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Abstract: Flash flooding is one of the most significant natural disasters in arid/hyperarid regions
and causes vast property damage and a large number of deaths. For mitigating and reducing flood
risks, data from several remote sensing satellite images—Shuttle Radar Topography Mission (SRTM)
Digital Elevation Model (DEM), Landsat 8 Operational Land Imager (OLI), and Tropical Rainfall
Measuring Mission (TRMM)—were prepared and combined through a GIS-based multicriteria
decision-making technique to test and delineate the flash flood vulnerable areas of Wadi Hali in
southwestern Saudi Arabia. Several flash flood thematic layers representing topographic, geomorphic,
climatic, and hydrological conditions were prepared, normalized, and combined through a GIS- based
analytic hierarchy process (AHP) technique to obtain flash flood hazard zones (FFHs). This method
successfully presented a satisfactory output map that revealed six zones of flood risk, and areas of
extreme hazard covered about 13% of the entire basin. Landsat 8 band composite 7, 5, and 3 and
field data validated the FFHs. This map considered a key requirement for sustaining safe settlements
downstream of Wadi Hali. Overall, the integration of remote sensing and GIS techniques revealed
significant areas of flash flood zones in an arid region.

Keywords: modeling; SRTM; Wadi Hali; runoff; satellite data; risk assessment; flood hazards

1. Introduction

Flash flooding is one of the most dangerous kinds of natural hazards. It causes sizable
destruction and disruption to human activity, and happens in basins of varied size on all
continents that extend to hundreds of square kilometers of localized space. This is due to
rapid-onset, high-intensity rainstorms producing sudden and high-velocity flows [1–9],
particularly in areas of rugged terrain. The water level reaches its crest very quickly [7],
making it difficult to predict by local rapid-response teams and thus leaving little time to
issue warnings [10,11]. Therefore, the flash flood is still insufficiently understood in terms of
prediction and management. As a result of climate change and other environmental issues,
flood catastrophes have become the most common natural hazards. This is because climate
change has been recognized worldwide in the last few years to induce floods [12–15].
Therefore, it is critical to have access to reliable and up-to-date information in order to
prevent or at least mitigate the impacts of floods. A flood-potential map is one of these
crucial sorts of information [16].

In order to provide appropriate solutions for floods and sustainable development
and management, several studies have assessed and predicted flood risk using climate
conditions, geomorphic and physical characteristics of catchments [5,7,8], soil properties,
and land use/cover derived from remote sensing data [9,17,18]. The most utilized elements
are physical and natural factors (e.g., elevation, slope, aspect, slope curvature, lithology, to-
pographic position index, and rainfall), hydrological factors (e.g., drainage density, distance
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to river, topographic wetness index, and stream power index), and human disturbance
factors (e.g., land use and road distance) [19–22].

An essential part of effective land use planning in flood areas and mitigation strategies
is flood hazard mapping [18]. This offers easily available maps that allow planners to
spatially highlight the most dangerous places, which is crucial for mitigation efforts [23,24].
Predicting and preventing floods is a complicated process, but the occurrence and mapping
of areas prone to FFHs can be predicted and partially managed using several methods of
remote sensing and GIS techniques [7,25–27]. The analysis of remote sensing data through
GIS techniques allows the gathering of different datasets in order to reveal high-risk areas
and generate flash flood hazard maps [7,14,28]. The knowledge-driven AHP technique [29],
which is based on GIS-weighted overlay analysis, has been successfully applied in modeling
different environmental conditions [8,30,31]. The GIS technique can handle large volumes
of spatial data for processing and can combine data types to predict and find additional
water resources [32]. In this approach, a hierarchical tree with multiple levels is used,
and the criteria are separated into several subcriteria. This multicriteria decision-making
technique has been used in a number of prediction studies [33,34] to develop a solution to
complex choice analysis based on hierarchical ordering criteria [35]. The input data used in
this model include information about elevation, slope, topographic witness index (TWI),
stream power index (SPI), curvature, drainage density, depressions, runoff, distance to
river, and rainfall.

In arid to semiarid regions, such as Saudi Arabia with hot to extremely hot summers
and mild to warm winters [36], rainfall varies temporally and spatially, with infrequent
high intensity and sporadic occurrences, causing occasional flash floods that result incon-
siderable damage to highways, human life, property, and dams [24,37]. In 2009 and 2011,
during the catastrophic flash floods that impacted the Jeddah area, there was approximately
SAR 10 billion worth of flash flood damage [38]. In western Saudi Arabia, where the
cities of Mecca and Jeddah are located, rainfall occurs from November to April, although
sporadic rainfall events are observed in the transition months of October and May. The
region is characterized by high rainfall intensity that leads to flash floods. Running water
discharged into the Red Sea through wadi basins can pose a threat to coastal cities, towns,
villages, and engineering projects [39]. Hence, flash flood susceptibility maps are useful
for assessing potential hazards in residential areas where risk has increased in the last few
years [24] due to unplanned settlements and climate change.

Management strategies for flash floods mainly depend on modeling hydrological,
climatic, and topographic characteristics of a catchment area to obtain an FFH map to
reduce the risk of flooding. Such mapping processes, as well as risk analyses, should be
carried out as soon as feasible. Therefore, the aim of the present study is to develop a
remote sensing-based model that utilizes a different set of remote sensing data to identify
flood-prone areas and thus assist in flood risk management by minimizing/controlling the
destructive effects of floods in the study area.

2. Study Area

The Wadi Hali basin is a part of the Asir mountains region in southwestern Saudi
Arabia that extends between latitudes 18◦13′44.36′′ and 19◦2′55.39′′ N and longitudes
41◦21′18.07′′ and 42◦29′47.28′′ E. It covers about 5222 km2 with a perimeter of 645 km and
is mainly composed of basement rocks. Notable mountains of the study area are Jabal
Sawda and Jabal Thirban, and the main residential area is Muhayil city, in the middle of
the basin, and Hali, downstream on the Red Sea coast (Figure 1). Wadi Hali in the Southern
Tihama plain is one of the largest wadi in the Kingdom of Saudi Arabia. It has a total
length of 160 km and an average slope of 17.5 m/km. The Red Sea Hills in southwestern
Saudi Arabia are composed largely of Neoproterozoic volcanic–sedimentary rock units
of the Arabian–Nubian Shield. The crystalline basement is unconformably overlain by
thick sequences of sedimentary formations ranging from Cambrian to recent age. The
watersheds collect precipitation from the adjoining Hills and channel the collected runoff
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toward the Red Sea and its coastal plain as surface runoff and/or infiltration into the
groundwater aquifers [40]. The southwestern region is rich in rainfall compared to other
regions of the Kingdom of Saudi Arabia, with average annual precipitation in the range of
400–700 mm/y [41].
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Figure 1. Location map of the present study: (a) Rainfall distribution data of Saudi Arabia overlaid
by the Wadi Hali watershed; (b) Geological map of Saudi Arabia overlaying the Wadi Hali watershed;
(c) DEM of Asir terrain overlaid by the study area; and (d) Wadi Hali watershed on a Geo-Eye1 image.

3. Data Used and Methods

Several satellite radar and optical data were collected to characterize the area prone
to flash flood hazards in Wadi Hali, west of Saudi Arabia. The Shuttle Radar Topography
Mission (SRTM) DEM data were selected to map the topographic characteristics and
compute the catchments’ parameters. Optical data were also utilized to characterize the
land use/cover of the study area (Figure 2).
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The SRTM data (~90 m cell size) were obtained as an international collaboration
between NASA, the U.S. National Geospatial-Intelligence Agency, the Italian Space Agency,
and the German Aerospace Center. The SRTM DEM data of ~ 90 m spatial resolution
are accessible for download from the USGS. They are utilized to delineate the watershed,
stream networks, altitude, slope, surface curvature, topographic wetness index (TWI),
depressions, Stream Power Index (SPI), stream density, and morphometric parameters
using ArcGIS. The D8 method [42] was used to perform the automatic delineation of
stream extractions. The stream orders were identified [43,44] and used for calculating
other parameters.

The Landsat Operational Land Imager (OLI) optical sensor with 9 spectral bands
carried by Landsat 8 was launched on 11 February 2013. Two scenes of Level 1 (path/row
167/047 and path/row 168/047) OLI data were acquired on 14 February 2018. The obtained
scenes were mosaicked and linked to the coordinate system of UTM Zone 37 N. The OLI
bands 2, 3, 4, 5, 6, and 7 were utilized in this paper to conduct image transformation and
enhancement techniques.

The presented GIS-based model is primarily based on elevation parameters, drainage
networks, infiltration, and relief along with land use. Mapping FFH susceptible areas need
complex datasets to characterize the catchment properties to obtain the output map. The
modeling of FFHs requires more information. Such a model is necessary as such an event
threatens inhabitants of destroying infrastructures. Global warming places pressure on the
global hydrological cycle; therefore, FFHs usually are thought to increase due to global
climate change.

In the AHP technique, each layer is assigned a weight [29]. The predictive layers
are then compared in a pair-wise comparison matrix (Table 1). Sub-classes of each layer
are assigned a weight based on their importance in calculating mineral resources. In this
model, the consistency ratio (CR) can be calculated by calculating the Principal Eigen value
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(λ), which was calculated using the eigenvector technique, and the Consistency Index (CI),
which was calculated using the equation:

CI =
(λmax− n)
(n− 1)

(1)

Table 1. Pairwise comparison matrix, criteria weight, and computed λmax.

Elev Slope Curvature TWI SPI Rainfall Dep Dd DR Runoff Criteria Weight λmax

Elev 1.0 1.4 2.3 1.4 2.3 1.8 1.8 1.2 1.0 2.3 0.15 10.00

Slope 0.7 1.0 1.7 1.0 1.7 1.3 1.3 0.8 0.7 1.7 0.11 10.00

curvature 0.4 0.6 1.0 0.6 1.0 0.8 0.8 0.5 0.4 1.0 0.06 10.00

TWI 0.7 1.0 1.7 1.0 1.7 1.3 1.3 0.8 0.7 1.7 0.11 10.00

SPI 0.4 0.6 1.0 0.6 1.0 0.8 0.8 0.5 0.4 1.0 0.06 10.00

Rainfall 0.6 0.8 1.3 0.8 1.3 1.0 1.0 0.7 0.6 1.3 0.09 10.00

Dep 0.6 0.8 1.3 0.8 1.3 1.0 1.0 0.7 0.6 1.3 0.09 10.00

Dd 0.9 1.2 2.0 1.2 2.0 1.5 1.5 1.0 0.9 2.0 0.13 10.00

DR 1.0 1.4 2.3 1.4 2.3 1.8 1.8 1.2 1.0 2.3 0.15 10.00

Runoff 0.4 0.6 1.0 0.6 1.0 0.8 0.8 0.5 0.4 1.0 0.06 10.00

Sum 6.7 9.4 15.7 9.4 15.7 11.8 11.8 7.8 6.7 15.7 1.00 100.00

As n is the number of factors, and max is the major eigenvalue. The RCI is the Random
Consistency Index value, which is based on the Saaty’s standard [29]. As a result, we may
calculate the CR (Table 2) as follows:

CR =
CI

RCI
(2)

Table 2. Thematic map weights for generating FFHs.

Thematic Layer Normalized Layer
Weight (Wi)

Detailed
Features/Sub-Classes Rank Normalized Layer

Weight (Wi) Area (%)

Elevation (7) 0.149

18–473 5 0.33 36.6

473–855 4 0.27 29.3

855–1344 3 0.2 16.55

1344–1992 2 0.13 10.49

1992–2991 1 0.07 7.06

Slope (5) 0.106

0–5 1 0.07 32.71

5 to 15 2 0.13 27.28

15–25 3 0.2 21.56

25–30 4 0.27 8.29

30–66.50 5 0.33 10.16

Drainage density (6) 0.128

0.180–0.719 1 0.07 6.69

0.719–0.960 2 0.13 17.95

0.960–1.137 3 0.2 31.26

1.137–1.311 4 0.27 31.33

1.311–1.879 5 0.33 12.77
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Table 2. Cont.

Thematic Layer Normalized Layer
Weight (Wi)

Detailed
Features/Sub-Classes Rank Normalized Layer

Weight (Wi) Area (%)

Depressions (4) 0.085
0 1 0.25 2.99

0 to–0.74 3 0.75 97.01

TWI (5) 0.106

3.66–6.71 1 0.1 42.45

6.71–8.57 2 0.2 32.82

8.57–11.08 3 0.3 17.65

11.08–18.92 4 0.4 7.09

SPI (3) 0.064

0–1500 1 0.17 97.12

1500–5000 2 0.33 1.93

5000–363,232 3 0.5 0.94

Rainfall (4) 0.085

0.285–0.466 1 0.1 10.04

0.466–0.586 2 0.2 25.08

0.586–0.667 3 0.3 41.02

0.667–0.803 4 0.4 23.86

Curvature (3) 0.064

6.9–0 (convex) 2 0.33 16.26

0 (flat) 3 0.5 37.8

0 to–7.09 (concave) 1 0.17 45.93

Runoff (3) 0.064

26.48 to 28.97 1 0.04761905 2280.985

32.40 to 32.86 2 0.0952381 397.985

37.42 3 0.14285714 470.156

43.33 4 0.19047619 336.571

49.28 to 49.67 5 0.23809524 1224.784

52.034 6 0.28571429 512.26

Distance to River (7) 0.149

0 to 200 3 0.5 48.18

200 to 484 2 0.33 36.1

484 to 1350 1 0.17 15.73

The calculated parameters’ CR is 0 (CR = 0/1.49) based on this equation, and they are
recognized as consistent if the CR is less than 0.1; otherwise, the AHP is meaningless [29].

The score of each sub-feature is standardized to create the sub-feature rating (fi). The
FFHs [45] was calculated by multiplying the scores from the previous map by the grade of
a thematic map (Ti), as illustrated (1):

FFHs =
n

∑
i=1

Ti × fi (3)

4. Results
4.1. Factors Influencing Flash Flood Hazards
4.1.1. Elevation

Elevation is frequently used to characterize areas that are liable to FFHs [46,47]. Lower
elevation areas are mostly liable to flash floods as lowland areas collect much rainwater [8]
and may become flooded quicker as water runs faster from the high elevation to low
elevation [47,48] versus areas with a higher elevation that have lower susceptibility. As
water drains from the upland of the mountains and links in the lower elevation in the
streams. It is often difficult to encounter flooding in areas of high elevation [49,50]. An
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elevation map based on SRTM DEM data was then distinguished into five groups, viz.,
very high, high, moderate, low, and very low (Figure 3a,b and Table 2).
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4.1.2. Slope

The slope is the most important index for delineating and characterizing surface runoff
and liable area to FFHs due to its indication of the variation in elevations and its right
impact on catchments [8,27], speed of runoff, and infiltration capabilities [27,51]. The slope
classes with fewer degrees were assigned a higher grade to FFHs [8] as areas of the lower
slope are more exposed to flooding [15,48,52]. Flat areas have a high potential for flood
occurrence. However, several studies implemented positive relationships between slope
and flood susceptibility [7,53,54]. Since the slope angle values increase, the overland flow
velocity increases [50]. With increasing the slope degree, the infiltration decreases; hence,
there is a larger amount of drained the streams and creating flooding [51]. Therefore, in
areas with steep slopes, runoff increases [55].

Based on SRTM DEM, the slope degree map was classified into five classes. Slope
angle was grouped into six classes, viz., flat to very low, low, moderate, high, and very
high (0–5, 5–15, 15–25, 25–30, and 30–66.50, respectively) (Figure 4a,b and Table 2). In
this approach, the slope classes with high degrees were assigned a higher grade to flash
flood susceptibility.
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4.1.3. Surface Curvature

Land surface curvature is an important factor connected to the accumulation, infil-
tration, and runoff on the slope [27,38,56]. The surface curvature layer is derived from
the digital elevation model and categorized into three classes: concave (positive values),
convex (negative values), and flat (value 0) (Figure 5 and Table 2). Land surface curvature
characterizes the areas prone to runoff; in flat areas, water accumulates more easily and
these are areas that are susceptible to flash flood hazards [57] than convex and concave
areas. Concave areas refer to a low FFH probability, but flat areas are probably more
exposed to FFHs.
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4.1.4. Topographic Wetness Factor (TWI)

The index of TWI is utilized to evaluate the topographic influence to understand
hydrological conditions. TWI refers to the size of flow accumulation at a certain point in
the watershed and the tendency of water flow downslope under the force of gravity [58],
which accelerates water flow accumulation and, hence, destructive power. This factor can
also describe the soil moisture. TWI can be estimated by the below equation:

TWI = ln (Ac/tanS) (4)

where Ac is the specific catchment area (m2/m) and S is the slope gradient (in degrees).
The resulting TWI map (Figure 6a) was classified using the natural breaks method

into four classes, viz., low, moderate, high, and very high (Figure 6a and Table 2). TWI is
positive for FFHs as high values of TWI have a high vulnerability to flooding and lower
values of TWI have a lower flood vulnerability [14,15].
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Figure 6. (a) TWI is distributed in four classes. (b) SPI is distributed from low to very high.

4.1.5. Stream Power Index (SPI)

Stream power index (SPI) characterizes the potential flow erosion at a certain point
on the topographic surface [59]. SPI describes the power of water flow in connection to
erosion [59]. The increase in slope gradient and catchment area yield a high amount of
water and increase the velocity of water flow that is captured from upslope areas; thus,
SPI and erosion risk increase. Using slope and flow accumulation parameters, SPI was
computed using Arc GIS software version 10.5. The influence of FFHs increased as the
value of SPI increased [57]. In this context, the SPI map is classified into three classes, viz.,
low, moderate, and high (Figure 6b and Table 2). The stream power index was calculated
as follows [60]:

SPI = Ac * tanS (5)

4.1.6. Rainfall Intensity

Rainfall conditions represent a significant factor in flash flood hazards caused by exces-
sive rainfall in a very short time [61]. Rainfall has a direct relationship to FFHs [8,47,48,62,63].
The average daily precipitated data were collected from the TRMM satellite during the
period of 1 January 1998 to 30 November 2013 and interpolated using the inverse dis-
tance weighted (IDW) method in GIS to display the precipitation distribution in Wadi Hali
(Figure 7a and Table 2). The rainfall intensity map that ranges from 0.285 to 0.803 mm/daily
(Figure 7a) is classified into four classes. viz., low, moderate, high, and very high (Figure 7b
and Table 2). Spatially, precipitation is common in the maximum elevation in the east-
ern part, e.g., G. Sawda and G. Thirban, and the urban district of Mhayel area, but it
decreases downstream.



Sustainability 2022, 14, 14145 10 of 21Sustainability 2022, 14, x FOR PEER REVIEW 10 of 22 
 

 

 
Figure 7. (a) Rainfall map of Wadi Hali; (b) rainfall class map. 

4.1.7. Depressions 
Depressions are low elevation areas surrounded by high relief and collect, capture, 

and store precipitated water during runoff of heavy storms in areas of arid/hyperarid cli-
matic conditions. These areas that accumulate water can be inundated by water until it 
evaporates and infiltrates strata and into inner aquifers [51]. These depressions can be 
filled with precipitated water until the water elevation reaches a level at which the flow 
would pour out of the depression. Although these areas are promising for water re-
sources, they are prone to flash flood hazards and present a danger of inundating resi-
dential areas. They can be detected in SRTM DEM using spatial analysis with ArcMap v. 
10.5. The resulting map can be classified into two classes, ≥0 (low), and 0 to −74 (high), 
based on the ability to collect and accumulate precipitated water (Figure 8b and Table 2). 

 
Figure 8. (a) Depression map of Wadi Hali; (b) depression class map. 

4.1.8. Drainage Density 
Drainage density is computed as the total length per unit area of the stream network 

(Figure 9, Table 2). Drainage density is negatively correlated to permeability; areas with 
high Dd are related to surface runoff [55,64]. Drainage density is positively correlated with 
flooding. The higher susceptibility to flooding is directly correlated to higher drainage 

Figure 7. (a) Rainfall map of Wadi Hali; (b) rainfall class map.

4.1.7. Depressions

Depressions are low elevation areas surrounded by high relief and collect, capture,
and store precipitated water during runoff of heavy storms in areas of arid/hyperarid
climatic conditions. These areas that accumulate water can be inundated by water until it
evaporates and infiltrates strata and into inner aquifers [51]. These depressions can be filled
with precipitated water until the water elevation reaches a level at which the flow would
pour out of the depression. Although these areas are promising for water resources, they
are prone to flash flood hazards and present a danger of inundating residential areas. They
can be detected in SRTM DEM using spatial analysis with ArcMap v. 10.5. The resulting
map can be classified into two classes, ≥0 (low), and 0 to −74 (high), based on the ability
to collect and accumulate precipitated water (Figure 8b and Table 2).
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4.1.8. Drainage Density

Drainage density is computed as the total length per unit area of the stream network
(Figure 9, Table 2). Drainage density is negatively correlated to permeability; areas with
high Dd are related to surface runoff [55,64]. Drainage density is positively correlated with
flooding. The higher susceptibility to flooding is directly correlated to higher drainage
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density as it indicates a high surface runoff [6,15,63,65–67]. However, some researchers
have assigned a high flash flood susceptibility to low-drainage-density areas [8,68].
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4.1.9. Distance to River

The distance to rivers affects the moisture content of soils and rocks on slopes [69].
This factor can affect the recharging process: compared to further distances from river
networks, the closer the distance to the river, the greater the chance of infiltration. Based on
the DEM of the research region (Figure 10a,b), three groups were created: 0–200, 200–484,
and 484–1350 (Table 2).
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4.1.10. Runoff-Based Morphometric Characteristics

The modeling of flash flood hazards requires the combination of several morphometric
indices. The geomorphic characteristics of the catchments are a substantial task in FFHs.
The quantitative morphometric characteristics of the catchments are calculated based on
the SRTM DEM data [7,51,67] that control the flash flood hazards [65]. The Hali watershed,
covering about 5222 km2 with a perimeter of 645, is sub-divided into 11 sub-basins to
delineate the areas prone to flash flood hazards. Based on the analysis of SRTM DEM, the
computed twelve quantitative morphometric indices display variations from one sub-basin
to another (Figure 11a,b and Table 3).
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Table 3. Morphometric analysis of Wadi Hali.

Basin_NO U Nu Lu A P Lb W Rb Re Rf Rc Rt Fs Dd Lg If Bh Rh Rn

1 4 199 202.745 148.797 89.82 21.722 12.351 3.846 0.634 0.315 0.232 2.216 1.337 1.363 0.367 1.822 1.433 0.066 1.953
2 5 688 787.277 558.568 240.3 58.914 24.146 4.872 0.453 0.161 0.122 2.863 1.232 1.409 0.355 1.736 2.472 0.042 3.484
3 6 643 637.404 470.156 165.6 40.864 16.883 4.505 0.599 0.282 0.215 3.883 1.368 1.356 0.369 1.854 2.498 0.061 3.387
4 6 447 470.783 336.571 118.62 29.921 18.621 4.526 0.692 0.376 0.301 3.768 1.328 1.399 0.357 1.858 2.241 0.075 3.135
5 5 265 285.64 200.726 127.8 28.230 20.168 3.904 0.566 0.252 0.154 2.074 1.320 1.423 0.351 1.879 1.010 0.036 1.437
6 6 667 756.687 512.260 154.08 34.252 26.107 4.487 0.746 0.437 0.271 4.329 1.302 1.477 0.338 1.923 2.524 0.074 3.728
7 5 354 360.188 249.188 133.92 33.506 13.804 4.476 0.532 0.222 0.175 2.643 1.421 1.445 0.346 2.053 0.930 0.028 1.344
8 6 887 990.004 690.323 244.26 61.344 17.609 5.087 0.483 0.183 0.145 3.631 1.285 1.434 0.349 1.843 1.374 0.022 1.970
9 5 655 702.135 481.326 163.08 32.902 23.761 4.775 0.752 0.445 0.227 4.016 1.361 1.459 0.343 1.985 2.326 0.071 3.393

10 6 1029 1050.382 743.459 214.2 40.112 38.863 4.475 0.767 0.462 0.204 4.804 1.384 1.413 0.354 1.955 2.597 0.065 3.669
11 5 1053 1209.444 831.368 266.04 55.065 41.119 5.458 0.591 0.274 0.148 3.958 1.267 1.455 0.344 1.843 1.058 0.019 1.539

WadiHali 6 1472 3600.665 5222.742 645.48 121.541 94.133 4.553 0.671 0.354 0.158 2.280 0.282 0.689 0.725 0.194 2.973 0.024 2.050

The bifurcation ratio (Rb) of the studied sub-basins ranges from 3.84 to 5.45. Sub-basins
# 11 and 8 display the highest values in comparison with sub-basins 1 and 5. The high
values of Rb imply the lowest water flow and the highest infiltration tendency and low
flood hazard [7,67,70–72]. Likewise, high values of the length of overland flow (Lg) promote a
low runoff capacity and infiltration [7]. In the Hali basin, the Lg values extend between 0.33
and 0.72. Sub-basin 11 displays high values and 6 and 9 have low values (Figure 12). Three
factors describe the shape of the basin. Based on the work of Schumm [73], the elongation
ratio (Re) is the relationship between the length of the basin and the diameter of the circle of
the same area. Therefore, the Re values of the studied sub-basins range from 0.45 to 0.76
and have an average of 0.67 (elongated). The highest values were recorded in # 10 and 9;
however, # 2 is the lowest. Three sub-basins (# 6, 9, and 10) have less elongated basins,
and sub-basins # 1, 3, 4, 5, 7, and 11 have elongated shapes. However, sub-basins # 2 and
8 are more elongated (Figures 12 and 13) and display low runoff as the Re is positively
correlated to flash flood hazards. Furthermore, the circularity ratio Rc is based on Miller [74]
and is defined as the relationship between the basin area and the area to a circle. The Rc
ranges from 0.12 (sub-basin #2) to 0.30 (sub-basin #4) with an average of 0.158 and refers to
non-circular shapes as the circularity is reached at Rc = 1. Another factor that characterizes
the basin shape is the Form factor (Rf ) [75]. The Rf ranges from 0.16 (sub-basin #2) and
0.46 (sub-basin #10). It is noteworthy that the Rf average is 0.35 and most of the sub-basins
have smaller values that tend towards an elongated shape rather than circularity.
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Figure 13. (a) Morphometric indices of Wadi Hali. (b) FFHs based on morphometric indices.

Drainage texture (Rt) [73] is very important to estimate the runoff and describes the
relationship of stream numbers and the perimeter (p) of a selected sub-basin. Therefore, Rt
ranges from 2.074 to 4.80 with an average of 2.280, which implies a moderate texture [7].
In the same context, the stream frequency (Fs) [75] ranges from 1.23 (#2) to 1.42 (# 7)
with an average of 0.282, reflecting low relief [7]. Furthermore, drainage density (Dd) is an
important indicator that is positive for runoff [7,67]. It ranges from 1.35 (#3) to 1.47 (#6) with
an average of 0.68. The infiltration factor (If ) is computed by multiplying drainage density
(Dd) and stream frequency (Fs) [76], which implies infiltration capacity and is positively
related to runoff. It ranges between 1.73 (#2) and 2.05 (#7) with an average of 0.194.
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Basin relief (Bh) describes the differences between the highest elevation and lowest
points [43,44], and provides valuable information about runoff. It ranges from 0.93 (#7)
to 2.59 (# 10) with an average of 2.97. Furthermore, applying relief ratio (Rh), which is the
product of dividing basin relief (Bh) by basin length (Lg), offers more information about runoff
and slope gradient, as sub-basins with higher Rh reveal high runoff and vice versa [7,51,67].
In the Hali sub-basins, the parameter ranges from 0.019 to 0.074 with an average of 0.024. An
additional factor is the ruggedness number (Rn), which reflects the slope and ruggedness
of the terrain. It ranges from 1.43 (#5) and 3.72 (#6).

Based on the analysis of the morphometric indices, e.g., Rb and Lg (Table 3) have a
negative relationship with flood hazard. However, the rest of the parameters have positive
relationships with runoff. Therefore, we applied a linear equation [77] to normalize the
data to obtain the flash flood hazard map using morphometric parameters, as follows:

Hazard degree =
4(X− Xmin)

(Xmax− Xmin)
+ 1 (6)

Hazard degree =
4(X− Xmax)

(Xmin− Xmax)
+ 1 (7)

where X represents the value of parameters to be computed for the flood potential of
each sub-basin.

Based on computing, normalizing, and combining the obtained morphometric pa-
rameters using the above equations and as listed in Table 4, the areas prone to flash flood
hazards have higher weights (Figure 13b and Table 4).

Table 4. Flash floods hazard degree of Wadi Hali.

Basin_NO Rb Lg Re Rf Rc Rt Fs Dd If Bh Rh Rn
S of Haz-

ard Degree
Hazard
Degree

1 5.000 1.244 3.303 3.051 3.462 1.208 3.238 1.225 2.087 2.207 4.359 2.021 32.404 2
2 2.454 2.855 1.000 1.000 1.000 2.157 1.000 2.770 1.000 4.700 2.634 4.590 27.159 1
3 3.367 1.000 2.859 2.602 3.098 3.651 3.878 1.000 2.488 4.762 4.011 4.427 37.142 3
4 3.312 2.497 4.044 3.856 5.000 3.483 3.041 2.418 2.533 4.146 5.000 4.004 43.333 4
5 4.856 3.301 2.446 2.208 1.735 1.000 2.874 3.217 2.798 1.192 2.190 1.156 28.973 1
6 3.410 5.000 4.727 4.662 4.342 4.304 2.490 5.000 3.361 4.825 4.913 5.000 52.034 6
7 3.438 4.020 2.004 1.811 2.185 1.835 5.000 3.955 5.000 1.000 1.614 1.000 32.862 2
8 1.921 3.660 1.390 1.299 1.533 3.282 2.126 3.582 2.344 2.065 1.229 2.051 26.482 1
9 2.694 4.437 4.814 4.768 3.365 3.846 3.734 4.394 4.139 4.350 4.698 4.437 49.676 5

10 3.441 2.967 5.000 5.000 2.834 5.000 4.226 2.881 3.765 5.000 4.271 4.901 49.285 5
11 1.000 4.313 2.758 2.504 1.582 3.761 1.738 4.262 2.343 1.307 1.000 1.327 27.896 1

5. Flash Flood Hazard Map

The obtained FFH map, which was produced using an integrated model using inputs
from remote sensing data through the GIS analysis tool, was created from ten predictor
maps. The input predictors that were employed in building the FFH map are elevation,
slope, curvature, TWI, SPI, drainage density, depressions, and rainfall. The FFHs was
obtained using a multicriteria GIS-based overlay process of the thematic layers as each cell
in a GIS layer fitting to the same pixel location. Thus, the predictor maps were assigned
ranks up to 4, and the sub-class features from 1 to 5 (Table 4) that were normalized before
synergy. This approach estimates the average ranked multiplied predictor layers. The FFHs
were obtained using the following equation:

FFHs =
n

∑
i=1

Wi× Si

where Wi indicates the normalized rank of a predictor of the i parameter and Si is related
to the weight of the sub-features.

The FFH map (Figure 14) is grouped into six areas prone to FFHs, extreme, very high,
high, moderate, low, and very low, covering 12.85%, 17.42%, 19.20%, 19.28%, and 23.63%,
and 7.62%, respectively. Based on the FFH map, the zones from extreme to very high FFHs
occupy the areas around the main streams, about 30%. It is noteworthy that the residential
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area in Mhayel city is in the zone of very high FFHs (Figure 14c) as is the depression north
of the Mhayel city (Figure 14d,e).
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city displaying high FFHs as depicted in inset “a”; (e) DEM of the same area as in inset “d” overlaid
by a topographic profile A–B.

6. Discussion

Based on the analysis of different datasets of the geology, topography, hydrology, and
climate conditions of Wadi Hali, the area witnessed flash flood hazards. A number of
factors influence the incidence of floods in a watershed and the defining flood catchment
regions were modeled, revealing that ~13% of the basin is under extreme flood hazard
(Figure 14a). The basin is in a rugged terrain and, annually, receives more than 60% of the
amount of floods that affect the kingdom, approximately 1250 million cubic meters [78].
Hence, flash flood hazards in the western part of Saudi Arabia are caused by such extreme
rainfall events in areas of rugged terrain and hydrological conditions that yield fast runoff
and discharge capacity [8,18,79]. The higher the runoff, the more positive the impact on
FFHs and the more rapid the response to overland flow, causing the occasional flash foods
with considerable damage to highways, human life, property, and dams [37]. In such a
region, flash floods significantly affect cities, particularly the western part, causing high
losses of properties hazardous mud flows, landslides, and land subsidence [80]. Therefore,
they are currently considered as a major geohazard as revealed in the residential areas of
Mhayel city in the Wadi Hali basin.

Areas that are densely inhabited, such as Mhayel city, are of high vulnerability; thus,
flood mapping and monitoring process, including flooded area extraction and estimation,
are important to prevent damages to residential areas and infrastructures [7]. The stream
networks of the Wadi Hali basin (Figures 7 and 11) receive sizable, precipitated water
within a short time after the onset of rainfall events in the most elevated areas in the
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southeast (Figures 3b and 11). Impermeable surfaces, steep slopes, rugged terrains, and
high topographic relief yield high runoff (Figure 14a). It is a very challenging issue to
manage flash floods as they are related to the climate and topography [27].

Although rainfall intensity causes flash flood in the studied region, it is the principal
source of water in addition to the main recharge resource of groundwater aquifers. The
amount of vertical infiltration from this running water is a major source of groundwater
recharge, which is hydraulically connected [81]. Groundwater recharge volume is important
as it depends on the soil infiltration capacity as well as the wadi geometrical and hydraulic
variables [51]. The effective use of recharging facilities, especially dams, may promote the
enhancement of water infiltration into surficial aquifers, improve the recharge efficiency,
and prevent running water from discharging into the Red Sea [78]. According to the results
from the field infiltration tests carried out by Abdalla et al. [78], the clear variability of soil
infiltration properties is due to the nature of the soil’s mechanical composition and soil
texture. Coastal plain soils are mostly of a sandy texture (in the upstream part of the wadi),
while pediplain and lava field volcanic hill soils are mostly of a fine texture, with a high
proportion of pebbles and stones that impede the movement of water in the soil (in the
downstream part of the wadi).

The effective beneficiation of rainwater is achieved by constructing dams, especially
at the narrow parts of the gentle slope courses within the Wadi Hali basin. These measures
include the retardation dams that retain and mitigate running water velocity. Moreover,
embankment dams, which are known as flood retention or multifunctional dams, should
be constructed to form a zigzag path for the courses of floods. Such a system will assist
in the optimum utilization of flood water, preventing severe flash floods and soil erosion,
in addition to maximizing and promoting groundwater recharge and raising the water
level in the wells below the dam to compensate for the excessive lack of farmers in the
surrounding areas, as well as preventing running water from discharging into the Red Sea.
The Landsat 8 band composite 7, 5, and 3 show the collected water behind a dam in dark
signatures and vegetation in green downstream of Wadi Hali. Such collected rainfall water
is extremely important in sustainable development.

The Kingdom of Saudi Arabia intends to construct 31 dams, which will raise the
number of dams to 552 to increase the harvest of torrents from 2.3 BCM to 2.57 BCM. These
dams work to harvest rainwater, control flood waters and avoid torrential risks, enhance
renewable water sources in addition to enhancing groundwater recharge, contribute to
achieving water and food security for the Kingdom, and protect lives and property from
the dangers of torrential rains and floods. The Hali Dam in the Al Qunfudah Province
in the Makkah region is a concrete dam type with four discharging gates (Figure 15a),
and is considered the second largest dam in the Kingdom after the King Fahad Dam
(325,000,000 m3), with a total storage of 250,000,000 m3. The Dam is 384 m in length, 95 m
in height and 71 m in width at the base, and 8 m in width at the top crest. The dam was
completed and entered service in 2009 to control flood waters and prevent the running
water from discharging into the Red Sea by storing it for irrigation and other municipal
purposes (Figure 15b–d). The dam helps to secure drinking water supplies for the cities
of Makkah, Al Qunfudah, Al-Leith, and Mahayel Asir, with a total production capacity of
100,000 m3/d and a total capacity of 36,500,000 m3/a.
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7. Conclusions

In this article, Wadi Hali, which covers a ~5222 km2 area, was the object of testing
using remote sensing data to map susceptible areas to flash flood hazards (FFHs). Several
evidential factors that are frequently utilized in modeling flash flood hazards, including
elevation, slope, topographic wetness index (TWI), Stream Power Index (SPI), curvature,
drainage density, distance to river, and rainfall intensity, were included in the FFH model.
In addition, the present study provided two additional layers to enhance the FFH model,
depressions and runoff layers, which are significant to delineate the susceptible areas to
flooding and inundation. The runoff layer was derived from the quantitative computation
and normalization of twelve morphometric parameters of the eleven sub-basins forming
Wadi Hali through a linear equation. The used factors were prepared and combined through
a GIS-based statistical AHP coupled with a multicriteria decision analysis technique to
map the flash flood prone areas. The relative importance and weights of these factors were
calculated. The resultant FFH model successfully revealed six hazard zones, classifying the
Wadi Hali basin into extreme (12.85), very high (17.42%), high (19.20%), moderate (19.28%),
low (23.63%), and very low hazards (7.62%). It is concluded that this study revealed that
many residential areas in Mhayel and Sahar Al Aasem are susceptible to flood hazards. The
results suggested that erecting dams is significant to harvest rainwater, control flood waters
and avoid torrential risks, and enhance renewable water sources in addition to enhancing
groundwater recharging. The findings enhance our understanding of the relationships
between flash flood conditions and the influential geomorphic, hydrologic, topographic,
and climatic factors. Overall, the study showed that the adopted remote sensing and
GIS techniques are reliable and cost-effective, and could potentially be applied to identify
potential risk locations to protect local settlers, support planners, and improve disaster
response services during intense rainfall conditions.
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