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Abstract This study deals with the evaluation and inundation
of flash flood hazard in the ungauged Wadi Qanunah basin
depending on detail morphometric characteristics of Qanunah
basin and its sub-basins. Data for this study were depending
on ASTER data for digital elevation model (DEM) with 30-m
resolution, topographic map (1:50,000) and geological maps
(1,250,000) which were verified during the fieldwork for eval-
uation of linear, areal, shape, and relief aspects of morphometric
parameters. About 39 morphometric parameters were measured
and calculated and interlinked to produce nine effective param-
eters to evaluate the flash flood hazard degree of the Wadi
Qanunah basin. This study examined the physiographic features
of the study basin with emphasis on their implication for hydro-
logic processes through the integration analysis between phys-
iographic features and geographical information system (GIS)
techniques. Wadi Qanunah basin was classified into 13 sub-
basins, and according to their hazards degree, it is classified into
three groups: basins of high hazard degree as forWadi Qanunah
sub-basin, basins of medium hazard degree as for Wadi Al
Hafyan and Baydan 1 sub-basins, and basins of low hazard
degree as for the rest of the sub-basins. Watershed Modeling
System (WMS) and Hydrologic Engineering Center-
Hydrologic Modeling System software (HEC-HMS) were ap-
plied to generate the hydrograph of the two main sub-basins of
Wadi Qanunah and Wadi Khatm Al Jurrah. The results of the
model for maximum daily rainfall events of a total of 65,

79, 97, 110, and 123 mm with return periods of 5, 10, 25, 50,
and 100 years, respectively. Total volume of discharge of Wadi
Qanunah sub-basins ranges from 66×106 to 138×106 m3,
while for Wadi Khatm Al Jurrah sub-basin, it ranges from
11×106 to 24×106 m3 at return periods from 5 to 10 years,
respectively.
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Introduction

Mapping of flash flood hazard and inundation is very impor-
tant for the watershed managements (i.e., for the sustainable
development of the water resources and for the protection
from the flood hazard and drought). Rainfall and runoff data
are of the main hydrological elements in the flood mapping of
basin systems. So, according to the study, area is suffering
from the scarcity of data and the flood inundation maps are
dependent on the topographic and geomorphic features of a
Wadi (Şen et al. 2013), so this study is based on the integration
between physiographic features of the study area and geo-
graphical information system (GIS) techniques.

According to Ward and Robinson (2000), flooding results
from climatological events such as excessive and/or
prolonged precipitation including cloud burst and failure of
dams. Floods can be controlled by basin characteristics or
with drainage network. Gardiner (1981) reported that there
are a number of controlling factors that can affect the process
of flooding; these factors can be physical or human or both.
Chow (1964), Strahler (1964), Ward and Robinson (2000),
and Hudson and Colditz (2003) summarized that similarly,
morphometric parameters such as stream order, drainage den-
sity, stream frequency, channel slope, relief, length of overland
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flow, and other geomorphological aspects of basin system are
very important to study and understand the hydrology of the
basin system.

Barry and Chorley (1998) and Ward and Robinson (2000)
concluded that the surface runoff response of the catchment is
different according to slopes, shapes, lengths, widths, and
areas of basins. Physiographic features such as land cover,
soil, and geology that have significant effect upon the charac-
teristics of the watershed hydrograph need to be considered
for studying the flood behavior. This is largely influenced by
the permeability and water storage of the watershed.

Watershed characteristics in many areas of the world have
been studied using conventional geomorphologic aspects
(Horton 1945; Strahler 1964; Rudriaih et al. 2008;
Nageswararao et al. 2010; Al Saud 2009). Gardiner (1990)
reported that in some studies, the morphometric parameters
of watershed have been used for prediction and describing the
flood peaks and estimation of erosion rate, underlying the
importance of such studies.

Application of geomorphological aspects to flood potential
or flood hazard has led to noteworthy amount of re-
searchers, attempting to identify the relationships be-
tween watershed characteristics and flood impact
(Patton 1988). Determination of drainage basin networks
can be achieved using traditional methods such as field obser-
vations and topographic maps or alternatively with advanced
methods using remote sensing and digital elevation models
(Macka 2001; Maidment 2002; Masoud 2014; El Osta and
Masoud 2015).

Flash floods often occur in arid regions as a consequence of
excessive rainfall which occasionally causes major loss of
property and life (Subyani 2009). Wadi Qanunah basin which
belongs to arid regions is suffering from the scarcity of hydro-
logical data, and the flood inundation maps are depending
upon the topographic and geomorphic features of the study
Wadis (Şen et al. 2013). Flood hazard mapping is a needful
component to appropriate land use in the flooded areas. It
creates easily read, rapidly accessible chart and maps which
mitigate their effect (Bapalu and Sinha 2005). Flood hazard
inundation and mapping in arid regions is an extremely im-
portant but difficult task; the main reason is the scarcity of data
in arid regions. So, integration of GIS and physiographic fea-
tures to create flood hazardmaps and disaster decision support
has been continually upgraded and widespread since begin-
ning of twenty-first century, as a result of the increased avail-
ability of spatial databases and GIS software (Zerger and
Smith 2003). Several studies were cited in the literature, relat-
ing to flood hazard mapping and zonation using GIS (Sui and
Maggio 1999; Merzi and Aktas 2000; Guzzetti and Tonelli
2004; Sanyal and Lu 2006; He et al. 2003; Fernadez and
Lutz 2010).

So, this study aims flash flood risk assessment depending
on the integration between morphometric and physiographic

features, GIS, and hydrologic software such as Watershed
Modeling System (WMS), Hydrologic Engineering
Center for Hydrologic Modeling System and for River
Analysis System (HEC-HMS and HEC-RAS respective-
ly) for mapping of flash flood inundation to protect the
urban and cultivated areas and to plan rainwater har-
vesting and watershed management in the flash flood alert
zones.

Location, geomorphology, and geology of Wadi
Qanunah basin

Location

Wadi Qanunah basin covers a large area of the southwestern
region of Al Qunfudah governorate in Saudi Arabia, and it
originates from the Red Sea Escarpment directed toward the
Red Sea Coast. It extends from NE to SW with 2393.7 km2

area, and it is located between longitudes 41° 05′ and 41° 55′ E
and latitudes 19° 05′ and 19° 50′ N as shown in Fig. 1.

Geomorphology

Geomorphology ofWadi Qanunah basin shows a typicalWadi
system, which starts from eastern high mountainous slopes of
the escarpment and decreases down to the west of flat sedi-
ments of the Tihama coastal plain close to the Red Sea. The
elevation of theWadi Qanunah basin ranges from 0 to 2378 m
with mean elevation 586 m (above mean sea level
(amsl)) as shown in Figs. 1 and 2. The elevation area
of 0–200 m (amsl) is about 21 % of the total area
which equals nearly the area of Quaternary and
Tertiary deposits at the Delta. About 60 % of the total
area has elevation ranges from 0 to 650 m (amsl) with
the sub-basins of low hazard degree, while 40 % of the
total area has elevation ranges from 650 to 2378 m
(amsl) with the sub-basins of moderate to high hazard
degree. Wadi Qanunah basin and its surrounding areas
exhibit different geomorphologic units (Figs. 1 and 2)
as follows:

High mountainous

Area is composed essentially of Precambrian rocks with high
elevation values that reach to 2300 m (amsl) as shown in
Figs. 1 and 2 which is representing the main catchment of
the Wadi. The high mountainous area of the study area plays
an important role in the rainfall intensity. The high mountain-
ous area with their orographic effect prompts the atmospheric
convection that plays as heat raps to cause low level atmo-
spheric convergence which finally produces different intensi-
ties of rainfall.
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Hilly area

The hilly area occupies the northeastern and middle parts of
the Wadi. This area is composed of hilly dissected and weath-
ered zone as shown in Figs. 1 and 2.

Pediment plain

The Piedmont plain occupies the low land area between
the mountainous area and the Red Sea. It comprises
morphotectonic depressions and main channel of the Wadi.

Geology

Geologically, according to Prinz (1983) and Greenwood
(1975a, b)), the study area is located within the geologic com-
plex of the Arabian Shield in the southwestern region of Saudi
Arabia. Throughout this geologic period, this area has been
affected with long and complicated geological structures as
shown in Fig. 3 and geomorphological changes. Sequence
lithology of the study basin ranges from Precambrian,
Tertiary to Quaternary as follows:

Precambrian rocks

According to Greenwood (1975a, b), the Precambrian rocks
include three groups of Baysh group which consists of mafic
and pyroclastic rocks: Baha group which is composed of vol-
canic, clastic, and sedimentary rocks while Jeddah group con-
sists of volcanic andesite and basalt and Ablah group which
consists of sedimentary beds that are unconformable overly-
ing the Baysh, Baha, and Jeddah groups.

Tertiary rocks

Tertiary rocks are restricted to the western part of the study
Wadi, covering small area about 2 % of the total area. Tertiary

Fig. 1 Location map of Wadi Qanunah basin and its hillshade map

Fig. 2 Digital elevation map (DEM) of Wadi Qanunah basin
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rocks are composed of Baid formation (sandstone, limestone,
and chert), gabbro dikes, leucogranite, and Bathan formation
(conglomerates and sandstone).

Quaternary deposits

It composed mainly of gravel, sand, silt, and Sabkha deposits
and occupies the coastal plain andWadi channels with an area
of 12 % of the total area.

Rainfall distribution in the study area

Due to the scarcity of detailed scientific analysis of rainfall
data in the literature for flash flood risk evaluation and inun-
dation in arid zone, this study suggests a systematic approach
to analyze rainfall data in arid basins for flood evaluation and
inundation. The results will be linked with rainfall–runoff
modeling for runoff potential estimation in the study basins.

Methodology of rainfall distribution

The methodical approach presented in this section is ordered
according to the following steps:

1. Creating map for spatial distribution of average annual
rainfall based on 14 rainfall stations.

2. Daily rainfall data is collected from available three sta-
tions in the study area.

3. Frequency analysis is applied to maximum daily rainfall
depths to estimate the return period and probability.

4. The common probability distribution functions for ex-
treme values are fitted to the data using distribution anal-
ysis module in Stormwater Management and Design Aid
(SMADA 6) software.

5. The best probability distribution function is selected based
on the root mean square error (RMSE) criterion.

6. Using the predicted maximum daily rainfall from the pre-
vious steps for generating the hydrographs and estimating
the inundation areas at different return periods.

Data from rainfall stations surrounding the study area were
used to develop the annual average rainfall contour maps. The
analyses and diagnostic tests regarding these stations have
been performed. One of these analyses is the frequency anal-
ysis for each individual station as well as regional spatial anal-
ysis. The available daily rainfall records contain data for about
15 to 40 years from three stations. For flood assessment, sta-
tistical analysis has been performed on the maximum daily
rainfall values, and then, various probability distributions
and tests were used to obtain estimated rainfall depths corre-
sponding to different return periods. Several different frequen-
cy distributions were fitted to the rainfall data at the stations to
obtain the best distribution that well represents the data for
each station. In this study, evaluated distributions are normal,
Gumbel, two-parameter log normal, three-parameter log nor-
mal, Pearson type III, and log Pearson type III). SMADA6
program was used to perform these tests. However, the best
distribution is chosen based on the RMSE criterion (Chow
et al. 1988) given by

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

R̂i−Ri

h i2
vuut ð1Þ

where Ri is the observed rainfall depth at the station, R̂i is the
expected rainfall depth from the probability distribution, and n
is the number of data points at the station.

RMSE values for the various cases describe the average
discrepancy between the expected and the observed values.

Results and discussion of rainfall distribution

In the Wadi Qanunah basin and its surroundings, 14 rainfall
stations of annual data and 3 stations of daily data have been
collected to generate the isohyetal map of the average annual
rainfall which shows the spatial distribution of the rainfall as
shown in Fig. 4. It is obvious from this figure that the average
rainfall ranges from 100 to 400 mm. The reason behind this
variation is that the upper mountainous area of the Wadis

Fig. 3 Geological map of Wadi Qanunah basin
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always receives higher amount of rainfall, while the lower
area at the Wadis outlet receives less rainfall.

Table 1 shows the best distribution based on the minimum
RMSE as shown by the highlighted cells in the Table 1 where
the fitting distribution for the station (243 J127) is Gumbel
type 1 but for the other stations are fitting with three-parameter
log normal. Results from abovementioned analysis are pre-
sented in Fig. 5. This figure shows the graphical representa-
tion of the rainfall depth at different return periods for the
temporal analysis of rainfall data at the stations (based on
the best probability distribution) as shown in Table 2.

Morphometric characteristics of the study basin

Study of ungauged basin is morphometrically evaluated to
determine the flash flood prone areas based on the integration
between morphometric parameters and GIS techniques. Data

for this study were obtained from ASTER data for digital
elevation model (DEM) with 30-m resolution, topographic
map (1:50,000) and geological maps (1,250,000) which were
checked during the fieldwork.

Methodology of morphometric analysis

Morphometric analysis of the Wadi Qanunah basin and its
sub-basins is essentially based on the geomorphological fea-
tures andmorphometric parameters. These analyses have been
carried out based on hydrology model of spatial analyst mod-
ule of Arc GIS 10. ASTER data were used for preparing
DEM, and GIS was used in the evaluation of drainage net-
work, basin geometry, drainage texture, and basin relief char-
acteristics of morphometric parameters.

The major parameters such as watershed boundary, flow
accumulation, flow direction, flow length, and stream order-
ing are prepared using the Arc Hydro Tool. Surface Tool in
ArcGIS-10 software and ASTER (DEM) was used to create
different thematic maps such as DEM, contour, slope aspect,
and hill shade maps. Tracing the drainage network and water
divide of Wadi Qanunah basin and its sub-basins is automat-
ically extracted from DEM of SRTM with 30-m resolution.

Results and discussions of morphometric analysis

Thirty-eight morphometric parameters of Wadi Qanunah ba-
sin and its sub-basins were measured and calculated based on
several authors as shown in Table 3 (El Bastawesy et al. 2013;
Masoud 2014). Morphometric characteristics of the study ba-
sin and its sub-basins were classified into four classes as
shown in Tables 3 and 4 as follows: drainage network

Fig. 4 Spatial distribution of mean annual rainfall of the study basin and its surroundings

Table 1 Root mean square error of the rainfall stations at Wadi
Qanunah

Distribution type Stations

243 J127 520 SA 120 953 B009

Normal 4.18 6.34 8.60

Two-parameter log normal 3.33 4.18 5.25

Three-parameter log normal 3.36 4.08 5.20

Pearson type III 18.80 4.11 5.24

Log Pearson type III 12.71 4.15 5.30

Gumbel type I 3.03 4.33 5.71
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characteristics, basin geometry characteristics, drainage tex-
ture characteristics, and basin relief characteristics.

Drainage network characteristics

The stream order of the Wadi Qanunah basin is seventh order,
while for the sub-basins, it ranges from fourth at sub-basin 13
to sixth for Qanunah and Al Hafyan sub-basins (Table 4 and
Fig. 6). It has observed that the maximum frequency is in the
case of first-order streams and there is a decrease in stream
frequency as the stream order increases. The total stream
length of the Wadi Qanunah is 5406.8 km, and for its sub-
basins, it ranges between 91.1 km of Khatm Al Jurrah3 sub-
basin to 981 km of Qanunah sub-basin. The relationship be-
tween stream order, stream number, and stream length for
Wadi Qanunah basin shows a perfect negative correlation with
coefficient of correlation of about 0.99 (Fig. 7). This means
that the stream numbers and stream lengths increase with de-
crease of stream order.

InWadi Qanunah basin and its sub-basins, both bifurcation
ratio (Rb) and weighted mean bifurcation ratio (WMRb) have
closed high values more than 4; this means a strong structural
control on the drainage pattern. This limited variation may be
attributed to lithology where the study basins have little litho-
logical variation. The main channel length has been computed
by using ArcGIS-10 software, and it is about 115.7 km for
Wadi Qanunah sub-basin. It ranges from 0.8 km of Khatm Al
Jurrah3 sub-basin to 36.5 km of Shisha1 sub-basin. This wide
range is due to variation due of the structural control or due to

intensity of runoff events and lithology. The main channel
index of Wadi Qanunah basin and its sub-basins has limited
variation and ranges from 1.14 at Khatm Al Jurrah3 sub-basin
to 1.54 at Al Hazim sub-basin. The sinuosity of the study
basin and its sub-basin ranges from 0.09 at Khatm Al
Jurrah3 sub-basin to 1.16 at Shisha1 sub-basin. This reflects
that Khatm Al Jurrah3 sub-basin has the shortest travel time of
water flow to the outlet, while Shisha1 sub-basin has the lon-
gest travel time with good chance for groundwater recharge.

Rho coefficient (ρ) is an important parameter relating drain-
age density to physiographic development of a hydrographic
basin which facilitates evaluation of water storage capacity of
drainage network and hence a determinant of ultimate degree of
drainage development in a given watershed (Horton 1945).
Low values of Rho indicate low capacity for storage of water,
while high values of Rho indicate high capacity of storage of
water. The climatic, geologic, geomorphologic, and anthropo-
genic factors determine the changes in this parameter (Pareta
and Pareta 2011a). Rho values of the study basins show limited
variation and ranges from 0.36 of sub-basin 13 to 1.33 of
Khatm Al Jurah3 sub-basin as shown in Table 4.

Basin geometry characteristics

Wadi Qanunah basin has a large basin area of 2393.7 km2,
while the areas of its sub-basins were classified by size into
three categories: small basins (0–50 km2), medium basin (50–
100 km2), and large basins (>100 km2) as shown in Table 4.
Length of the Wadi Qanunah basin is 117.2 km, while for the

Fig. 5 Graphical representation of maximum daily rainfall at different return periods for the temporal analysis of rainfall data at the stations based on the
Gumbel type I and three-parameter log normal probability distribution

Table 2 Prediction (millimeter)
for distributions of selected return
periods (in years) based on
duration data

Rainfall station no. Probability 0.80 0.90 0.96 0.98 0.99
Return period (years) 5 10 25 50 100

243 J127 67.04 81.23 99.16 112.46 125.66

250 SA 120 59.12 70.55 85.38 96.67 108.16

953 B009 69.65 84.87 104.86 120.27 136.07

Average of rainfall (mm) 65.30 78.80 96.50 109.80 123.3
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Table 3 Morphometric parameter formulas

Morphometric parameters Formula Reference

Drainage
network

1 Stream order (u) Hierarchical rank Horton (1945), Strahler
(1952, 1964))

2 Stream number (Nu) Nu =N1+N2+N3+…..Nn Strahler (1952)

3 Stream length (Lu) Lu = L1 +L2+ ...... Ln Horton (1932)

4 Bifurcation ratio (Rb) Rb =Nu/Nu + 1 Horton (1945) and
Strahler (1964)

5 Weighted mean bifurcation ratio (WMRb)
WMRb ¼ ∑ Rbu=Rbuþ 1ð Þ Nuþ Nuþ 1ð Þ

∑N
Strahler (1953)

6 Main channel length GIS software analysis

7 Main channel index (Ci) Ci = (main channel length) / (maximum straight
of the main channel)

Mueller (1968)

8 Sinuosity (Si) Si=VL/LB Gregory and Walling (1973)

9 Rho coefficient (ρ) ρ=Lur / Rb Horton (1945)

Basin
geometry

10 Watershed area (A) GIS software analysis Schumm (1956)

11 The basin length (LB) GIS software analysis Schumm (1956)

12 The basin perimeter (Pr) GIS software analysis Schumm (1956)

13 Basin width (W)
W ¼ A=LB kmð Þ Horton (1932)

14 Circularity ratio (Rc) Rc= 4πA/Pr2 Miller (1953)

15 Elongation ratio (Re)
Re ¼ 2

ffiffiffiffiffiffiffiffiffi
A=π

p
=LB

� Schumm 1956

16 Texture ratio (Rt) Rt =∑Nu/Pr Horton (1945)

17 Form factor ratio (FFR) FFR=A/LB2 Horton (1932)

18 Inverse shape form (Sv) or shape factor
ratio (Sf)

Sv= LB2/A Horton (1932)

19 Basin shape index (Ish) Ish= 1.27A/LB2 Haggett 1965

20 Compactness ratio (SH)
SH ¼ Pr=2

ffiffiffiffiffiffi
πA

p� � Horton (1945)

21 Fitness ratio (Fr) Fr = channel length / perimeter Melton (1957)

22 Lemniscate shape (Ls) Le = (3.14) (BL)2 / (4A) Chorley et al. (1957)

Drainage
texture

23 Stream frequency (F)

F ¼ ∑
K

i¼1
Nu=A

Horton (1932 and 1945)

24 Drainage density (D) D=∑Lu/A Horton (1932 and 1945)

25 Drainage intensity (Di) Di = F /D Faniran (1968)

26 Length of overland flow (Lo) Lo= 1/2D Horton 1945

27 Infiltration number (FN) FN= (F)(D) Faniran (1968)

28 Drainage pattern (Dp) Stream network using GIS software analysis Horton (1932)

Relief
characterizes

29 Maximum elevation (Hmax) GIS software analysis using DEM

30 Minimum elevation (Hmin) GIS software analysis using DEM

31 Relief (Rf) Rf = highest elevation− lowest elevation Strahler (1952)

32 Internal relief (E) E = (E85-E10) Strahler (1952)

33 Mean elevation (Hm) GIS software analysis using DEM

34 Relief ratio (Rr) Rr = (Rf/LB)100 Schumm (1956)

35 Slope index (SI %) SI= (E/0.75VL) 100 Majure and Soenksen (1991)

36 Mean basin slope (Sm) GIS software analysis using DEM

37 Ruggedness number (Rn) Rn =Rf. D Melton (1957)

38 Hypsometric integral (HI) HI = (Elev−Elevmin)/Elevmax−Elevmin) Elev
is the mean elevation, Elevmax is the maximum
elevation, and Elevmin is the minimum elevation,

Strahler (1952)
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sub-basins, it ranges from 8.9 km of Khatm Al Jurrah3 sub-
basin to 48 km of KhatmAl Jurrah1 sub-basin. The travel time
of Khatm Al Jurrah1 sub-basin is the greatest one which gives
good chance for groundwater recharge than the shortest travel
time of Khatm Al Jurrah3 sub-basin. The perimeter of Wadi
Qanunah sub-basin is 509.3 km, while for its sub-basins, it
ranges from 39.9 km of Khatm Al Jurrah3 sub-basin to
180.6 km of Khatm Al Jurrah1 sub-basin as shown in
Table 4. The basin width of the Wadi Qanunah basin is
20.4 km, while for its sub-basin, it ranges from 3.26 km for
Khatm Al Jurrah2 sub-basin to 15.4 km for Qanunah sub-
basin. The small values of the basin width indicate elon-
gated shape which leads to groundwater recharge more
than larger values.

The calculated values of the circularity ratio for Wadi
Qanunah basin and its sub-basin show limited variations and
range from 0.10 for Khatm Al Jurrah1 sub-basin to 0.29 for
Khatm Al Jurrah3 sub-basin (Table 4), which indicates elon-
gated shape with good potentiality of groundwater recharge.
Elongation ratio shows a wide variation due to lithology and
geologic structures. It ranges from 0.38 for Khatm Al Jurrah1
sub-basin to 1 for Baydan 1 sub-basin. These values are low to
high which reflect their low to medium hazard degree and
indicate elongated shape. According to Horton (1945), the
texture ratio (Rt) of Wadi Qanunah basin is 18.94 km−1, while
for its sub-basins, it ranges from 3.13 km−1 for Khatm Al
Jurrah2 sub-basin to 11.6 km−1 for Qanunah sub-basin.
Smith (1958) classified the texture ratio of the basins intoT

ab
le
4

(c
on
tin

ue
d)

M
or
ph
om

et
ri
c
pa
ra
m
et
er
s

Q
an
un
ah

ba
si
n

W
ho
le
ba
si
n

N
am

e
of

su
b-
ba
si
ns

1
2

3
4

5
6

7
8

9
10

11
12

13

33
(H

m
)

58
6.
00

91
6.
00

11
32
.0
0

66
9.
00

66
5.
00

62
9.
00

60
9.
00

51
5.
00

16
2.
30

12
3.
40

31
1.
00

13
3.
00

36
6.
00

41
2.
00

34
(R
r)

0.
02

0.
05
7

0.
03
7

0.
03
0

0.
06
0

0.
04
5

0.
06
3

0.
01
7

0.
00
8

0.
01
7

0.
04
4

0.
00
5

0.
04
6

0.
05
3

35
(S
I
%
)

0.
00
9

0.
07
5

0.
03
1

0.
04
7

0.
13
9

0.
04
2

0.
04
8

0.
02
7

0.
00
8

0.
12
5

0.
01
4

0.
01
5

0.
02
5

0.
03
2

36
(S
m
)

11
.8
0°

16
.0
0°

18
.4
0°

13
.7
0°

14
.1
0°

13
.5
0°

15
.6
0°

10
.6
0°

2.
90
°

2.
80
°

9.
00
°

2.
60
°

10
.2
0°

11
.7
0°

37
(R
n)

5.
20

3.
64

3.
48

1.
05

1.
49

1.
13

1.
52

1.
78

0.
36

0.
37

3.
13

0.
26

1.
78

1.
48

38
(H

I)
0.
26

0.
29

0.
44

0.
44

0.
38

0.
46

0.
41

0.
52

0.
42

0.
49

0.
15

0.
33

0.
27

0.
23

S
um

m
at
io
n
of

ha
za
rd

de
gr
ee

37
.9
1

28
.9
5

20
.6
0

24
.3
6

27
.1
2

22
.4
3

23
.0
9

20
.5
0

24
.8
9

24
.4
6

22
.7
7

23
.5
4

19
.1
3

H
az
ar
d
de
gr
ee

5
3

1
2

3
1

2
1

2
2

2
2

1

1
W
ad
iQ

an
un
ah

su
b-
ba
si
n,

2
W
ad
iA

l
H
af
ya
n,

3
W
ad
iA

d
D
ay
m
ir
ah
,4

W
ad
iA

lH
az
im

,5
W
ad
i
B
ay
da
n
1,

6
W
ad
iB

ay
da
n
2,

7
W
ad
iK

ha
tm

A
lJ
ur
ra
h1
,8

W
ad
i
K
ha
tm

A
lJ
ur
ra
h2
,9

W
ad
iK

ha
tm

A
l

Ju
rr
ah
1,
10

W
ad
iS

hi
sh
a1
,1
1
W
ad
iS

hi
sh
a
2,

12
W
ad
iU

sb
ut
ah
,1
3
su
b-
ba
si
n
13

Fig. 6 Stream order of Wadi Qanunah basin
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coarse (<6.4 km−1), intermediate (6.4–16 km−1), and fine
(>16 km−1). Table 4 shows that the Wadi Qanunah basin is
fine texture, but Qanunah and Al Hafyan sub-basins are inter-
mediate, while the rest of sub-basins are coarse texture.
According to Schumm (1965), texture ratio is an important
factor in the drainage morphometric analysis which depends
on the underlying lithology, infiltration capacity, and relief
aspect of the terrain. The similarity of the texture ratios of
the study sub-basins is due to the similarity of their lithology
and geologic structure. The lower values of texture ratio indi-
cate that the basin has a good chance for groundwater re-
charge, while the basins of higher values, where they are com-
posed of hard rocks that have no ability for water infiltration,
have a good chance to produce flash flood (Pareta and Pareta
2011a).

According to Horton (1932), the form factor ratio
(FFR) is defined as a numerical index that shows shape
of the basin, and its value ranges from 0.1 to 0.8.
Table 4 shows that the values of FFR of the study basin
and its sub-basins have a wide variation and range from
0.11 of Khatm Al Jurrah1 sub-basin to 0.85 of Baydan
1 sub-basin, while the FFR of the whole Wadi Qanunah
sub-basin is about 0.17. Basins of low value of form
factor are more elongated, less intense rainfall simulta-
neously, and also have lower peak runoff of longer du-
ration over its entire area than an area of equal size
with a large form factor (Gupta 1999). The basins with
high values of form factor have a high peak runoff of
longer duration. According to Gregory and Walling
(1985), the form factor is the governing factor of the
water courses which enter the main streams.

The calculated value of the inverse shape form Sv for Wadi
Qanunah basin, and its sub-basin ranges from 1.17 for Baydan
1 sub-basin to 9.0 for Khatm Al Jurrah1 sub-basin. The higher
value indicates that the basin length is high which results in a
good chance for groundwater recharge, while lower values
result in more flash flood hazard. The calculated value of basin
shape index (Ish) for Wadi Qanunah basin and its sub-basin
ranges from 0.14 for Khatm Al Jurrah1 sub-basin to 1.08 for
Baydan 1 sub-basin. The higher value indicates long basin
length which results in a good chance for groundwater re-
charge, while the lower values result in more flash flood haz-
ard. The value of compactness ratio (SH) for Qanunah basin
and its sub-basin ranges from 1.85 for Khatm Al Jurrah3 sub-
basin to 3.15 for Khatm Al Jurrah1 sub-basin. Lower value of
SH indicates more elongation of the Wadi and less erosion,
while higher value indicates more circular and high erosion.
A circular basin with high value of SH is the most hazardous
from a drainage standpoint, because it will yield the shortest
time of concentration before peak flow occurs in the basin.

According to Melton (1957), the fitness ratio (Fr) is the
ratio of main channel length to the length of the basin perimeter
which is a measure of topographic fitness (Pareta and Pareta
2011a). The fitness ratio of the study basin and its sub-basins
ranges from 0.02 of Khatm Al Jurrah3 sub-basin to 0.28 of
Shisha1 sub-basin and sub-basin 13 sub-basin. This indicates
that the sub-basins of higher values of Fr is more elongated and
has a good chance for groundwater recharge than the other
study basins. According to Chorley et al. (1957), the lemniscate
value (Ls) is one of the parameters which describe the shape
and slope of the basin. The calculated lemniscate value of the
Wadi Qanunah basin and its sub-basins ranges from 0.92 of

Fig. 7 Relationship between
stream order, stream number, and
stream length of the study basin
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Baydan 1 sub-basin to 4.50 of Wadi Qanunah basin. The ideal
values of lemniscate of elongated basins vary from 0.50 to 1.80.
For values less than 0.50, the shape of the basin tends to be
circular, while for values higher than 2, the basin is fully elon-
gated (Lykoudi and Zanis 2004). So, the whole Wadi Qanunah
basin tends to be elongated, but for its sub-basins separately
tends to be circular and is more prone to erosion hazard. This
is due to the shorter time of concentration from the remotest
point in the basin to reach the outlet for runoff in compact basin
compared to that in elongated ones (Chorley et al. 1957;
Morgan 2005).

Drainage texture

Stream frequencies (F) of the study basin and its sub-basins
range from 3.24 km−2 for Baydan 2 sub-basin to 4.10 km−2 for
Khatm Al Jurrah2 sub-basin (Table 4). This limited variation
is due to the similarity of rainfall intensity, relief, and infiltra-
tion rate, initial resistivity of terrain to erosion, and total drain-
age area of the basin. The calculated values of drainage den-
sity (D) are ranging from 2.02 km−1 of Baydan 2 to 2.55 km−1

of Shisha2 sub-basin. A high value of basin drainage density
indicates that large amounts of rainfall results in runoff. On the
other hand, a low drainage density reflects erosion-resistant
fractured hard rock of the study area and indicates that most of
the rainfall infiltrates to recharge the groundwater. Drainage
intensity value (Di) of the study basin and its sub-basins
ranges from 1.41 of Khatm Al Jurrah3 sub-basin to 1.78 of
Wadi Qanunah basin. Low value of drainage intensity implies
that drainage density and stream frequency have a little effect
on the extent to which the surface has been lowered by agents
of denudation. Low drainage densities are often associated
with widely spaced streams due to the presence of less resis-
tant materials (rock types), and consequently, the surface run-
off is not rapidly removed from the basin or those of high
drainage intensity with high infiltration capacities which give
a good chance from groundwater recharge.

In the study basin and its sub-basins, length of overland
flow (Lo) values have very limited variation and are ranging
from 0.20 km for Khatm Al Jurrah and Shisha2 sub-basins to
0.25 km for Baydan 2 sub-basin. Low value of Lo indicates
that the surface water is concentrated faster than that of basins
with higher values of Lo.

Infiltration number (FN) gives an idea about the infiltration
characteristics of the basin that reveals the impermeable lithol-
ogy and higher relief. The higher the infiltration number, the
lower will be the infiltration and consequently the higher will
be the surface runoff. This leads to the development of higher
drainage density. All the calculated values of FN for Wadi
Qanunah and its sub-basins range from 6.54 of Baydan 2
sub-basin to 10.10 of Shisha2 sub-basin. According to
Howard (1967), drainage pattern (Dp) of the drainage basin
helps in identifying the stage of the cycle of erosion and

reflects the influence of slope, lithology, and structure
(Pareta and Pareta 2011b). Dendritic pattern is the main pat-
tern in Wadi Qanunah basin and its sub-basins.

Relief characteristics

Wadi Qanunah basin is a high elevated basin, where the ele-
vation ranges from 0 at the Red Sea Coast to 2378 m above
mean sea level at the water divide of the basin with mean
elevation about 586 m above mean sea level as shown in
Fig. 2. The study sub-basins can be grouped into three groups:
low relief group (<500 m), moderate relief group (500–
1000 m), and high relief group (>1000 m) as shown in
Fig. 2 and Table 4. Relief ratio (Rr) of the study basin has a
wide variation and ranges from 0.005 for Shisha2 sub-basin to
0.063 for Baydan 2 sub-basin (Table 4). High values of (Rr)
indicate steep slope and high relief, while the lower values
may indicate presence of hard rocks of basement and tertiary
that are exposed in the form of small ridges and mounds with
lower degree of slope.

The main channel slope (SI %) is an indication for the
channel slope from which an assessment of the runoff volume
can be evaluated. Generally, the Wadi Qanunah basin and its
sub-basins are characterized by moderate to high relief and
topography except for Khatm Al Jurrah3 and Shisha2 sub-
basins as shown in Table 4. The slope index (SI %) ranges
from 0.008 for Khatm Al Jurrah2 sub-basin to 0.139 of Al
Hazim sub-basin. The calculated main flow direction (BFD)
of the study basins is matched with the direction of its main
channel (Fig. 8) in which it drains into the Red Sea.

Mean basin slope (Sm) is the most important and specific
feature of the drainage basin form. Maximum slope line is
well marked in the direction of a channel reaching downwards
on the basin. Slope maps of the study basin and its sub-basins
(Fig. 9) have been created by using surface analysis tool in
ArcGIS-10. The mean slope of the Wadi Qanunah is about
11.8°, and for its sub-basins, it ranges from 2.6° of Shisha2
sub-basin to 18.4° of Al Hafyan sub-basin as shown in Fig. 9
and in Table 4. The wide variations between the values of
mean slope are due to the variation of the topography and
lithology of the basins. Generally, the slope of the terrain
affects the total runoff volume and time of concentration to
the peak of hydrograph. Basins of gentle slope produce less
runoff volume and smaller peaks of the runoff hydrograph. In
gentle slope basins, the velocity of overland flow will be low
and there will be more time for water to infiltrate thereby
reducing the amount of surface runoff reaching the stream.
A steep slope produces greater velocities and allows faster
removal of the runoff from the watershed, therefore shorter
concentration times to peak of hydrograph. According to
Melton (1965), it is a slope index that provides specialized
representation of relief ruggedness within the watershed.
Extremely high values of ruggedness number occur when
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the basin has steep and long slope. Rn of Wadi Qanunah is
about 2.86, and for its sub-basins, it ranges from 0.26 of
Shisha2 to 3.64 of Qanunah sub-basin, as shown in Table 4.

Hypsometric curve is a non-dimensional measure of the
proportion of the drainage area above a given elevation.
According to Schumm (1956), Strahler (1964), Leopold et
al. (1964), and Hurtrez et al. (1999), hypsometric curves are
related to geomorphic and tectonic evolution of drainage
basins in terms of their forms and processes. Strahler (1952,
1957, and 1964) identified three types of landforms, namely

young, mature, and old (monadnock), on the basis of hypso-
metric curve shape. Factors of tectonic uplift and down
wasting are due to erosion control landscape form and its
evolution. Landscape evolution can be formulated as a conti-
nuity equation relating uplift, elevation, and erosion for sedi-
ment transport (Willgoose and Hancock 1988). The hypso-
metric curves can be interpreted as youth (convex upward
curves), mature (S-shaped curves), and peneplain or distorted
(concave upward curves) stages of landscape evolution.
Convex hypsometric curves are most likely for plateaus with
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Fig. 8 Flow direction map, histogram distributions, and rose diagram of Wadi Qanunah basin

Fig. 9 Slope map and histogram distribution percentage of slope of Wadi Qanunah basin
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little erosion, which can evolve into S shape, while concave
hypsometric curves indicate a greater importance of erosion
(Hurtrez et al. 1999). Wadi Qanunah shows peneplain or
distorted (concave upward curves) stages of landscape evolu-
tion hypsometric curve shapes as shown in Fig. 10a, b. The
hypsometric integral assists in explaining the erosion that has
taken place during the geological timescale (Bishop et al.
2002). The comparison of the shapes of the hypsometric
curves for different basins under similar climatic conditions
and an approximately equal area also provides relative insight
into the past soil movements in the basins. For the selected
basins, the range of basin altitude was divided into equal in-
tervals. For each interval, the proportion of the basin area was
calculated. Elevations and areas were then divided by the re-
lief and total basin area, so that they range from 0 to 1. The
hypsometric integral (HI) represents the area under the hypso-
metric curve and is computed as follows (Hurtrez et al. 1999).
Generally, a HI value of Wadi Qanunah is about 0.26; this
lower value indicates that Wadi Qanunah basin is an old basin
(Chorley andMorley 1959; Haan and Johnson 1966; Pike and
Wilson 1971). Singh et al. (2008) presented an HI-based clas-
sification for the main landscape development stages.
According to their classification, basins with HI values above
0.6 were classified as young, whereas catchments with HI
values below 0.3 were classified as old or monadnock.
Mature stage catchments have HI values greater than 0.3 and
lower than 0.6. Resulted HI values of hypsometric integral are
of less than 0.6 which indicated that the Wadi Qanunah basins
and its sub-basins are mature to old, which are eroded and
dissected drainage basins as shown in Table 4.

Flash flood hazard evaluation

To evaluate the flood hazard of the study basins, nine morpho-
metric parameters having a direct effect on flooding were cho-
sen, and their relationship with the flash flood was analyzed.

These parameters are watershed area (A), drainage density
(D), stream frequency (F), shape index (Ish), slope index
(SI), relief ratio (Rr), ruggedness ratio (Rn), texture ratio
(Rt), and weighted mean bifurcation ratio (WMRb). All these
parameters have a directly proportional relationship with the
hazard morphometric parameters except for theWMRbwhich
shows an inverse proportion.

Methodology of flash flood hazard evaluation

A hazard scale number starting with 1 (lowest) to 5 (highest)
has been assigned to all parameters. The distributions of the
hazard degrees for the study basins have been carried as Davis
1975 and Masoud 2014 as follows:

& Determination of the minimum and maximum values of
each morphometric parameter for the study basins.

& Assessments of the actual hazard degree for all parameters
which are located between the minimum and maximum
values were depending on the empirical relation between
the relative hazard degree of a basin with respect to flash
floods and the morphometric parameters. The equal spac-
ing or simple linear interpolation between data points pro-
cedure was chosen.

& Assuming a straight linear relation exists between sample
points, and intermediate values of hazard degree can be
calculated from the geometric Eqs. 2 and 3 of Davis 1975.
Equation 2 is used to evaluate the hazard degree of the
morphometric parameters that have a directly proportional
relationship with surface runoff accumulation, while Eq. 3
is used for the hazard degree of the morphometric param-
eters that have inverse proportion with surface runoff ac-
cumulation (WMRb).

Hazard degree ¼ 4 X−Xminð Þ
Xmax−Xminð Þ þ 1 ð2Þ

Fig. 10 Hypsometric curve (a) and altitude (b) of Wadi Qanunah basin
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Hazard degree ¼ 4 X−Xmaxð Þ
Xmin−Xmaxð Þ þ 1 ð3Þ

where X is the morphometric parameter of the study sub-
basin, Xmax is the maximum value of the morphometric
parameter of all study sub-basins, and Xmin is the mini-
mum value.

Results and discussion of flash flood hazard evaluation

Summation of the hazard degrees for each sub-basin repre-
sents the final flood hazard of that sub-basin (Table 4).
These values range between 19.13 (sub-basin 13) and 37.91
(Qanunah sub-basin). From the calculated values, according
to their hazards, one can classify the study sub-basins into
three groups as shown in Fig. 11 and Table 4 as follows:

Basins of high hazard degree (Wadi Qanunah sub-basin);
this means that this sub-basin has the maximum potentiality
for surface runoff with short time of concentration and travel
time which needs to create hindering dams at the stream trib-
utaries of fourth and fifth orders.

Basins of medium hazard degree such as Wadi Al Hafyan
and Baydan 1 sub-basins, that are characterized by mild po-
tentiality of groundwater recharge.

Basins of low hazard degree (rest of the sub-basins), that are
characterized by high potentiality of groundwater recharge.

Hydrological model construction

Hydrologic model construction of rainfall–runoff relation-
ships is very significant for the sustainable development of
the water resources and for the protection from the
flood hazard and drought. Rainfall is one of the essen-
tial hydrological elements in the modeling of basin sys-
tems. Predicting extreme events such as droughts and
floods and estimating both quantity and quality of sur-
face water and groundwater require basic information
regarding rainfall.

Fig. 12 Land use (a), soil types (b), and modeled sub-basin (c) maps of Wadi Qanunah basin

Fig. 11 Hazard degree map of Wadi Qanunah sub-basins
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Methodology of hydrologic model construction

Rainfall–runoff modeling in this study depends on the inte-
gration between morphometric parameters, GIS techniques,
WMS, HEC-HMS, and the available scarce data of return
period of maximum daily rainfall. Infiltration characteristics
in this program depend on the type of curve number (CN)
used in the Soil Conservation Service (SCS 1972, 1985) for-
mula which now is changed to Natural Resources
Conservation Services (NRCS).

Land use and land cover analyses and curve number
estimation

Runoff is the excess rain, which is the total precipitation vol-
ume after subtracting infiltration and the potential maximum
retention. The infiltration and the potential maximum reten-
tion depend on soil characteristics and surface complexity.
Soil characteristics include soil physical properties such as
texture, compaction, structure, and soil moisture while surface
complexity includes land use, land treatment and practice as
well as topography. Therefore, runoff amount depends on

precipitation, soil type, land use, land cover, soil moisture
conditions, and topography.

NRCS of the USA developed an equation to calculate run-
off from a drainage basin called SCS runoff curve number
method which is as follows:

Q ¼ P − 0:2Sð Þ2= P þ 0:8Sð Þ ð4Þ

whereQ is the runoff depth, P is the precipitation depth, and S
is the potential maximum retention depth. The potential max-
imum retention is calculated using a hydrological parameter
called CN as in the following equation:

S ¼ 25400=CNð Þ−254 ð5Þ

The CN is a hydrologic parameter used to describe storm
water runoff potential from a catchment. It is a numerical
value to be used in runoff calculating equation. The CN relates
soil characteristics, land surface conditions, and soil moisture
content in the land to the retention part of precipitation.
Accordingly, the CN is an index that represents the combina-
tion of hydrologic soil group and land use.

Fig. 13 Surface area-elevation and the capacity-elevation curves of the dam reservoir

Table 5 Estimation of the
weighted average CN over the
catchment

Matrix calculating CN land use—soil CNi Area (km2) (Ai) % Area Weighted CNi for each area

Bare soil—alluvium 63 22.43 0.9 0.6

Bare soil—rock outcrops 88 34.40 1.4 1.3

Bush grass—rock outcrops 80 2044.67 85.4 68.3

Cropland—alluvium 74 109.89 4.6 3.4

Cropland—rock outcrop 86 24.40 1.0 0.9

Residential—rock outcrops 87 6.12 0.3 0.2

Bush grass—alluvium 80 144.98 6.1 4.8

Lake—rock outcrop 100 0.08 0.0 0.0

Lake—alluvium 100 0.01 0.0 0.0

Residential—alluvium 80 7.21 0.3 0.2

Total 2394.20 100 80
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Fig. 14 Hydrographs of sub-basin 1 (a1–a5) and sub-basin 2 (b1–b5) at different return periods
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According to the NRCS, soils are classified into four
groups and assigned a letter for each group as A, B, C, and
D. Each group can be identified with specific characteristics,
so one can classify any soil in one of those four groups.
The A soil group represents deep sand, deep loess, and
aggregated silts. The B soil group represents shallow
loess and sandy loam. The C soil group represents clay
loam, shallow sandy loam, soils low in organic content,
and soils usually high in clay. The D soil group repre-
sents soils that swell significantly when wet, heavy
plastic clays, and certain saline soils. The NRCS soil
group can be identified at a site using either soil char-
acteristics or county soil survey maps. In Saudi Arabia,
soil group can be classified either by soil characteristics
or soil maps that can be obtained from soil survey maps
of the Ministry of Agriculture.

Creation of capacity curve

Storage capacity curve defines a relationship between eleva-
tion/area/volume and is computed using an option in WMS
based upon DEM. Storage capacity curves are stored in the
storage list used by the time series editor so that they can be
used later to define routing in one of the supported hydrologic
models or in the detention basin calculator. WMS com-
putes these relationships by beginning at the outlet ele-
vation and incrementing the elevation by the number of
specified divisions until the specified water surface ele-
vation is obtained. At each increment, the area between
that elevation and the outlet elevation is computed, and
then, volumes between adjacent surface elevations are
computed using the conic method. The storage capacity
(elevation, area, volume) data can be stored in either
English or metric units.

Rainfall–runoff modeling in the presence of dam

The catchment of Qanunah has been divided into two main
sub-basins and modeled to estimate the runoff resulted from
the rainfall storms of 5, 10, 25, 50, and 100 return periods
respectively for each sub-basin.

Since modeling watershed integrates GIS and hydrological
models, two professional models are used: WMS 10.0.9 and
HEC-HMS 3.3. Details of the model are found at
Environmental Modeling Research Laboratory (2004).
The HEC-HMS, version 3.5 developed by the US
Army Corps of Engineers, is designed to simulate the
rainfall–runoff processes of dendritic watershed systems.
HEC-HMS allows the modeler to choose between nu-
merous infiltration loss and unit hydrograph parameteri-
zations (HEC, 2000). The SCS-CN method is used to
estimate the excess rainfall.

Results and discussions of hydrologic model construction

From land use analysis of areal images for Wadi Qanunah
(Fig. 12), it is found that almost 80 % of the Wadi’s area is
bare soil. In the northern part of the Wadi, in the upstream,
almost 15 % of the Wadi’s area contains bush and grass cover.
Very small spots of residential areas, less than 10 % of the
Wadi’s area, were scattered especially in the lower third of the
Wadi toward the west. Farmland is very limited in the
Wadi, less than 5 % of the Wadi’s area, scattered main-
ly around the main channel in the lower two thirds of
the Wadi. Figure 6 shows maps for the Wadi with dif-
ferent land use (A) and soil types (B). Table 5 displays
estimated weighted average of the CN value for the
whole catchment which is equal 80 that is used for
the hydrological analysis.

Figure 13 shows both the elevation-volume and the
elevation-surface area curves (a and b respectively) at the pro-
posed dam site (25-m height) at elevation that is about 205 m
(amsl). In the elevation-volume capacity, the maximum vol-
ume is about 88×106 m3 with an area is about 9 km2. In the
surface area-elevation curves, onemay observe irregular curve
with some jumps. These jumps mean that the reservoir area
does not change with elevation. In other words, the moun-
tains’ sides are almost vertical at those elevations.

For rainfall distribution over the storm duration, the SCS
type II hyetograph is used which is commonly used in arid
regions. Figure 14 shows the rainfall hyetographs and the
corresponding flood hydrographs at different return periods.

Table 6 Summary of the first
scenario considered (with dam) in
Wadi Qanunah basin

Return period
(years)

Total rainfall
(mm)

Sub-basin 1 (Qanunah sub-basin) Sub-basin 2 (Khatm Al Jurrah)

Maximum
Q (m3/s)

Volume
(106 m3)

Average
depth (m)

Maximum
Q (m3/s)

Volume
(106 m3)

Average
depth (m)

5 65 2062.3 65.5 4.0 380.0 11.0 2.8

10 79 2617.0 81.8 4.4 486.0 14.1 3.0

25 97 3351.5 104.7 4.8 627.0 18.2 3.3

50 110 3883.0 121.2 5.1 729.0 21.3 3.4

100 123 4433.0 138.3 5.4 835.0 24.4 3.6
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The simulated peak discharge at the proposed dam sites is
2062.3, 2617, 3351.5, 3883, and 4433 m3/s for sub-basin 1
(Qanunah sub-basin) and is 380, 486.4, 627, 729, and
835 m3/s for the sub-basin 2 (Khatm Al Jurrah) at 5,
10, 25, 50, and 100-year return periods, respectively.
The corresponding runoff volumes and the other outputs
are tabulated in Table 6.

From the hydrograph estimated by HEC-HMS
(Fig. 14), the runoff volume is calculated for every

return period and the corresponding water surface ele-
vation of the lake (upstream of the dam) is estimated
from the capacity (Fig. 13). For 5-year return period,
the reservoir lake elevation is 238 m; for 10-year return
period, the reservoir lake elevation is 242.5 m; for 25-year
return period, the reservoir lake elevation is 245.5 m; for 50-
year return period, the reservoir lake elevation is 247 m, and
for 100-year return period, the reservoir lake elevation is
249.5 m as shown in Fig. 15.

Fig. 15 Dam lake shape in the upstream side of the proposed dam and inundation areas a at different return periods, b 5 years (lake area = 5.1 km2), c
10 years (lake area = 6.5 km2), d 25 years (lake area = 7.5 km2), e 50 years (lake area = 8.1 km2), and f 100 years (lake area = 8.7 km2)
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Flood inundation modeling in the absence of dam

In the flood inundation modeling, two approaches have
been considered: the upstream and the downstream sides
of the proposed dam. In order to study the effect of the
presence of the dam on the inundation areas and for
risk evaluation, two scenarios have been considered.
The first scenario assumes that there is no dam (without
dam).

Methodology of flood inundation modeling

Flood inundation modeling in the downstream side at the out-
let of the main sub-basins (Fig. 12c) has been performed
through the application of HEC-RAS software. This software
of hydraulic modeling package has been developed by US
corps of engineers, and it is able to perform steady
and unsteady fluid flow simulations in 1D river channel
and flood plains. In this study, steady flow is used for
delineation of inundation areas downstream of the pro-
posed dam (outlets of the sub-basins). The gradually
varied flow equation is considered in HEC-RAS, and
therefore, water surface profiles are computed from
one cross section to another cross section along the
Wadi channel by using the energy equation with an
iterative procedure called the standard step method

(Brunner 2010). The energy equation for a steady-state
flow is given by

Z2 þ Y 2 þ α2V 2
2

2g
¼ Z1 þ Y 1 þ α1V 2

1

2g
þ he ð6Þ

where Z1 and Z2 are the elevations of the channel inverts, Y1
and Y2 are water depths at cross sections, V1 and V2 are the
average velocities at the channel cross sections, α2 are the
velocity weighting coefficients at the channel cross sections,
g is the acceleration due to gravity, and he is the energy head
losses which is estimated by Manning formula as

he ¼ L
Qn

AR2=3

� �2

ð7Þ

where Q is the flood discharge along the channel, A is the
channel cross-section area, R is the hydraulic radius of the
channel cross section, n is the Manning roughness coefficient,
and L is the distance between the two cross sections. The
parameters in the energy equation are illustrated in Fig. 16.
The above equations have to be solved between each two
cross sections to calculate water depth and velocity in the
channel at each cross section.

Results and discussions of flood inundation modeling

The total length of the downstream channels for both sub-
basins (1 and 2) is about 70 km and is divided into 87 cross
sections for the gradually varied flow computations as shown
in Fig. 16. The distance between two consecutive cross sec-
tions is about 0.85 km in average and may vary between cross
sections according to the changes in the flow directions; how-
ever, the cross section should always be perpendicular to di-
rection of flow in the channel. Using interlink between GIS
techniques and HEC-HMS, the average depth of the surface
runoff for each channel and the inundation areas is delineated
and estimated for the designated return periods as shown in
Table 7 and Figs. 17 and 18).

Table 7 Summary of the second scenario considered (without dam) in Wadi Qanunah basin

Return period
(years)

Total rainfall
(mm)

Reach 1 Reach 2 Main stream (reach 1 + reach 3)

Maximum
Q (m3/s)

Average depth
(m)

Maximum
Q (m3/s)

Average depth
(m)

Maximum
Q (m3/s)

Average depth
(m)

5 65 2062.3 4.1 380.0 2.0 2442.3 3.0

10 79 2617.0 4.6 486.0 2.2 3103.0 3.2

25 97 3351.5 5.3 627.0 2.4 3978.5 3.5

50 110 3883.0 5.4 729.0 2.6 4612.0 3.7

100 123 4433.0 5.7 835.0 2.7 5268.0 3.9

Fig. 16 Representation of the terms in the energy equation (after
Brunner 2010)
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Fig. 18 Flood inundation of downstream areas at different return periods without the dam: a model boundaries, b 5 years, c 10 years, d 25 years, e
50 years, and f 100 years

Fig. 17 Water depth distribution over the downstream channel
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Summary and conclusions

Morphometric parameters of the study basin are the signifi-
cant controlling factors for surface water runoff and flood
hazard evaluation particularly in the ungauged basins of arid
and semi-arid regions. Flash flood hazard evaluation and in-
undation are very significant for the catchment managements
especially for the sustainable development of the water re-
sources and for the protection from the flood hazard and
drought. Flash floods can be controlled by several elements
based on the morphometric parameters of the basin such as
relief, geometry, geology, and climatic conditions. In this
study, 38 morphometric parameters were measured and calcu-
lated; nine of them that have a direct influence upon the sur-
face runoff accumulation were selected and analyzed to eval-
uate the potentiality of the flash flood hazard and groundwater
recharge.

Wadi Qanunah sub-basins could be classified into three
groups: basins of high hazard degree, with high potentiality
of surface runoff accumulation (Qanunah sub-basin); basins
of medium hazard degree (Al Hafyan and Baydan 1 sub-ba-
sins); and basins of low hazard degree with high potentiality
of groundwater recharge (rest of the sub-basins). It is recom-
mended that some obstruction dykes are very significant to
construct to permit the runoff water to infiltrate and recharge
the shallow aquifer at the crossing point between the fourth
stream order and fifth stream order at Qanunah, Al Hafyan,
and Baydan 1 sub-basins.

This paper presents integration between rainfall–runoff
modeling together with flood inundation modeling and GIS
techniques for flood risk assessment in arid zones under data
scarcity. Wadi Qanunah, which is located in the southwestern
part of Saudi Arabian, has been chosen as an example for
implementation of such an integrated approach. It is found
that the presence of the dam with height about 30 m will
protect all the urban areas around the main channel and at
the delta of Wadi Qanunah considering the different return
periods. Also, it is found that the average inundation area are
about of 105, 119, 134, 152, and 175 km2 at 5, 10, 25, 50, and
100-year return period, respectively. From the proposed dam
evaluation procedure, it is found that the storage of Wadi
Qanunah Dam is about 65×106 m3 for 5-year return period.

To avoid the scarcity of hydrological data, some of telemet-
ric meteorological stations should be installed on the top along
of Red Sea Mountains series.

The following conclusions are drawn from the study: (1)
The statistical analysis of rainfall and flood data proofs that
not all stations follow Gumbel distribution, which is the com-
mon practice considered in Saudi Arabia. (2) The proposed
methodology is a useful tool for dam and flood risk evalua-
tions in arid zones under data scarcity. (3) This study provides
in-depth analysis of the flash flood prone areas of Wadi

Qanunah basin and its sub-basins and the mitigation mea-
sures. (4) This study will help to plan rainwater harvesting
and watershed management in the flash flood alert zones for
the future.
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