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Abstract: Abha city is distinguished by urbanization, infrastructure, deepening watercourses, and
changes in runoff flow which encourage flash floods in the urban zones of many villages in the
region. AlMahalah village is prone to flash flooding due to its geographic location near the outlet of
convergence streams of significant flow. The Geographic Information System (GIS), Remote Sensing
(RS), Water Modeling System (WMS), and Hydrologic Engineering Center-Hydrologic Modeling
System (HEC-HMS) were used to assess the effects of flash floods on AlMahala village. Precipitation
data from 1978 to 2020 was statistically processed and analysed to provide more information about
flash flood hazards. With a 3-h lag time in both watersheds, the higher peak discharge in Wadi Abha
than in Wadi Al Akkas indicates that flooding was a primary concern in Wadi Abha. With an average
yearly rainfall of 520 mm, the hydrograph simulation from 1 to 5 April 2020 would contribute to the
junction (outlet) point of AlMahala village with a peak discharge rate of 474.14 m3/s. The vegetation
cover increased by 243 km? in 2020 compared to 2016. The HEC-RAS model was used to calculate
the water depth, velocity, and elevation of the water surface with and without dam installation. The
study provides the administration with practical and reasonable procedures for avoiding flash flood
destruction in urban areas.
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1. Introduction

Flash floods occur when precipitation saturates the drainage ability of the catchment
slopes, leading to damming of the drainage network and tremendously high discharge
on the catchment outlets [1]. The rapid urbanization combined with climate change in
recent years has resulted in numerous environmental issues and increased risks of natural
disasters [2], including flooding and related fatalities of human lives and property [3]. Flood
disasters are expected to become more common as a result of unplanned urbanization [4].
Flooding is one of the most expensive natural disasters, both in terms of human casualties
and property damage [5]. Most floods have an impact on people because the fear of the
consequences outweighs the actual effects [6]. According to Hassan [7], frequent flash
floods have severely impacted the roadways and human actions along the Red Sea’s coastal
plains. Several other research papers on flood hazards have been published in various
areas, including Youssef et al. [8] and Youssef and Hegab [9]. Flash floods pose a significant
threat to human life as well as infrastructure such as cities, streets, and railways. The
economic cost of such disasters is enormous, and as a result, floods can bring pathogens
into urban environments, causing microbial growth and diseases [10,11]. Flooding causes
human injury or death, and preventing such events is advisable to compensating victims.
According to Regmi et al. [12], large databases are frequently required in natural hazard
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research. According to Youssef et al. [1], the most influential contributors to flooding are
natural factors such as hydrological and meteorological features, geological structures,
soil types, geomorphology, and vegetation. Anthropogenic activities such as increasing
impervious surfaces (roads and buildings) and cutting trees can hasten flooding.

Reliable forecasts of runoff in arid regions are difficult to obtain due to the paucity
of hydrometeorological data, and flash flood gauging is extremely rare [13-17]. Runoff
modeling can be a promising approach to improve the habitability of an area and any
landscape surrounded by similar geographic conditions in the absence of flow data [18,19].
Soil Conservation Service Curve (SCS-CN) models are widely used to predict hydrologic
responses in ungauged catchments [20]. Since then, this method has been adapted to
measure infiltration losses in arid regions with similar climatic and geographical condi-
tions [21-24]. When predicting rainfall-runoff in in gauged and ungauged catchments,
SCS models are as good, if not better, then the more complex ones [24-29]. Hydrological
Engineering Center-Hydrological Modeling System (HEC-HMS) is developed to simulate
rainfall-runoff processes in watershed systems [30]. The input data for the HEC-HMS
model setup includes rainfall, Digital Elevation Model (DEM), flow gauge data, land
use/land cover (LULC), soil type, etc. The resulting hydrographic charts are used to study
water availability, flow forecasting, urban drainage, floodplain regulation, effects of future
urbanization, flood damage reduction, reservoir sewer design and system operation. The
rates and amounts of floodwater flow are affected by interactions between numerous vari-
ables, including the morphometric properties of drainage basins (catchment shape, number,
and length of streams); the frequency of rainfall and its properties; LULC characteristics;
the physical properties of soil (texture, depth, and hydraulic conductivity); and anticipated
conditions (soil moisture values) [31,32].

Various researchers have used RS and GIS techniques in the past to estimate flood risk
impacts on urban regions, infrastructure, and agricultural areas with respect to land use
land cover changes [33-39]. Others [31,40-51] have investigated flood hazard susceptibility
mapping using GIS techniques and RS data, as well as probabilistic, statistical, hydrologic,
and fuzzy logic and stochastic neural networks. In a recent paper, Essel [44] and Portugués-
Molla et al. [52] stated that hydrologic assessments could be conducted using geospatial
tools to determine different hydrologic components, develop possible scenarios and prepare
hydrologic designs to overcome the hazards of flash flooding.

Due to climate change, many areas around the world have experienced unprecedented
rainstorm events (above-normal records) [53-56]. These occurrences result in disasters that
cause human, property, and economic loss. Unprecedented events have hit the Saudi Arabia
(KSA), causing significant damage to railroads, highways, urban areas, and agricultural
lands [32]. The majority of flash flood hazards in the SA are caused by a combination of
natural conditions (climate change and heavy rainfall) and human intervention (unplanned
urban expansion and poor drainage systems) [57]. Heavy rains have recently caused
flash floods in parts of the SA (Al Riyadh city in 2015 and 2018 and Jeddah city in 2009,
2011, 2015, 2017, and 2018). During November 2009 and January 2011, the most severely
affected areas were in the country’s west, particularly in the city of Jeddah [31,51]. These
events were marked by 70 and 111 mm of rain in 3 h, respectively, and were classified as
catastrophic flash floods for Jeddah City. In 2009, they claimed the lives of 113 people,
damaged over 10,000 homes, and destroyed approximately 17,000 vehicles [32]. Due to
limited water resources and inadequate flash flood mitigation measures, the SA faces a
number of challenges in implementing sustainable development plans. Several authors
have addressed flash flood issues in various parts of the SA. In the design of sustainable
development in the Alsail Alkabir area, El Shinnawy et al. [58] addressed flash floods.
Elkhrachv [59] used satellite imagery and GIS to map flash flood areas in Najran City.
Sharif et al. [60] investigated flood hazards in Riyadh City urban watersheds. In Ha'il City,
Abdul Karim [61] assessed the effect of flood risk on urban growth and LULC changes.
Al-Ghamdi et al. [62] investigated the effect of urban expansion on flood risk in Makkah
City. ElAlfy [63] studied the impact of flash floods on Jizan’s urbanization.
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Most of the cities in SA assessed for flash flood investigation are the Makkah, Jeddah,
Hail, Jizan, Riyadh etc. [62,64-73]. However, Abha (Figure 1), although an important city in
the SA, has not been assessed and paid adequate attention. The city was distinguished by a
scarcity of hydrological data, which facilitates the use of Water Modeling System software
(WMS) procedures to simulate the characteristics of the watersheds in a flash flood and
surface runoff potentiality events [74]. Therefore, the goal of this study was to assess the
practical impact of flash floods on Abha City’s AlMahala region using a method based on
RS, GIS, WMS, and HEC-HMS and to propose dam alternatives to mitigate the effects of
flash flooding, as well as to evaluate hydrological models to detect flooding risks.
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Figure 1. Base map of the Abha city.

2. Study Area

The drainage basins of Abha are located in the southwestern part of the SA, between
latitudes 18°09’ N-18°21" N and longitudes 42°21' E-42°36’ E. (Figure 1). The study
area covers 533.93 km? and is distinguished as the best tourist attraction. The southern
and southwestern sections had the lowest elevation between 1136.2-1637.6 m above sea
level (asl), while the central-northwestern sections had the highest elevation between
2408-2989 m asl (Figure 2a). The study area’s elevation ranged from 1136 to 2989 m
asl (Figure 2a).



Sustainability 2022, 14, 10430 40f24
g 42'1?'0"E 42'2]'0"E 42'2‘4'17'E 42'2‘7'D"E 42'3P'D"E 42'39'0"E 42'3{?’0"E g 42‘|‘8'U'E 42'2‘1'WE 42'2:"0"E 42'2;/'0"2 42‘3?‘0"E 42'3I3'0"E 42‘3§'U'E
® w T ° W v
® ®
z z
g S L2
o] e 7 Wadi Al Akkas &
~ | ® Qutlet point -
- ® Outlet point =
z 2 E L2
g_ —Watershed [& 2l > =
& | #Study area # & | —Watershed Wadi Abha =
Slope (degree): i."3Study area
=0.01-586 " DEM (m) _ ;
z|=5.87-11.93 & z|mt1362-16876; &
8] m1184-20.09 T §{mm1637.7-1957.3} L
& - : ® & |c1957.4-2197.1 =
=20.1-29.29 £2197.2-2407.8
m293-53.35 24079 - 2647.6
z = 2647.7 - 2989.1 |z
:g a 5 10 _:: g 0 b _:g
&1 2 2 , . . : : - T ®
e 42'1‘8‘0"F. 42'2‘1'0"E 42'214'0'E 42'2’7‘0"E 42’3b‘0'E 42'3;3‘0"E 42'3‘6'0"E © 42°180E 42°210°E 42°24'0°E 42°2T0°E 42°300'E 42°330°E 42°36'0'E

Figure 2. The DEM (a) and slope (b) of the watersheds.

The slope ranged from 0.01 to 53.35 degrees (Figure 2b). The high elevation, high
depth valleys [75], weather fluctuation, deep watercourses, and urbanization. As evident
from Figure 2a, Abha has a variety of topographical elevations that result in urbanization.
The average minimum and maximum temperatures were 19.3 °C and 29.7 °C, respectively,
and the average precipitation within 25 years was 355 mm per year [76]. Most of the
region of SA has a hot and dry climate, including high temperatures and light and variable
rainfall. The Abha, in the southwest of SA, receives the most precipitation in the country
due to its mountainous elevation. The surface observations at the Abha station from 1979
to 2009 show that the wet season (November-April) was followed by the dry season (June—
September) [77] (Figure 3). The majority of Abha city was seen covered in runoff due to

flash floods (Figure 4).
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Figure 3. Average rainfall of Abha city.
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Figure 4. Flood risk in El Arine (a) and El Mensek (b) during 2017 period, Abha city (after [75]).

The AlMahala area (facing the outlet point) was the confluence of several streams
and was considered a permanently flooding zone [75]. Surface water elevations exceed
1.49 m between the AlMahala and Bani Mazen regions (Figure 1), particularly at river sad-
dles and confluences. The soil clay is primarily composed of smectite, illite, and partially
kaolinite, and it has a low permeability, which increases the risk of flooding (Figure 4).
Flooding occurs even on gentle slopes and in agricultural areas due to soil clay sealing,
distinguished by low permeability [78]. The study area was characterized by topographical
fluctuation, dramatic changes in precipitation, extremely low soil permeability, and urban-
ization. It was jeopardized by flash flood risks and the short period between the event
and decision-making.

3. Materials and Methods
3.1. General Ideas

RS, WMS, and DEM were applied with precipitation data and field visits to determine
various hydrological parameters of the drainage basins [79,80]. Flood hazard characteristics
were analysed by combining RS and GIS with WMS, HEC-HMS, and HEC-RAS. It supports
the decision-makers and planning management in taking the necessary action to protect
Abha from flash floods. El Bastawesy et al. [16] used RS and DEM data in GIS to predict
flash flooding in the Wadi Hudain catchment in southern Egypt. The RS precipitation deter-
mination was used in hydrological models, particularly when rain gauge data was limited
or non-existent. GIS techniques were used to map flooding distribution in Makkah, Saudi
Arabia [27]. Milzow et al. [81] used RS and GIS procedures to evaluate the hydrological
parameters and interpret the catchment.

3.2. Satellite Data

The United States Geological Survey (USGS) website (https:/ /earthexplorer.usgs.gov/;
accessed on 23 April 2022) provided the satellite image of the Shuttle Radar Topography
Mission (SRTM)-DEM. The Landsat 8 surface reflectance (L8SR) image with a resolution
of 30 m (path 167/row 047; SCENE ID: LC81670472018326LGN00) was downloaded. The
L8SR image contains 11 bands, and the cloud cover is low (0.02). Wavelengths, quick
atmospheric pressure, UTM projection WSG84, and contrast stretching were all corrected
in the image. The accuracy of the flood risk map is affected by the accuracy and quality of
the data used. The more accurate the map produced, the higher the spatial resolution of the
data [82]. RS technologies select the best spectral bands for detecting changes in the natural
environment [83]. The normalized difference of vegetation index (NDVI) was determined
from the L8SR image to display green vegetation. The digital number (DN) of the L8SR
image was transformed to reflectance values according to the following equation:

Band specific reflectance multiplication band x DN values + reflectance additive band (1)

It is corrected for sun angle by meta data included in the satellite images informa-
tion as:
Reflectance/sin (sun elevation) 2)
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The NDVI was calculated by the following formula.
NDVI = (NIR — Red)/(NIR + Red) (©)]

where, NIR = near infrared band and Red = red band

The geological map was scanned and geo-referenced using L8SR images, and various
rock units were digitized. The supervised image classification accuracy evaluation, Maxi-
mum Likelihood (ML) classifier, uses digitized geology as a valuable data source. To create
a base map for the area analysed, land cover classes were extracted using L8SR images.
The ENVI v 5.1 program was used for digital image processing and data pre-processing.
ArcGIS v 10.3 software packages were employed to obtain the study area’s geology, slope,
DEM, and NDVI. Lineaments were extracted with ENVI 5.1 software, followed by auto-
matic extraction lineaments (PCI Line program), handling extraction lineaments (ArcGIS
10.3 software), and trend analysis (RockWork v 16 software). The principal component
image (PCI) has the essential information and can be used to extract lineaments (PCI
Geomatica). The LANDSAT 8 OLI/TIRS C1 Level-1 was collected from an image cour-
tesy of the US Geological Survey between 2016 and 2020 to detect land cover change.
The LANDSAT_SCENE_ID = LC81670472016289LGN01 and LC81670472020252LGN00
for 2016 and 2020 periods, respectively, the WRS_PATH = 167 and WRS_ROW = 47. The
CLOUD_COVER = 0.00. The DATUM = “WGS84 and UTM_ZONE = 38.

3.3. Hydrological Data

HyfranPlus software was used to process rainfall data from 1978 to 2020 and to calcu-
late the precipitation depth for the return periods of 5, 10, 25, 50, and 100 years (Weibull,
Gumbel, and GEV techniques). WMS software V. 9.1 was used to delineate and charac-
terize the sub-basins, followed by HEC-HMS, which simulated the hydrographs for each
sub-basin. The SCS surface runoff CN techniques are used to model the hydrological hy-
drograph features (SCS Type II curve), common in arid zones such as the current study [84].
The precipitation depth was assessed using SCS (CN) leakage techniques (loss and outflow).
SCS techniques evaluated the precipitation depth—runoff relationship [85]. The runoff CN
was the watershed’s discharge rate for flood water, or the predicted water volume runoff
based on precipitation [86]. Because land characteristics in Saudi Arabia differ from those in
America, the CN values for Wadi Al Akkas and Wadi Abha are not automatically extracted
from the US land features classification table [87]. They calculated 83, 67, and 86 CN for
hard rocks, alluvium deposits, and urbanization zones, respectively. The percentage of
three types of land uses was calculated for the two delineated sub-basins. The CN for each
sub basin was estimated by the following equation.

% land use type x CN of land use type

CN for each land use type = 100

)

Summing the three CNs for three land-use types resulted in CN of the sub-basin.
The peak discharge and water volume collected were determined manually using the
following equations [85].

_ (P-02x8)?
Q= (P+ (0.8 x8S)) ©)
where, Q: direct flood (inches); P: rainfall depth (inches); S: soil retention (inches)
1000
S = N 10 (6)
0208 x A xQ
ap = ) 7)

(Tp)
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where, qp: peak discharge; A: sub basin area; Tp: time to peak
D
Tp =TL + > ®)
where, TL; lag time; D: storm duration period (3 h in KSA)
Wy = (A) x (Q) ©)

where, Wv is Water collect volume

The HEC-HMS model determines the peak flow rates at the outlet point and sub-basins.
The HEC-HMS model’s main components are the watershed structure, meteorological
parameters, and control features. The model is influenced by watershed hydrological
parameters, land use, moisture capacity, and average precipitation [88]. The outflow
volume is estimated using the water losses (SCN-CN) method to estimate recession periods.

3.4. Land Cover Change

For land cover change detection, the LANDSAT_8 OLI/TIRS C1 Level-1 was collected
within 2016 and 2020 periods from Image courtesy of the U.S. Geological Survey. The
LANDSAT_SCENE_ID = LC81670472016289LGNO01 and LC81670472020252LGNOO for
2016 and 2020 periods, respectively, the WRS_PATH = 167 and WRS_ROW = 47. The
CLOUD_COVER = 0.00. The DATUM = WGS84 and UTM_ZONE = 38.

3.5. HEC-RAS 2D Software (Mitigation and Protection from Flooding Risks)

It uses a DEM, ARCGIS imagery, and a hydrograph of the outlet point area derived
previously from the HEC-HMS software. As an inline structure, a dam was installed in
HEC-RAS (weir contains spillway). Flooding was caused by unsteady surface water flow
that shifted abruptly as flood waves passed. The unsteady flow from the outlet zone/or
upstream (determined by HEC-HMS) to downstream of Wadi Abha and its surrounding
zones was simulated using HEC-RAS. HEC-RAS is used to simulate unsteady state condi-
tions using geometric data. The upstream boundary condition (outlet point) was simulated
by hydrograph data in no dam simulation, whereas the downstream was at normal depth.
The storage, perimeter, and outlet areas of the dam and no dam breach designs were traced
in unsteady-state conditions. Following the run, the water surface elevation WSE at sites
along the upstream and downstream boundaries was calculated and used to calculate the
flooding distribution rate. The water depth and extension were estimated using the SWE
and terrain model (DEM). HEC-RAS created the flood distribution map (water depth, water
velocity, and WSE).

4. Results and Discussion
4.1. Rainfall Trend

Precipitation was distributed locally rather than regionally. It is distinguished by
high rainfall intensity in some areas (Figure S1). The average annual rainfall in the Abha
area was 172.4 mm. In SA, Aseer has the highest mean precipitation (March—June), while
rainfall is negligible in other months [89]. Rainfall is higher in the central-northwestern
mountainous areas than in the rest zones (Figure 2a).

The statistical description of the 43 years (1978-2020) shows wide trend variation, with
some rainfall values exceeding the mean and others falling below it (Table 1). Some rainfall
values in the southwestern part exceed the mean by mountainous areas, while others fall
below the mean due to topography, humidity, and temperature changes. In 1994, 2003 and
2019, the area experienced maximum and minimum precipitation of 693 and 90 mm/year,
respectively (Figure 5). Weibull, Gumbel, and GEV models used annual precipitation data
from the previous 43 years to determine precipitation depth for storms in returning periods
of 5, 10, 25, 50, and 100 years (Figure 6). Table 2 summarizes the three output results.
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Table 1. Statistics of the 24 h rainfall depths (mm) at Abha metrological station (Number of observa-

tions: 43Y).
Parameters Values
Min. 90
Max. 693
Mean 274.35
Std. Dev. 171
Skewness 1.14
Kurtosis 0.45
Variance 29,240.8
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s iy 2 °
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Figure 5. Annual rainfall depth of the Abha meteorological station within 1978-2020.

Table 2. Twenty-four hours rainfall depths determined for different return periods at Abha meteoro-
logical station using Weibull, Gumbel, and GEV models.

Rainfall Depth (mm) within 24 h

Return Period (Years) Weibull Gumbel GEV
Maximum Likelihood
5 407 377 369
10 500 466 516
25 605 578 774
50 676 661 1040
100 742 744 1380
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Figure 6. (a—c) Weibull, Gumbel, and GEV graphs of rainfall depths for the model storms.

4.2. Precipitation Analysis of Watersheds

Annual rainfall covering 1978 to 2020 (43 years) was recorded from the National
Meteorology and Environment Centre and Worldwide Weather Forecasts and Climate In-
formation (https://weather-and-climate.com; accessed on 20 May 2022). The precipitation
hydrographs were created using rainfall events from two sub-basins that discharge directly
into and around AlMahala village with return periods of 5, 10, 25, 50, and 100 years. The
Weibull, Gumbel, and GEV methods produced the best-fit curves (Figure 6). The rainfall
distribution between the two blue lines was included in the GEV technique (Figure 6c).
As a result, it is the best method. Rainfall intensity-duration-frequency (IDF) curves for
various return periods were also established using GEV techniques (Figure 7). The 5-min
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precipitation intensity ranged between 450 and 1608 mm/h for 2 and 100 years, respec-
tively (Figure 7). The precipitation for the 50- and 100-year return periods of 60 min is
270.4 and 306.8 mm, respectively. They provide additional information when installing the
safe drainage application, flood management evaluation, and flood risk area protection.
Precipitation depths for return periods are shown in Table 2.

10000
—o—2 Year 10 Year 25 Year 50 Year —e—75 year 100 Year

1000
=
z
2

£ 100
E
=
£
‘3
-4

10

1

1 10 100 1000 10000
Duration (min)

Figure 7. Intensity-duration—frequency (IDF) curves of Abha City (intensity data within
1978-2020 periods).

4.3. Drainage Networks and Basins Characteristics

WMS delineates the drainage basins affecting the outlet point, located next to AlMa-
hala village in Abha city (Figure S2). The outlet points collect inflow water and dis-
charge it into Wadi AlMahala, Bani Malek (Aseer), and AlMahala village (Figure 1). Two
drainage basins, Wadi Al Akkas and Wadi Abha, with 4th order streams, were extracted
(Figure S2a,b). Abha Dam is part of the wadi Abha, a barrier to surface runoff that recharges
the alluvium aquifer. It has a capacity of 213 million cubic meters (MCM) and stands 32 m
tall. The Ashran dam, which opened in 1985 and controls food probability, is located in
Wadi Al Akkas. These dams will provide potable water for two million people by 2030 and
water for approximately 15,000 ha [76].

Table 3 shows the morphometric characteristics of the two sub-basins. They cut
through the southwest mountain ranges via the Jeddah group (andesite and diabase)
(Figure 8). SB-2 is dominated by granite and syenite in the east, while Wadi Al Akkas
1 is dominated by chlorite sericite schist and amphibolite schist (Figure 8a). Figure 8b
depicts the geological distribution areas within Wadi Al Akkas and Wadi Abha. The
highest geological distribution within the two sub-basins was marble-quartzite and chlorite
sericite schist-amphibolite schist (Figure 8b). The lowest geological distributions were
andesite and diabase, while the middle geological were greenstone-schistose greenstone
and amphibolite-schist (Figure 8b).
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Table 3. Main morphological characteristics of the drainage basins.

Parameters/Watersheds Legends SB1 SB2
Basin slope (m/m) BS 0.1426 0.1145
Average overland flow (m) AOFD 915.1 1057.33
Basin aspects NF 0.56 0.55
Basin aspects SF 0.44 0.45
Basin length (m) L 23,321.1 21,962.2
Perimeter (m) P 90,551 109,443
Shape factor mi2/mi2 SHAPE 4.66 2.79
Sinusoity factor (MSL/L) SIN 1.33 1.52
Mean basin elevation (m) AVEL 2442.7 2329.9
Maximum flow distance (m) MFD 33,635.3 37,382.1
Maximum flow slope (m/m) MEFS 0.0267 0.024
Maximum stream length (m) MSL 31,082.5 33,293.1
Maximum stream slope (m/m) MSS 0.022 0.0187
Distance from centroid to stream (m) CTOSTR 227 316.7
centroid stream distance (m) CSD 18434.6 16,505
centroid stream slope (m/m) CSss 0.015 0.0086
Curve number CN 78.6 81.6
Lag time (min) TLAG 226.74 249.66
Watershed area (km?) A 116.71 172.67
Time of concentration (min) TC 316.74 339.66
Time to peak (min) TP 945 975
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6 Chlorite sericite schist and amphibolite schist
7 I Granite and granodiosite
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Figure 8. (a) Digitized geologic map of the study area and (b) Geological area distribution in Wadi Al
Akkas and Wadi Abha (modified after [76]).

Due to the hardness of the rocks, the geology was characterized by scarce lineament
structures (Figure S3). The shallow infiltration and high surface runoff of the low lineaments
structures in two sub-basins aided the flooding process. Water flooded AlMahala village
(near the outlet point) from two sub-basins, Wadi Al Akkas and Wadi Abha (Figure S2b).
Wadi Al Akkas and Wadi Abha and 2 have 23.2 and 22 km lengths, respectively (Table 3),
confirming that the basins were elongated. Wadi Al Akkas and Wadi Abha have Sinuosity
factors of 1.3 and 1.5, respectively (Table 3), indicating that tectonic activity has a greater
influence on Wadi Abha than on SB-1. For Wadi Al Akkas and Wadi Abha, the time lag,
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concentration-time, and peak time are (226.7, 250), (316.7, 340), and (945, 975) minutes,
respectively (Table 3). Precipitation has an impact on the area (116.71, 172.67 km?), slope
(0.1426, 0.1145), shape factor (4.66, 2.79), and land use of Wadi Al Akkas and Wadi Abha,
respectively. Peak discharge (2732.82 m?3/s), area (172.67 km?), and CN (81.6) are higher in
Wadi Abha than in Wadi Al Akkas. (Table 3). It confirms that Wadi Abha was more prone
to flood than Wadi Al Akkas. The increased lag time allows for adequate time for warning,
evacuation, and protection of downstream zones. The two sub-basins contributed to a high
risk of flooding in AlMahala village. The long lag time allows for easier preparation, safety,
warning, and evacuation of residents, particularly those living in downstream zones. Both
sub-basins have lag times of more than three hours, with slight variation (Table 3). The
higher peak discharge and longer lag time in Wadi Abha cause destructive waves in the
outlet area than in Wadi Al Akkas.

4.4. Flooding Process

The flow peak rate from 5 to 100 years ranged from 370.3 to 1655.5 m®/s and 534 to
2289 m3/s for Wadi Al Akkas and Wadi Abha, respectively (Table 4, Figure 9a,b). High
peak discharges in two sub-basins were attributed to high rainfall, low lineament structures
(Figure S3), urbanization prolongation (Figure S4), and villages spread across alluvial
deposits. These villages are AlMahala, Shamsan, AlManhal, El Arin, El Mensek, AlNasim,
AlMuftaha, Abha Jadida, Al Shifa, and Al Qura. These villages are part of Abha city,
primarily in Wadi Abha. (Figure 1). The exposed hard rocks cover the majority of Wadi
Al Akkas and Wadi Abha, while sandy loam soil makes up the majority of Wadi Abha.
(Figure S5a). The soil loam covers the western portion of both sub-basins (Figure S5b).
Wadi Abha has a higher concentration of buildup and hard rocks than Wadi Al Akkas
(Figure S5b), which increases flood risk faster than Wadi Al Akkas. The leakage through
wadis sediments declines due to infrastructure activity and consequently improves the
runoff, flash floods, and high collection of water volumes. Wadi Abha has higher peak
discharge and water collection volume than Wadi Al Akkas, which can be attributed to
more urbanization in the former. After a short period (5 years), the peak discharge and
water collection volumes in Wadi Al Akkas and Wadi Abha were (370 and 534 m3/s)
and (33,845,900 and 52,319,010 m3), respectively (Table 4 and Figure 9). As a result, flash
floods may occur within 5 years (a short period) and increase with rainfall. The high peak
discharges indicate a negative impact on urbanization and people. The large volume of
water collected in Wadi Al Akkas and Wadi Abha (Table 4) is one of the most critical water
resources for these villages and agricultural practices. It recommends constructing steps
gravels damming to avoid evaporation, evapotranspiration, and water escape through wadi
channels. The dams are made up of gravel and sand steps that protect against flooding,
reduce water velocity, and recharge the aquifer system (triple functions). The injection
wells were built to receive the water volumes collected at the outlet. They are distributed
in appropriate locations to improve aquifer recharge and productivity.

1800 2500

2000

1000

Maximum  discharge (u/s)
Maximum discharge (ms)

Figure 9. Estimated peaks flow for 5-100-year events of (a) Wadi Al Akkas and (b) Wadi Abha.
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Table 4. Characteristics of floods in main drainage basins for different return periods.

Watershed Parameters Values
Returned period (year) 5 10 25 50 100
Rain depth (mm) 369 516 774 1040 1380
. Direct flood (mm) 289.662 441.198 689.254 961.898 1296.16
Wadi Al Akkas Lag time 3.779 3.779 3.779 3.779 3.779
Peak discharge (m3/s) 370.44 563.32 880.11 1228.83 1655.47
Flood volume (m?) 33,845,900 51,469,110 80,413,190 112,000,000 151,000,000
Returned period (year) 5 10 25 50 100
Rain depth (mm) 369 516 774 1040 1380
Wadi Abh Direct flood (mm) 303.273 447.98 703.885 967.74 1299.72
adi Abha Lag time 4.1609 4.1609 4.1609 4.1609 4.1609
Peak discharge (m3/s) 534 789.5 1240.7 1706 2289.3
Flood volume (m?) 52,319,010 77,356,160 122,000,000 167,000,000 224,000,000

4.5. Hydrograph Simulation

The HEC-HMS calculates the runoff of Wadi Al Akkas and Wadi Abha between
April 1 and 5, 2020, when there is the most rainfall (Figure 10). The red colour in Figure 10
represented total water lost by infiltration, while the blue colour represented storm surface
runoff, which resulted in peak discharges. Wadi Al Akkas and Wadi Abha have peak
discharges of 1979 m3/s and 2776 m3/s, respectively (Table S1). The maximum outflow at
the junction (outlet) was 4741.4 m?3 /s (Table S1). The volume of water discharged from Wadi
Al Akkas and Wadi Abha was 445.3 and 457.5 MM, respectively (Table S1). Wadi Al Akkas
and Wadi Abha have low soil infiltration and high outflow; the latter sub-basin had higher
outflow values than the former (Figure 10). Most urbanization (villages) is concentrated
in Wadi Abha (Figure S4), which has low infiltration and high surface runoff. The main
geology in the investigated area was hard rocks, mainly granite and syenite, which are
concentrated in the Wadi Abha’s eastern part. The latter area has very low permeability,
which increases surface runoff in Wadi Abha more than in Wadi Al Akkas. The sink’s total
hydrograph (outlet point) represented the total outflow from Wadi Al Akkas and Wadi
Abha (Figure 11).

By entering the mean rainfall for each interval, the HEC-HMS model calculated the
outflow and water collection volume (Table 5, Figure 12). Water volume decreased from
1978 to 2014 due to a decrease in average precipitation but increased dramatically from
2014 to 2020. (Figure 13). The most recent period generated a large amount of water
(130.4 x 106 m3), the soil was primarily hard rocks (low infiltration), and topographical
fluctuation and narrow channel widths contributed to high peak discharges. The peak dis-
charges and outlet area of the two sub-basins varied from 387 m3/sto 4677 m3/s (Figure 13),
while the time to peak in the two sub-basins went from 960 min to 990 min (Table 5).

4.6. Agricultural Areas Change within 2006 and 2020 Periods

Bands 6, 5, and 4 highlight the vegetation distribution in green Figure S6a). The
southwestern region had the most vegetation cover (green colour) (NDVI = 0.279-0.837).
(Figure S6b). The vegetation cover increased in 2020 compared to 2016. (Figure 14a,b).
ArcGIS was used to determine the differences in vegetation cover between 2016 and 2020.
(Figure S7a,b). Approximately 243 km? of agricultural land use area was increased in 2020
over the 2016 period, while 290.4 km? of the land-use area remained unchanged (Figure S7a,b).
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Figure 10. HEC-HMS simulated hydrograph of Wadi Al Akkas and Wadi Abha.
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Junction "3C" Results for Run "Run 1"
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Figure 11. HEC-HMS simulated hydrograph of outflow of the junction (outlet point) and Wadi Al
Akkas and Wadi Abha.

Table 5. Hydrograph estimation for mean rainfall (1978-2020).

Watershed Time Av. Rainfall Peak Discharge Time to Peak Water Volume
Interval (mm/y) (m3/s) (min) (m?3)
1978-1988 238 759.32 960 19,915,989.8
1989-1999 215 663.79 960 17,401,970.7
Wadi Al Akkas 2000-2014 147 386.61 960 10,184,670
2015-2020 520 1944 945 51,794,031.1
1978-2020 280 934.72 960 24,564,206.7
1978-1988 238 1101.69 975 31,090,603.5
1989-1999 215 968.73 975 27,312,840.5
Wadi Abha 2000-2014 147 580.78 990 16,387,502
2015-2020 520 2732.82 975 78,563,464.2
1978-2020 280 1345.1 975 38,052,761
1978-1988 238 1861.01 51,006,593.3
1989-1999 215 1632.52 44,714,811.2
Outlet area 2000-2014 147 967.39 26,572,172
2015-2020 520 4676.82 130,357,495.3

1978-2020 280 2279.82 62,616,967.7
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Figure 12. Simulation runoff Hydrograph for means rainfall (1978-1988; 1989-1999; 2000-2014,
2015-2020, and 2020).
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Figure 13. Water volume and peak discharge of the outlet within different periods.
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Figure 14. Vegetation covers in (a) 2016 and (b) 2020 periods.

4.7. Maximum Flooding Probability (MFP)
Most of the flooding (130.4 x 106 m?) will be directed towards and around AlMahala

village because the outlet point is not directly connected to Wadi Abha. They pose a threat
to residents and can cause damage to infrastructure. A dam is built between the upstream
storage area (Wadi Al Akkas and Wadi Abha) and the perimeter area (downstream, largely
undeveloped) (Figure S8a,b) to slow the flow, force surface water to flow slowly into Wadi
Abha, and reduce flooding. The Dam (Figures 15 and S9) was constructed at the outlet point
to direct surface water flow into the Wadi Abha channel, away from AlMahala village and
its surroundings. The dam stores floodwater and causes surface water delay, allowing for
water leakage and a long time for people to evacuate [90]. The HEC-RAS model simulates

the proposed dam breach investigation based on the geometrical data (Figure 16).
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Figure 16. Dam breach data of proposal dam in HEC-RAS.

The downstream perimeter area signifies normal depth, while the water surface gradi-
ent signifies a friction slope (HEC 2010). The initial condition (unsteady flow simulation)
is made up of flow and various elevations of storage areas (DEM) (HEC 2010). There
are two options for the flooding distribution rate: no dam installation and installing and
designing the dam breach. In two scenarios, the perimeter area and shape of the periphery
change (Figures S8 and 15). It is primarily concentrated above Wadi Abha to fill it with
surface water and reduce flooding and infrastructure damage. The perimeter’s outlet area
also lies on Wadi Abha, allowing the drained water to fill the wadi. Instead of flooding
AlMahala village or surrounding areas, the water inflow from the outlet point can be di-
rected towards the wadi Abha. With no dam installed, the water depth is divided into four
flooding probabilities: low (0-1.9 m), medium (2-3.8 m), high (3.9-5.5 m), and very high
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(5.6-11.4 m) (Figure 17a). With dam breach design, flooding depth is classified into four
types: low (0-7.9 m), medium (8-16.6 m), high (16.7-26.5 m), and very high (26.6—40.3 m)
(Figure 17b). Flooding distribution broadens as a result of dam construction. They are
scattered throughout Wadi Abha, far from villages and industrial cities (Figure 17).
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Figure 17. (a) Water depth for no dam installation and (b) dam breach design.

Future urbanization should consider flooding classification areas to avoid high-risk
flood zones (high to very high flooding). The dam’s main purpose is to deliver surface
water far around Wadi Abha for irrigation rather than flowing entirely into Wadi Abha.
As a result, agricultural income per capita will rise, and residents will have access to
more water resources. The dam design and installation procedures in the model were
modified to increase agricultural areas around Wadi Abha while keeping them away from
the impact of urbanization flooding. Surface water velocity is classified into four types
based on dam absence: low (0-2.1 m/s), medium (2.2-3.1 m/s), high (3.2-4.3 m/s), and
very high (4.4-9.5 m/s) (Figure 18a). The dam design categorizes water velocity into four
categories: low (0-3.95 m/s), medium (3.96-6.83 m/s), high (6.84-9.97 m/s), and very high
(9.98-22.91 m/s) (Figure 18b).
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Figure 18. (a) Water velocity for no dam installation and (b) dam breach design.

Wadi Abha had the fastest water velocity. As a result, most surface water flows
through the wadi Abha, reducing its flooding capacity. The steeper Wadi Abha has higher
water velocity and narrower channels, whereas the lower water velocity represents a
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gentle slope and wider zones (Wadi Abha peripheries). Without dam installation, the
water surface elevation (WSE) is divided into four categories: low (1965-1981 m), medium
(1981-2003 m), high (2003-2026 m), and very high (2026-2066 m) (Figure 19a). In the case
of dam construction, the WSE was classified as low (1980-1999 m), medium (1999-2022 m),
high (2022-2051 m), and extremely high (2051-2087 m) (Figure 19b)
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Figure 19. (a) Water surface elevation (WSE) for no dam installation and (b) dam breach design.

Future urbanization should be located far from the downstream water surface flow
(perimeter area). The dam will expand the wetted areas around Wadi Abha and the desert,
allowing for more irrigation and increasing income/ capita. In the case of dam construction,
flooding is still far from urbanization. Under these geometrical conditions, the sporting city
of Princess Sultan Bin Abdulaziz, the AlAmmara district, and the industrial city of Aseer
were far from the flooding influences. Alternative mitigation methods included building
subsurface cisterns to store floodwater for agricultural use.

5. Conclusions and Recommendations

The flood hazard map can determine the priority of the area for flood prevention, miti-
gation, and risk management planning. The methodology for increasing flood awareness is
presented in this study. The goal was to reduce flood damage and improve the quality of
life in the study area. The combination of GIS and hydraulic modelling provides a solution
for long-term flood protection while also ensuring a cleaner and safer environment. The
current study discusses the flourishing variety of scientific and practical experiences to
demonstrate the efficacy of modelling techniques in engineering practice. In other words, it
proves a well-functioning system of flood mitigation measures that improve the territory’s
sustainability and environmental protection. Abha city is frequently seen and covered with
runoff from flash floods. The statistical description of rainfall data from 1978 to 2020 reveals
a wide variation range (90-693 mm/year). The hydrograph rainfall at AlMahala village,
Abha, shows that the rainfall of 50 and 100 years with 60-min return periods is 270.4 and
306.8 mm, respectively. The morphometric characteristics of the extracted two sub-basins
(wadis Al Akkas and Abha) were established and showed a lag time of more than 3 h with
slight variation. Wadi Abha produces an enormous destructive wave at the outlet than
Wadi Al Akkas. Peak discharge and water collection volume are more significant in Wadi
Abha than in Wadi Al Akkas. The peak discharges and outlet area of the two sub-basins
varied from 387 m3/s to 4677 m3 /s, while the time to peak in the two sub-basins went from
960 min to 990 min. Approximately 243 km? of agricultural land use area was increased
in 2020 compared to 2016, while 290.4 km? of land use area remained unchanged. The
HEC RAS model was used to simulate water depth, velocity, and surface elevation at the
outlet area (AlMahala village) without and with dam installation. They confirm that the
Princess Sultan Bin Abdulaziz Sport City, AlAmmara district, and industrial city were
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not flooded. The study findings could lay the groundwork for more informed decisions
and science-based recommendations in identifying river locations and developing more
effective flood policies. Based on the current research findings, the specific proposals
were that cooperation among hydrological, hydrogeological, and environmental programs
resulted in good development with attractive dwellings.
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(b) of the watersheds; Figure S3: Lineament detection in the watersheds; Figure S4: Urbanization
distribution in selected study area; Figure S5: (a) Soil textures and (b) Land use land cover of the
study area (modified after Mallick 2016); Figure S6: (a) Bands 6, 5, and 4 composites, and (b) NDVI
distribution; Figure S7: (a) Vegetation differences in 2016 and 2020 and (b) vegetation zone areas;
Figure S8: Storage, perimeter, dam site, and outlet boundary; Figure S9: Inflow Hydrograph of
watershed area as a storage condition in HEC-RAS; Table S1: Summary results of the Wadi Al
Akkas,2, and outlet point (1-5 April 2020).
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