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mitigation measures. In spite of its arid climate, Saudi Arabia
receives intensive rainfall storms result in occasional floods
creating flood affected areas (Flood plain areas) threaten
people’s lives, their property and the infrastructures systems in
the affected areas particularly in the west region of the country.
Wadi Al Sail Al Kabir is an obvious example for ungauged arid
wadis that needs hydrological study to assess its flash floods to
maintain sustainable development.

Abstract
Mountainous areas of the western region of Saudi Arabia are
exposed to heavy rain storms that cause devastating floods
affecting the infrastructure and development plans. Due to the
importance of these thunderstorms and its effect on the
development zones of the valley (Wadi) of AL-Sail AL-Kabir,
a hydrologic and hydraulic study of this Wadi has been carried
out to determine the severity of the floods and thus identify
areas prone to the flood hazards.The current study aims at
applying numerical models to model and assess flash flood
potentials of Wadi Al Sail Al Kabir and their impacts on Miqat
Qarn Al Manazel area (a holly place for Muslims to start their
religious tradition towards Mecca) for sustainable development
purposes. To achieve the study objectives, rainfall data of Taif
meteorological station (TA 004) was collected, analyzed and
plotted using Gringorten formula to predict rainfall depths with
different return periods.

Assessment of flash floods has been studied in different
ungauged arid areas wadis worldwide using different
approaches. El Bastawesy [1] has carried out a study on
modeling flash floods in Wadi Hudain catchment in Southern
Egypt. He integrated remote sensing and digital elevation
model (DEM) data in a geographical information system (GIS)
using a time series of land sat images. The SRTM DEM was
used to derive flow direction, flow length, active cross sectional
areas and slope. Dawod [2] emphasized the capability of GIS
for quantifying and mapping the flood characteristics in the city
of Makkah, Saudi Arabia. He concluded that the main factors
affecting the total flood volumes are the catchment area; the
basin stream length, and the peak discharge. Sirdas and Sen [3]
combined isohyetal map, kinematic wave, and rational methods
for estimating flash flood synthetic hydrographs in arid regions
in Western Arabian Peninsula. Rahman [4] suggested a Monte
Carlo simulation technique to derive flood frequency curves.
Yang and Yu [5] proposed a probability- based rainfallforecasting model to predict rainfall and, consequently, water
flow, in advance. Todini [6] developed an integrated model for
flood management and planning to locate areas at risk and
estimates the potential flood impact. Dutta [7] suggested an
integrated mathematical model for the simulation of flood
inundation and estimation of loss. Correia [8] introduced
another approach that couples hydrologic and hydraulic models
with GIS to determine affected areas for different flood
scenarios and to assess the subsequent damage. Consuegra and
Joerin [9] described an integrated application of GIS and
hydraulic modeling for flood mapping in flat areas. Lanza and
Siccardi [10] discussed the role of GIS as a tool in assessing
flood hazard. Ghoneim [11] investigated the flash flood
potential in wadi El-Alam, on the Red Sea coast of Egypt.

The watershed and its sub-basins delineation process was
defined by Watershed Modeling System (WMS) Program and
GlobalMapper software. Analysis of morphometric parameters
has been defined. HEC-HMS program was used to simulate
rainfall-runoff processes for 50 and 100-year floods. Flood
plain delineation process has been defined by HEC-RAS
program. Study results conclude that Wadi Al Sail Al Kabir has
the capacity to carry the 50-year flood without any harmful
effects on Miqat Qarn Al Manazel area, while the 100-year
flood affects the individual’s as well as public properties. In
addition, there is no need to construct dams to store flood
waters. For sustainable development, the study recommends
mapping all potential flooding areas in the Kingdom and
identifying them as risk areas.

INTRODUCTION
Due to climatic variability and anthropogenic changes, flash
floods hazards have been raised lately in several regions
worldwide resulting in harmful impacts. This can be applied to
the west region of Saudi Arabia, the country known by its dry
climatic conditions. In addition, Saudi Arabia faces many
challenges in implementing sustainable development plans
because of its limited water resources and the lack of flash flood

In Saudi Arabia, a study on an assessment of flood hazard in
Jeddah region was carried out by Mashael Al Saud [12] when
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the city witnessed a severe flood event in November 2009.
Ayman et al [13] assessed flood risks at the city of Tabuk by
coupling space technique (IKONOS) with GIS. Mohammed El
Bastawesy and Khaled Al Ghamdy [14] used available multitemporal satellite images and DEM with geological data to
select the optimum locations suitable for harvesting runoff for
replenishing Al Saq groundwater aquifer. Ali M. Subiani [15]
analyzed rainfall data obtained from eight stations by Gumbel’s
method to predict probable maximum precipitation and used a
runoff coefficient approach to predict probable maximum
flood.

METHODOLOGY
Rainfall Frequency Analysis
The objective of frequency analysis is to relate the magnitude
of events to their frequency of occurrence through probability
distribution. It is assumed the events (data) are independent and
come from identical distribution. Gumbel distribution
methodology was selected to perform the rainfall probability
analysis. The Gumbel theory of distribution is the most widely
used distribution for frequency analysis owing to its suitability
for modelling maxima. It is relatively simple and uses only
extreme events (maximum values or peak rainfalls). The
Gumbel method calculates the 2, 5, 10, 25, 50 and 100-year
return intervals for each duration period and requires several
calculations. Several plotting formulas are available for
estimating probabilities of exceedance or non-exceedance of
ranked data as Weibull in the following forms:

Using the available remote sensing data sets, GIS capabilities,
the current study aims at applying numerical models to model
and assess flash floods potentials of Wadi Al Sail Al Kabir and
their impacts on Miqat Qarn Al Manazel area (a holly place for
Muslims to start their religious tradition towards Mecca) for
sustainable development purposes.

W𝑒𝑖𝑏𝑢𝑙𝑙 𝐹𝑜𝑟𝑚𝑢𝑙𝑎 : 𝑃𝑋 (𝑋 > 𝑥𝑚 ) =

STUDY AREA
Wadi Al-Sail Al-Kabir is located north of the city of Taif just
about 55 km away from Mecca City and has an area of about
307 km2. The geographic location extends between 40o 13’ to
40o 28’ E and 21o 30’ to 21o 41’ N, Figure (1). The region is
characterized as mountainous areas. The dominant geologic
formation is the igneous rocks that have many surface
structures like faults, joints, and cracks. Granite and basalt are
the dominant rocks outcropping most of the catchment area.
There are many residential areas, roads and infrastructure
schemes. The ratio of urbanized areas to free areas is the largest
in the region. The catchment area hosts Miqat Qarn AlManazel. The area experiences flash floods regularly results
from rainfall storms that fall in summer season. Its value varies
between 15 to 160 mm per event. Air temperature varies
between 13 and 28 Co in Taif, while, humidity varies between
70% in January to about 20% in June.

𝑚
𝑁+1

Most plotting position formulas, as Weibull, do not account for
the sample size or length of record. One formula that does
account for sample size was given by Gringorten, M. A. Benson
(1962) [16], I. I. Gringorten (1963) [17], in the following form:
G𝑟𝑖𝑛𝑔𝑜𝑟𝑡𝑒𝑛 𝐹𝑜𝑟𝑚𝑢𝑙𝑎 : 𝑃𝑋 (𝑋 > 𝑥𝑚 ) =

𝑚−𝑎
𝑁 + 1 − 2𝑎

where 𝑃𝑋 𝑖s the probability of occurrence of an extreme event,
and (a) is Gumbel parameter that is equal to 0.44 depending on
(n), (m) is the rank, (n) is the number of years of record.
Accordingly, Gringorten formula was used to estimate the
probability of occurrence of an extreme event by sorting
(ranking) the maximum daily (24 hour) rainfall data of Taif
meteorology station (TA 004) in descending order. Data was
analyzed by ignoring odd values, then probability of
exceedance, Pe was calculated. The sorted rainfall depth data
was plotted against Pe on a log-log scale, as shown in Figure
(2).

The plot with then best-fitted with a logarithmic curve which
has the following Equation:
y = -22.06 ln (x) + 15.732

(1)

where (y) is the rainfall depth (mm) and (x) is the probability of
exceedance. The goodness of fit was evaluated with the
coefficient of determination, R² = 0.98.
Prediction of Rainfall Depths (mm) by Gringoten Formula for
Selected Return Periods (Year) Based on 24-Hour Duration
Data are presented in Table 1.
Figure 1: Geographic Location of the Study Area
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Table 1. Prediction of rainfall depths by Gringoten Formula
for selected return periods, based on 24-hr duration data
Return Period (Year)
Rainfall Depth (mm)

100
117

50
102

25
87

10
67

5
51

Delineation of Drainage System
It is essential to identify the drainage system where flood may
take place. This will help identifying the characteristics of
surface water basin and its influence in surface run-off
behavior.

2
31

Exceedance Probability Distribution

1000

Rainfall, mm

100
y = -22.06ln(x) + 15.732
R² = 0.9794
10

Gringorten…
Best Fit Curve

1
0.010

0.100
Exceedance Probability, Pe

1.000

Figure 2: Rainfall analysis

Also, the morphometric characteristics of the drainage system
has an essential role in controlling water flow regime among
these streams and their impact on flood process.

very close, (Figure 4), and the contributing sub-basins are
connected to the main stream by almost right angles. These
features provide clear idea about the flash nature of floods take
place in such streams.

GIS digital applications, such as GlobalMapper software and
watershed modeling systems WMS, were directly carried out
since they are able to apply automated tracing of streams and
water basins. The production of drainage network and
catchments area in GIS form help in applying different
measuring procedures and data integration, as well as it can
help in modifying geo-spatial data whenever it is needed.

3D-Ground Surface Creation
3D-Ground surface for the study area has been prepared using
DEM (Digital Elevation Model) with the aid of GlobalMapper
Software. ASTER GDEM Worldwide Elevation Data (1 arcsecond resolution) was utilized to download the DEM file for
the study area. The surface characteristics such as slopes,
depressions, hills, and Wadi’s were examined carefully using
advanced techniques such as the “Water drop” to determine the
locations of basins outlets.
Figure 3: DEM Model for Al Sail Al Kabir Area extracted
from GlobalMapper®

DEM model and contour lines maps, (Figure 3) indicate the
mountainous nature of the study area as the contour lines are
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Table 2. The morphometric parameters of the selected basins
in the study area
Acronym Description
AVEL
AOFD

Mean basin elevation
Average overland flow
distance
BS.
Basin (overland) slope
MFD
Basin length along main
channel from outlet to
upstream boundary
MFS
Basin slope along main
channel from outlet to
upstream boundary
CSD
Length along main channel
from outlet to point
opposite centroid
CSS
Slope along main channel
from outlet to point
opposite centroid
MSL
Maximum flow
(watercourse) length
MSS
Maximum flow
(watercourse) average
slope
L
Basin length.
P
Basin Perimeter
CTOSTR Distance from Centroid to
stream
Shape
Shape factor

Figure 4: Contour lines created by GlobalMapper

Basins Delineation
The watershed and its sub-basins delineation process was
carried out with the aid of Watershed Modeling System (WMS)
Program. The DEM surface created in GlobalMapper was
imported into WMS and small depression gaps were filled.
Then the Flow path network was developed using the built-in
TOPAZ Flow watershed and its sub-basins data module. Basins
outlets locations were input into WMS, and basins were then
delineated. Morphometric characteristics were determined as
shown in Figure (5). Also, WMS was used to prepare the data
file for HEC-HMS hydrologic model for Rainfall-runoff
simulation.
Sub-basin
(1)

Area

Sub-basin
(2)

Basin Area

Sub-Basin
(1)
1451.32 m
1055.23 m

Sub-Basin
(2)
1409.63 m
1080.41 m

0.1785 m/m
42384.05 m

0.1397 m/m
32966.6 m

0.0177 m/m

0.0133 m/m

22970.42 m

16526.47 m

0.0133 m/m

0.0152 m/m

39388.25 m

28565.57 m

0.0136 m/m

0.0132 m/m

29612.27 m 24876.0 m
132686.51 m 101737.87 m
189.17 m
232.47 m
5.12
m^2/m^2
171.39 km2

4.55
m^2/m^2
136.06 km2

The morphometric parameters indicate that the catchment area
has a total area of 307.45 km2. The area has two sub-basins,
each of them has an elongated shape which contributes in huge
quantities of transmission losses. The average overland slope
indicates the mountainous natural features of the study area
which speeds overland flow over small distances (1055m to
1080 m). The basin elevation from the most upstream edge to
the outlet varies from 1409 m to 1451 m which indicates overall
slope of 0.0342 m/m to 0.0428 m/m for sub-basins 1 and subbasin 2 respectively. The average slope of the main channel
varies from 0.013 to 0.0177 m/m. This slope is relatively high
compared to slopes of main channels in sedimentary rocks
regions (0.01 m/m). The high slope of the main channel
indicates the igneous rocks features of the study area which
contributes to high speed flash floods. The order of the main
stream of the catchment is of the fourth order which indicates
the hard features of igneous rocks that dominate the
composition of the surface geology of the catchment. The
overall morphometric characteristics of the watershed
contribute in high speed flash floods with high infiltration rates.

`
Figure 5: Basins Delineation and their morphological
characteristics with the aid of WMS

Morphometric analysis of the basins
The efficiency of any basin can be evaluated through its
morphometric parameters of the drainage system. The main
morph-metric parameters considered are tabulated in table (2).
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velocities, flow depths etc., at multiple cross sections along the
the wadi were resulted from the model. Floodplain map has
been developed for Miqat Qarn Al-Manazel area using
RASMapper as shown in Figure (8).

HYDROLOGIC MODELING
The project area sub-basins were exported to HEC-HMS, a
program developed by the US Army Hydrologic Engineering
Center, to create a Hydrologic Model and simulate the RainfallRunoff process. Soil type, land use, and other basin’s features
were collected and used in the program to determine the basin
curve number, CN, and rainfall losses. The curve number is
considered to be a function of several factors including
hydrologic soil groups, cover type, treatment (i.e. management
practice), hydrologic condition, antecedent runoff condition,
and impervious area in the catchment. Therefore, the curve
number varies (theoretically) between 0 and 100, with a
practical range between 40 and 98 (Sybert, 2006) [18]. Since
the curve number (CN) model neglects rainfall intensities,
values of CN can be expected to decrease with increasing storm
depth, but ultimately approach a constant value (Hawkins,
1993) [19]. Considering that the soil in the study area lies
within group (A), natural desert landscaping, CN was selected
to be 63. Employing rainfall depths predicted for 50 and 100year return periods in HEC-HMS model, results were obtained
in the form of outlet hydrographs and peak flows were
determined for both return periods at the catchment outlet point
shown in Figure (6).

Figure 7: Field surveying measurements for flood plain
delineation at Qarn Al-Manazel Area, Sub-Basin (1), Al Sail
Al KAbir Catchment Area, KSA

Figure 8: Flood Plain Delineation at Qarn Al-Manazel Area,
Sub-Basin (1), Al Sail Al KAbir Catchment Area, KSA
RESULTS AND DISCUSSION
Results of 50-year return period hydrograph are illustrated in
Figure (9). Results indicate that the hydrograph volume is about
4 million cubic meter with a peak discharge of about 87.5 m3/s
for sub-basin 1. Converting the volume into runoff depth over
the sub-basin area results in 23.5 mm out of 102 mm of rainfall
storm. In other words, losses represent about 79 mm (i.e. 77%)
which supports the hydrologic condition and the morphometric
parameters role in reducing flood volume and increasing
overland losses. The same percentage has been found for the
outlet hydrograph which has a volume of about 7.233 million
cubic meter with a peak flow of 157 m3/s, Table (3). It would
be emphasized that transmission losses have been neglected
from the outlet of sub-basin (1) to the outlet of the catchment.

Figure 6: Schematic simulation of the catchment area
representing Outlet Point and catchment area sub-basins
DELINEATION OF FLOODPLAIN
One of the aims is to ensure sustainable development for the
study area and depending on ground surveying measurements,
a hydraulic model was created for wadi Al-Sail Al Kabir in subbasin (1), using HEC-RAS, a program developed by the US
Army Hydrologic Engineering Center, to simulate the water
surface profile in the wadi. Water surface elevations, flow
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Due to field investigations for upstream areas and surveying
measurements for the trunk channel of sub-basin (1), the flash
flood volume is not enough to construct a dam as the area is
arid zone and water would be lost by evaporation. In addition,
flood plain area is safe against flood water resulted from the 50year return period storm as the wadi has sufficient capacity to
carry the peak flow, Figure (10).

Figure 10: HEC-RAS output showing wadi’s typical cross
sectionat Miqat Qarn Al-Manazel, Al Sail Al Kabir

Due to field investigations for upstream areas and surveying
measurements for the trunk channel of sub-basin (1) at Qarn Al
Manazil Area, the flash flood volume is not enough to construct
a dam as the area is arid zone and water would be lost by
evaporation. In addition, the main channel of sub-basin (1) does
not host the peak discharge resulted from the 100-year return
period rainfall storm. Delineation of flood plain reveals that
many surrounding areas would suffer from the 100 return
period storm. For sustainable development, individual’s
properties as well as infrastructure systems should be replaced
and flood plain areas should be evacuated from any permanent
activities. Furthermore, flood plain area should be declared risk
areas to sustain any future development activities and plans
particularly at Miqat Qanr Al Manazel area.

Figure 9: Outlet Hydrograph created by HEC-HMS for 50year Return period

Table 3. Analysis of Flood Hydrograph, (50 Year Return
Period)
Location

Area
Km2

Sub-basin 1 171.393
Sub-basin 2 136.056
Outlet
307.449

Peak Q
(m3/s)

Volume
m3x103

87.5
69.5
157

4032.6
3201.2
7233.8

Volume
Runoff
Depth Coefficient
(mm)
(%)
23.5
23
23.5
23
23.5
23

For a 100-year return period, hydrograph results are illustrated
in Figure (11). Results indicate that the hydrograph volume is
about 5.5 million cubic meter with a peak discharge of about
124.6 m3/s for sub-basin 1. Converting the volume to runoff
depth over the sub-basin area results in 32 mm out of 117 mm
of rainfall storm with runoff coefficient of 31.5%. In other
words, losses represent about 85 mm (i.e. 68.5%) which
supports the hydrologic condition and the morphometric
parameters role in reducing flood volume and increasing
overland losses. This depth of losses supports the underlain
fossil groundwater aquifer. The same percentage has been
found for the outlet hydrograph which has a volume of about
9.88 million cubic meter with a peak flow of 223.6 m3/s, Table
(4). It would be emphasized that transmission losses have been
neglected from the outlet of sub-basin (1).
Figure 11: Outlet Hydrograph created by HEC-HMS for 100year Return period
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Table 4. Analysis of Flood Hydrograph, (1000 Year Return
Period)
Location

Area
Km2

Peak Q Volume
(m3/s) m3x103

Volume
Depth
(mm)

Runoff
Coefficient
(%)

Subbasin 1

171.393

124.6

5505.9

32.12

31.5

Subbasin 2

136.056

98.9

4373.9

32.15

31.5

Outlet

307.449

223.6

9883.7

32.15

31.5








CONCLUSIONS AND RECOMMENDATIONS

constructing dams for flood water storage.
Flood waters support socio-economic activities in
downstream areas as well as recharging subsurface
groundwater aquifers.
The flood plain should be declared risk areas.
Detailed studies and field investigations are recommended
to quantify assets that would be harmful affected by the
100 flood.
Meteorological network of daily rainfall, air pressure, air
temperature, wind velocity & direction and runoff
measurement stations are recommended as well as flood
warning systems.
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