriep, 1991; Tim et al., 1992; Bhaskar et
al., 1992; Maidment, 1993; Frederickson, 1993;
Srinivasan and Engel, 1994; Brennen, 1994). A
detailed description of RS theory and application
in hydrology was presented by Rango (1994).
Another study conducted by Tim (1995) explained
the impact of advanced GIS and RS technologies
on hydrological modelling.
in RS
improved the availability of acquiring data in

Recent progress technology has
an efficient and timely manner. Examples of
these technologies include radar systems, such
as the next-generation radar (NEXRAD) and the
Weather Surveillance Radars-88 Doppler. These
systems have the ability to provide near real-time
and high-resolution data for spatial and temporal
rainfall volumes and intensity (Singh and
Woolhiser, 2002; Vieux, 2004). For distributed
models, this format of rainfall data has proven
to be extremely functional. In the San Antonio
River Basin, Knebl et al. (2005) used NEXRAD
rainfall data and HEC-HMS to perform regional-
scale flood modelling during a 2002 storm event.
Furthermore, Moon et al. (2004) verified that
by using NEXRAD rainfall input in place of
rain gauge inputs, the estimation of streamflow
improved in the SWAT model.

Satellite imaging data were initially used by
researchers to extract land-use/cover information.
These data were integrated with GIS to simulate
runoff, infiltration, evaporation, erosion, and
sedimentation studies (Young et al., 1987,
Johnson, 1989; Jakubauskas et al., 1992; Kouwen
et al., 1993; Ross and Tara, 1993). In eastern
India, Shrivastava (2004) presented a study that
integrated the SWAT model with RS data and GIS
techniques and then verified the viability of the
integrated system. Furthermore, the model was

10 vol.11 (1) March 2019

used to examine its ability to estimate the runoft
and sediment yield from a small watershed. GIS
tools were used by Shrivastava (2004) to extract
information from different map layers, such
as land use/cover, the digital elevation model
(DEM), soil, slope, drainage, and watershed and
sub-watershed borders, as well as to input these
data into the SWAT model.

Another
performed in the United States. Advanced Very

study of satellite imaging was
High Resolution Radiometer and Geostationary

Operational Environmental Satellites were
employed to generate maps showing snow cover
in 4,000 river basins, which could contribute to
the waterflow in the local watersheds during warm
weather (NOAA, 2008). Other sources, such as
the System for Earth Observation satellite and
the Landsat satellite, have provided models for
extracting the data required to map and classify

soils and land use/cover (Vieux, 2004).

2. Digital elevation model

ADEM isusedtorepresent the spatial distribution
of elevations and depends on a geodetic datum as
a systematic display of numbers. Some elevations
in the DEM can be sampled at discrete points.
Others can be an average elevation over a specific
section of the site. DEMs are considered to be
a sub-class of digital terrain models (DTMs),
which are a systematic display of numbers that
represent the spatial distribution of topography
characteristics (Moore et al., 1991).

More recently, geoscientists have used DEM
data for hydrology studies, topography analyses,
and other natural studies (Dewan et al., 2004).
When comparing field surveys and elevation data
from stereophotographs and the process time of
these data, DEM data are more effective (Tribe
1992). Therefore, most geoscientists rely on
DEMs produced by organizations or companies.
Generally, DEMs are produced from different
sources such as contour maps, aerial photographs
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(digitized elevations and photometric stereo
models), and RS images (Garbrecht et al., 2000).

2.1 Structure of digital elevation model data
There are three DEM data structures: (1)
Triangulated irregular networks are vector-based
representations of land surface that form an
irregular network of points and lines with three-
dimensional coordinates (x, y, and z) together
with pointers to their neighbors in the net
(Peucker et al., 1978; Mark, 1975). (2) Contour-
based networks require “an order of magnitude
[of] more data storage and do not provide any
(Moore, 1988).
(3) The most extensively used DEM structure

computational advantages”
is the raster (square-grid) network, which is
defined as a matrix of square grids, with each
cell elevation stored in a two-dimensional array.
The location of the row and column cell within
the array provides the location of a cell in the
geographic space. There are several advantages
and disadvantages associated with this structure.
A square-grid network is simple; the processing is
functional; and the computation is efficient. The
disadvantages include difficulty handling sudden
elevations and an unrealistic representation of the
computed upslope flow paths used in hydrologic
analysis. Computational efficiency and results
are affected by the size of the grid network
(Panuska et al., 1990) and the lack of accuracy in
determining the catchment area.

2.2 The use of the digital elevation model in
hydrological modelling

There are many hydrological applications for
which DEMs have been used, such as in deriving
slope, aspect, and hill-shaded maps and in the
computation of wetness indices, etc. DEMs are
used to observe drainage-related features such
as ridges, valley bottoms, channel networks, and
surface drainage patterns. They are also used
to measure properties for subcatchments and

channels such as size, length, and slope. Both the
quality and resolution of DEMs are responsible
for accuracy in this topographic information
(Garbrecht et al., 2000). DEMs have been used in
hydrological modelling in many different ways.
For example, for the purpose of assessing the
pattern of potential soil moisture and changes in
soil texture caused by the erosion process, DEMs
were used by O’Loughlin (1986) and Schmidt
and Persson (2003) to obtain indices for potential
flow accumulation and wetness. Moreover, flow
channels acquired from DEMs were used for
the delineation of watersheds, the estimation of
upslope areas (O’Callaghan and Mark, 1984;
Jenson and Domingue, 1988; Reiger, 1998), and
for flow routing (Quinn et al., 1991).

3. Data Use in Hydrological Modelling
3.1 Land-use/land cover data

Land cover is defined as the natural surface of
the earth, including vegetation, soil, and water.
Land cover also includes human structures and
yield. Land use indicates the human use of land,
such as settlement and modification of the natural
environment and the effect on the land cover
(Fresco, 1994; McConnell & Moran, 2001).

Surveys and census data are a commonly
used source of land-use/cover data. Statistical
information on land use can be provided
by countries and international agencies for
environmental studies. Another source of land-
use/cover data is RS technology. Both supervised
and unsupervised classification methods are used
to analyze the remotely sensed digital images,
which are then classified into different land-use
types (Gunduz, 2003).

In hydrological modelling, land-use/cover
data are used to provide an assessment of the
roughness or resistance of the land, which affects
the water flow motion. Land-use information is
used to measure the amount of rainfall infiltration

on a surface. In addition, land-use data and
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the soil characteristics of a land surface can be
combined to calculate percolation and water-
holding capacity values (ASCE, 1999).

3.2 Soil data

Soil dataarean essential component ofhydrologic
modelling. Certain soil data are required for most
hydrologic cycles, such as soil type, porosity, and
hydraulic conductivity. Soil data can be extracted
from soil survey maps or RS images, which have
to be processed by supervised or unsupervised
techniques to obtain soil types (Gunduz, 2003).

3.3 Rainfall data

In hydrological modelling, rainfall data are
considered essential.  Hydrological —model
calibration and verification depend on high-
quality rainfall and runoff data. The most highly
available and reliable form of data for hydrologic
modelling applications is rain gauge data.
Moreover, several types of data are important for
hydrological applications in evaporation studies;
for example, temperature data are used to measure

potential evapotranspiration (Gunduz, 2003).

4. The Use of the Soil and Water Assessment
Tool in Hydrological Modelling in Arid

Regions

Many hydrological models can be used to
delineate watershed systems; however, as stated
earlier, the categories of these models differ.
The SWAT model has been used successfully in
studies in semi-arid and arid regions. Some of
these studies include Al Mulla (2005), Schneider
(2007), Ouessar et al. (2009), and Fadil et al.
(2011). SWAT has a GIS interface for ESRI
ArcView. In every study area, SWAT has the
capability to simulate hydrological processes and
transmission losses.

4.1 Soil and water assessment tool model
description

The SWAT model was initially developed to

12 Vol.11 (1) March 2019

assist the United States Department of Agriculture
(USDA) and the Agriculture Research Service
(ARS) in their research (Neitsch et al., 2002). The
development and modification of SWAT took over
30 years. A number of USDA-ARS models have
been integrated with SWAT, such as the model for
Chemicals, Runoft, and Erosion from Agricultural
Management Systems (Knisel, 1980); the Erosion
Productivity Impact Calculator (Williams et al.,
1984); and the Groundwater Loading Effects on
Agricultural Management Systems (Leonard et
al., 1987). The Simulator for Water Resources in
Rural Basins (Williams et al., 1985; Arnold et al.,
1990) model is considered to be the foundation of
the SWAT model.

The SWAT model is a physically-based, semi-
distributed, and continuous time model that runs to
simulate watershed practices. Model components
include hydrology, weather, sedimentation, soil
temperature, crop growth, nutrients, pesticides,
and agricultural management. SWAT works
in large, complicated watersheds to predict
the impact of land-use management on water,
agricultural crops, and sediment. The simulation
of hydrological processes includes using the SCS-
CN and infiltration equation (Green and Ampt,
1911) to compute the surface runoff, simulating
the canal of subsurface flow, generating streams
of groundwater flow from shallow aquifers,
and estimating potential evapotranspiration,
transmission losses from streams, and water
storage and loss from reservoirs. Based on
monthly climate statistics, the variables can
be provided as inputs. Moreover, the SWAT
model can be used to generate weather data or
to fill in gaps in measured records through the
WXGEN weather generator model (Sharpley
and Williams, 1990). The modified universal soil
loss equation can compute the sediment yield for
each sub-basin. Crop growth can be simulated,
and soil temperature can be modelled in layers.
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Irrigation and withdrawals from the system can
be represented by simulating water diversions.
4.2 The soil and water assessment tool ArcView
interface

The SWAT ArcView interface (AVSWAT-X)
is a graphical user interface (DiLuzio et al.,
2004) comprised of three key components:
(1) a preprocessor to generate the sub-basin
topographic parameters and model input
parameters, (2) functionality for editing input
data and for executing the SWAT simulation,
and (3) a postprocessor to view the graphical
and tabular simulation results. There are existing
databases for the United States that cover soils,
crops, pesticides, fertilizers, tillage operations,
and urban simulations. However, additional
information can be added to these databases.
AVSWAT  determines

delineation and stream networks by using DEM

watershed  border

as an input. The stream networks determine the
set-up of the basin and automatically divide it
into sub-basins. AVSWAT provides users with
the functionality of adding or removing the
sub-basins according to conditions. A series of
hydrological response units (HRU), defined on
the basis of each sub-basin, can be reclassified
according to the joint layer of the soil and land-
use maps. Each HRU represents grouped areas of
a sub-basin containing similar land use and soil

type.

4.3 Strengths and weaknesses of SWAT

The SWAT model has many advantages in
hydrological modeling applications. The runtime
estimation of the model ranges from a few minutes
to less than one hour. The model is considered
a long-term agricultural watershed model and
is also suitable for yearly predictions of flow
volumes and sediment (Borah et al., 20006).
The disadvantages of using the SWAT model in
hydrological applications include the high cost of
setting up a simulation in large watersheds, the

data requirements for the model to run, the time
needed to process the data, difficulty determining
the ideal set of parameters, and the problem of
precisely estimating certain parameter values
such as the flow of soil water and ground water
into the stream channel (Borah et al., 2006).

5. The Kinematic Runoff and Erosion Model:
Description Model

Kineros2 (K2) is a physically-based and
distributed rainfall-runoff model that is also
event-based and used mainly in arid and semi-arid
catchments. This model is used to describe the
processes of interception, dynamic infiltration,
surface runoff, and erosion from watersheds
characterized by a predominantly overland
flow in small watersheds. In this model, the
catchment is subdivided into a cascade of one-
dimensional overland flow planes and channels
using topographic information. For each overland
flow and channel, a set of parameters is assigned.
Runoff is routed with an implicit finite difference
solution of the kinematic wave equation (Al-
Qurashi et al., 2008). The simulation process of
the K2 model must start from upslope/upstream
elements and progress to downstream elements to
ensure the existence of upper boundary conditions
(Semmens et al., 2008).

The K2 general approach starts with dividing the
watershed into a “branching system” consisting
of multiple channels and plane elements. For each
plane, infiltration and roughness characteristics
as well as the rainfall input may vary. Data on
rainfall depth versus time can be provided for
up to 20 sites within or near the basin. For each
overland flow plane, the program calculates
the difference between the rainfall rate and
the infiltration rate for 5 to 15 nodes. There is
an interaction between surface runoff routing
and the infiltration component. This means that
infiltration may continue even though rainfall has
stopped because there is water remaining on the
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plane. Runoft is routed over each plane, through
the channel system, and to the watershed outlet.
Erosion can also be simulated if the erosion option
is used. The system calculates the deposition and
sediment transport and then routes the sediment
through the system (Semmens et al., 2008).

5.1 The use of Kineros in hydrological
modelling in arid areas

In Wadi Aday, Oman, Wheater (1981) used an
old version of Kineros to analyze storms using a
15-min time step. The results obtained from the
Kineros model were more enhanced than those
gathered using a time-area approach. The reason
for the improved results was the capability of
representing non-linear effects of channel and
overland flow due to the use of a physically-based
model.

In a groundwater recharge analysis study, Mott
Macdonald (1992) applied Kineros to Wadi Ahin
in Oman. The study found that the calibrated
parameters of Wadi Ahin should be transferred
to nearby ungauged catchments due to the much
wider range of volume errors on subsequent
calibration over 16 events.

In another study conducted in the Walnut Gulch
6.4-km2 subcatchment, Yatheendradas et al.
(2008) applied K2 to eight events to assess the
utility of the model for flash flood forecasting and
to identify the key sources of uncertainty. This
study found that the principal cause of uncertainty
were the discrepancies in recorded radar rainfall.
For instance, the cumulative rainfall in one event
varied between approximately 15 mm and 35
mm, depending on the estimation method used.
In addition, the authors reported that predicting
an event using parameter sets identified based
on other events resulted in significantly high
uncertainty.

Another study applying the Kineros model was
presented by Michaud and Sorooshian (1994b).
The model was applied to the 150-km2 Walnut
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Gulch catchment. This study used six rainfall
events for calibration, 24 events for validation,
and 2-min resolution rainfall data. The results of
the study were unsatisfactory due to the model’s
performance. For example, with four peaks
being overestimated by more than 100%; and the
validation root mean square error (RMSE) for
peak flows was 79% of the mean observed peak.

5.2 Strengths and weaknesses of KINEROS2

In terms of strengths and weaknesses, the
K2 model has many advantages, such as high
distribution accuracy of rainfall over watersheds.
The model also provides a set of model parameters
that are spatially distributed over the watershed
and that work perfectly in predicting the rainfall-
runoff process in small basins, including better
resolution rainfall data and fewer time phases
(Schaffner et al., 2010).

However, the weaknesses of K2 include low
flow simulation because of the first dimensional
(1-D) kinematic wave equations used, and K2
is only applicable for small catchments (Kalin
and Hantush, 2003). Moreover, the model has
limited capabilities to simulate best management
practices (Borah et al., 2006).

6. Description of the Identification of Unit
Hydrograph and Component Flows from
Rainfall, Evaporation, and Streamflow

(IHACRES) Model

The IHACRES model is a hybrid conceptual—
metric model. It captures the strength aspects in
both conceptual and metric models. It uses the
simplicity of the metric model for the purpose
of reducing the uncertainty associated with
parameters that are inherent in hydrological
models. At the same time, the model attempts
to represent more details of the internal process,
which is typical for a metric model (Croke et al.,
2008).

The initial development of the IHACRES
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model was intended for applications to temperate
catchments (Jakeman et al., 1990). The model was
later modified to include applications to ephemeral
streams (Ye et al., 1995, 1997; Schreider et al.,
1996). According to Littlewood (2003), the main
goal of using the IHACRES model is to describe
catchment—scale hydrological behavior using a
limited number of parameters. Thus, the model
can be applied successfully in arid regions where
hydrological datasets are very rare.

Recently, several versions of the IHACRES
model have been developed and modified for
the purpose of achieving a good simulation of
ephemeral streams in arid regions. The structure
of the model consists of a non-linear loss module,
which converts actual rainfall into effective
rainfall, and a linear module, which transfers
effective rainfall to stream discharge (Croke et
al., 2008).

The original structure of the IHACRES model
used an exponentially decaying soil moisture
index to convert rainfall into effective rainfall.
Ye et al. (1997) developed an advanced version
to improve the model performance in ephemeral
catchments. This version is coded within
IHACRES v2.0 and is given by the following
formula:

w=[e(@y-DIPry,
where:
u, is the effective rainfall,
r;. 18 the observed rainfall,
¢, I, and P are the parameters (mass balance,
soil moisture index threshold, and non-linear
response terms, respectively), and

@, is the soil-moisture index.

Recent developments in the IHACRES rainfall-
runoff model have increased its potential to
model different aspects such as the effects of
land use change on catchment response (e.g.,
Dye and Croke, 2003) and the ability to infer the
hydrological response of ungauged catchments.

The modifications of most models are typically
related to the non-linear loss module. Examples
include developing a catchment moisture deficit
(CMD) accounting system (Croke et al., 2004),
simulating the effects of retention storages
(Schreider et al., 1999), and linking a physics-
based groundwater discharge model (Sloan,
2000) with the IHACRES model (Croke et al.,
2002), which has led to interactions between
groundwater recharge and streamflow. A further
development is a method based on estimating
hydrographs directly from streamflow data
without the need for rainfall data (Croke, 2004).
Moreover, anew Java-based version of IHACRES
has been incorporated into the Java component
library (VisAD library). These components help
visualize data, such as inputs and model outputs
(Hibbard, 1998).

6.1 The use of IHACRES in hydrological
modelling in arid areas

The IHACRES rainfall-runoff model has been
successfully applied all over the world in arid
and semi-arid catchments (e.g., Australia, Jordon,
Oman, and many parts of Africa). IHACRES has
been used in several studies, such as streamflow
prediction in ungauged catchments and
investigations of dynamic response characteristics
(Kokkonen et al., 2003), land-cover effects on
hydrological processes (Croke and Jakeman,
2004; Kokkonen et al., 2001), and physical
catchment patterns (Sefton and Howarth, 1998).
In three low-yielding catchments in Australia,
Ye et al. (1997) applied the IHACRES model
using daily time-steps and continuous-time
simulation. The purpose of their study was to
compare the performance of three conceptual
models (LASCAM, GSFB, and IHACRES) with
different parameters. The authors concluded
that ITHACRES performed well; however, in
the calibration and validation periods, the

22-parameter LASCAM performed better in
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general than the [HACRES system.

In another study in New South Wales, Australia,
Croke et al. (2006) used IHACRES in a semi-
distributed model with a large catchment. The
assignment of their study was to support the
integrated assessment of water distribution. The
catchment was distributed into 16 subcatchments
according to their spatial variability of climate
and hydrological responses. The study results
were that in two subcatchments, the performance
was insufficient due to a lack of rain gauges;
however, in relation to the flow balances, the
model performance was sufficient.

A calibrated version of the IHACRES model
was able to clarify 96% of flow record variability
by using monthly rainfall data from Mt. Kenaan,
Israel, coupled with monthly flow data from the
River Jordan gauging station (Whitehead et al.,
2006). Mclntyre et al. (2009) applied IHACRES
to modelling flow peaks and volumes in the Wadi
Ahin catchment in Oman. Their main task was to
take an experimental approach to investigating
the applicability of alternative versions of
IHACRES. A sensitivity analysis was used to
reduce [HACRES from a nine-parameter version
(Yeetal., 1997) to five-parameter, four-parameter,
and three-parameter versions, and the prediction
performance of each was tested. The study
concluded that the four-parameter version was
ideal for predicting flow peak and that the three-
parameter version was ideal for predicting flow
volumes. Therefore, in general, the performance
of each simple version of the IHACRES model
was satisfactory; however, prediction uncertainty
was high due to the variability of the effective
parameter values over the events.

6.2 Strengths and weaknesses of IHACRES
The advantages and capabilities of the IHACRES
model include the fact that the model parameters
are described as simple and efficient; the system
response identification works with a few years of
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data input (which is a smaller data requirement);
the IHACRES model works with all watershed
sizes; the dynamic response characteristics of
watersheds are defined efficiently by the model;
and the model is capable of retrieving changes in
stream flow according to land-use changes in a
watershed (Dye and Croke, 2003).

However, one disadvantage of the IHACRES
model is that its ability to predict slow flows is
better than its capabilities in predicting quick
flows because upper flows tend to be under-
simulated. The model works more effectively
in small catchments than large ones in terms
of generating useful flow predictions, and it is
suitable for predicting the effect of land-use
changes on low flows (Dye and Croke, 2003).

7. Description of the Hydrologic Engineering
Center-Hydrologic Modelling System Model

The Hydrologic Engineering Center-Hydrologic
Modeling System (HEC-HMS) is a hydrological
modeling system designed and developed by the
United States (US) Army Corps of Engineers
Hydrologic Engineering Center (HEC). The
model is intended to simulate precipitation-
runoff processes of watershed systems. The
system has the capability to model a wide range
of geographical areas, including large river
catchments and small urban or natural watersheds
(Verma et al., 2010). Furthermore, the model has
been widely applied to simulate and forecast
stream flows for humid, tropical, sub-tropical, and
arid watersheds (Abushandi, 2011). It consists of
four main components: a system used for storing
and managing large amounts of data, analytical
models with capabilities to calculate overflow
and channel routing, a sophisticated graphical
display that shows the hydrologic system and its
components, and a tool used to display and report
output (Moghadas, 2009).

Moreover, the HEC-HMS model encapsulates
multiple functions, such as loss estimation,
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runoff transformation, open-channel routing,

meteorological data analysis, rainfall-runoft
simulations, and parameter estimation. Each
component of the runoff process is represented
by separate models. Examples of these models
include models for computing runoff volume,
models for direct runoff, and models for baseflow.
Moreover, the basin, meteorological, and control
flow models are combined in each model with a
run option to obtain results. System data are stored
in two different models: the basin model and the
meteorological model. The system connectivity
and physical data describing the watershed are
located in the basin model. Data for precipitation
and evapotranspiration, which are required to
simulate watershed processes, are stored in the
meteorological model (Verma et al., 2010).
While the HEC-HMS has the ability to model
infiltrations from the land’s surface, the system
cannot model storage and water movement
vertically within the soil layer. Instead, it works
by combining the near-surface and overland flow
and models it as a direct runoff (Verma et al.,

2010).

7.1 HEC Geo-HMS

A Geo-Spatial Hydrologic Modeling Extension
for the ARC-GIS was developed by the US
Army Corps of Engineers HEC. The extension is
fully equipped with a simple interface, a menu,
tools, and bottoms for the purpose of generating
hydrologic inputs for the direct use of the
modeling ystem, the HEC-HMS. Therefore, the
extension can be used effortlessly by engineers
and hydrologists with limited experience (Geo-
HMS, 2003).

The Geo-HMS provides a sub-basin delineation
and manipulation tool. This tool has the capability
to create a background map containing the
stream alignments and sub-basin boundaries.
For example, the system can supply point data
sets as desired outlets to delineate sub-basins.

Furthermore, it can represent water movement
through the sub-basins by creating a lumped
basin model containing hydrologic elements
and their connectivity. Examples of Geo-HMS
capabilities include creating a grid-cell parameter
file and a distributed basin model, generating a
table of the physical characteristics of watersheds
and streams, analyzing DEM data, computing
the CN value of sub-basins, and generating the
meteorological model and control specifications
(Geo-HMS, 2003).

7.2 The use of the HEC-HMS model in
hydrological modelling in arid areas

In Jordon’s AL-Zaraqa basin, Al-Abed et al.
(2005) applied the HEC-HMS with another model
to discover the advantages of using GIS-based
hydrological models as water management tools.
Their study showed that the HEC-HMS model
provided more suitable results than the other
model. Yener et al. (2006) selected the Yuvacik
Basin in Turkey as a study area for simulations
and runoff scenarios using intensity duration
frequency curves for modeling studies applied by
the HEC-HMS model.

In a section of the Qara Ajaq River in the
Fars Province of Iran, Purreza et al. (2007)
used hydraulic models and the HEC-GEOHMS
extension to estimate and determine the zone of
water flood so as to identify factors influencing
the flood-susceptibility potential of basins and
their zoning in terms of flood-susceptibility
potential. Moreover, in the Kan watershed in Iran,
Ghanbarpour (2007) employed the HEC-HMS
model to simulate the watershed response to any
changes from structural and non-structural flood
control measures and synchronized hydrograph
analysis. Another study by Nasri et al. (2011) in
Iran’s Sheikh Bahaei Dam basin used the HEC-
HMS model to simulate the flow of rainfall-
runoff processes common to that area. The results
of their study showed that the HEC-HMS model
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accurately determined the areas playing the
greatest role in flood development.

Zorkeflee et al. (2009) conducted a study in the
Sungai Kurau Basin using the GIS and HEC-
HMS models for catchment management. They
also analyzed the impact of land-use changes
on the hydrologic behavior of the basin. In the
Baitarani catchment in India, Verma et al. (2010)
indicated the suitability of the HEC-HMS model
for simulating runoft flow after using the HEC-
HMS and WEPP models in their study.

Dastorani et al. (2011) evaluated the HEC-
HMS model for its ability to predict flooding
and to model rainfall-runoff processes in the
Toroq watershed in Iran. Their study indicated
the strengths of the HEC-HMS model in rainfall-
runoff simulations in ungauged catchments.
However, the main parameters affecting the
results were the curve number (CN) and initial
loss. Therefore, these parameters must be
correctly estimated during the calibration process
to ensure the most accurate results.

7.3 Strengths and weaknesses of the HEC-
HMS model

The main advantages of the HEC-HMS model
include runoff, channel routing, and water control
structures, which are the main components of
the model. The model has the capabilities to be
applied to different watershed sizes, shapes,
and characteristics, and it uses a simple method
to manage data in terms of what is entered,
organized, accessed, and visualized (Beckers et
al., 2009).

The limitations of HEC-HMS are that the
watershed process simulation is an experimental
method; the model has limited capabilities for
implementation in river processes; and specific
conditions apply, such as a certain type of
topography (e.g., gradual topography), when
modeling watersheds of any size (Beckers et al.,
2009).
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8. SCS—The Runoff Curve Number Method

The RCN is an efficient method designed to
approximate the amount of runoff generated
from a rainfall event in a certain area. Initially,
the method was developed by the USDA Natural
Resources Conservation Service, formerly called
the Soil Conservation Service (SCS), in 1954.
The RCN, which is also known as SCS, is an
experimental parameter used in hydrology to
estimate the runoff or infiltration generated by
rainfall (Ponce et al., 1996). Ritzema (1994)
explained the use of the RCN in drainage basins:
The method is used to predict direct runoff depth
from rainfall depth; it then provides an index
that illustrates the characteristics of the runoff
response. The RCN depends on several factors
such as the area’s hydrologic soil group, land use,
treatment, and hydrologic condition (Ponce et al.,
1996) and antecedent soil moisture conditions in
the drainage basin (Ritzema, 1994).

The RCN depends on two factors—the initial
abstraction and actual retention. The initial
abstraction starts with the accumulation of
rainfall. This is represented by interception,
depression storage, and infiltration before the
start of runoff. Actual retention starts after runoff
has started, and additional rainfall is lost in the
process of infiltration. The basic mathematical
assumption of the SCS-CN method is that the
ratio of actual soil retention after runoff begins to
potential maximum retention is equal to the ratio
of direct runoff to potential maximum runoff.
After algebraic manipulation and a simplifying
assumption, the previous relationships can be
represented in this mathematical equation:

2
0= (P-0.2S)

P+0.8S’
where:

Q is runoff ([L]; in),

P is rainfall ([L]; in),

S is the potential maximum soil moisture
retention after runoff begins ([L]; in),
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la is the initial abstraction ([L]; in) or the amount
of water before runoff, such as infiltration, or
rainfall interception by vegetation, and Ia = 0.2S.
The RCN, CN, is then related as

_ 1000
S= N 10.

CN ranges from 30 to 100; lower numbers
indicate low runoff potential, while larger
numbers show an increase in runoff potential.

8.1 The use of the runoff curve number
method in geographic information systems-
based hydrological modelling

With the rapid development in technology, the
ArcGIS software can give a precise calculation
of the CN in the RCN method. Zhan and Huang
(2004) explained the development and application
of the ArcCN runoff tool. For a storm event within
a watershed, the ArcCN runoff tool can be used to
determine CNs as well as to estimate runoff or
infiltration.

There is usually a loss of some detailed spatial
variation within the watershed during runoff
calculation, and the ArcCN runoff tool is
designed to overcome this problem. Some of the
features in the ArcCN tool include its ability to
maintain irregular boundaries by using polygons
of different shapes and a built-in database to help
determine CN based on soil- and land-use data.
The program can help to manage and design the
process of estimating future discharges, hydraulic
structuring, and projects as well as for predicting
watershed responses to urbanization.

Zhan and Huang (2004) suggested a number
of aspects that would improve the ArcCN tool
predictions, such as the implementation of a
rainfall time series and consideration of factors
suchasdry and wetantecedent moisture conditions
(for CN parameters). A GIS-related method was
developed by Braun et al. (2003) to describe
groundwater recharge areas. His methodology
was used in Waukesha County, Wisconsin, to

observe recharge areas. The methodology used
precipitation, temperature, soil, and land-cover
data to generate percolation, surface runoff, and
root-zone water capacity maps. By combining
land-use and soil information, differences
in surface runoff potential were efficiently
determined. The CN values in this method were
assigned to distinct regions based on their unique
soil and land cover rather than assigning a single
CN to an entire basin. Surface runoff potential
maps were produced according to CN rankings. A
high ranking indicated low surface runoff areas,
whereas a low ranking indicated high surface
runoff areas. The recharge potential of different
areas was then used to combine and rank maps for
percolation, surface runoff, and root-zone water
capacity.

Another study utilizing a GIS-based approach
and employing the CN method was performed
by Dawod et al. (2011) and was conducted in
the Makkah metropolitan area in the southwest
of Saudi Arabia. The purpose of the study was to
develop a GIS-based method to map and quantify
flood assessment measures. Several topographic,
metrological, geological, and land-use datasets
were integrated in a GIS environment that used the
CN flood modelling method. The study showed
that several factors affect total flood volume,
such as the catchment area, the length of the
basin stream, and the peak discharge. Moreover,
the study found that the higher the CN value, the

higher the runoff and flood hazards.

Conclusion

This article has reviewed many studies related
to GIS and RS technology, along with their data
and applications, in order to analyze their role in
aiding hydrological modelling in arid regions.
In particular, the review focused on several
fundamental aspects of hydrological modelling,
such as hydrological and watershed models,
digital elevation model data, land-use/cover data,

Vol.11 (1) March 2019

19



(5]
o0
=)
<
=
O
—_—
<
S
=}
=
=
=}
o
=
>
=
m
(A
o
—
<
=}
=
=)
o
=
=}
<
i3
>
=11]
m
)
=
=

soil data, rainfall data, the SWAT model, the
KINEROS2 model, the IHACRES model, the
HEC-HMS model, and the RCN method.

In arid areas, water is considered to be a vital
resource. Several studies have been carried out
to develop hydrological models in these areas.
However, there are several issues associated with
hydrological modelling in arid regions that have
been detected throughout this literature review:
(1) the limited nature of hydrological data, (2) the
lack of high-quality observations, (3) difficulty
developing suitable hydrological models due to
the lack of advanced technology in most arid
regions, (4) the shortage and variability of rainfall,
(5) unexpected flash flood events, and (6) the fact
that most hydrological models are designed for
humid areas. These issues cause problems for
researchers, water resource management, and
those developing GIS-based hydrological models.

Arid areas require more attention from
researchers in order to overcome the obstacles in
hydrological modelling. For example, researchers
should consider new methods for determining
spatial rainfall and infiltration from transient
flows that come from flash floods. In arid areas,
RS data can be used for simulating events instead
of using gauged data. Observational data can also
be improved by creating multiple measurement
stations in affected areas.
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