
Journal of King Saud University – Science 34 (2022) 102045
Contents lists available at ScienceDirect

Journal of King Saud University – Science

journal homepage: www.sciencedirect .com
Original article
An integrated hydrological and hydraulic modelling approach for flash
flood hazard assessment in eastern Makkah city, Saudi Arabia
https://doi.org/10.1016/j.jksus.2022.102045
1018-3647/� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: Department of Environmental Engineering, Umm Al-
Qura University, Makkah, Saudi Arabia.

E-mail address: agothman@uqu.edu.sa (A. Othman).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Waleed A. El-Saoud a, Abdullah Othman b,⇑
aNatural Hazards Research Unit, Department of Environmental and Health Research, Umm Al-Qura University, 21955, Saudi Arabia
bDepartment of Environmental Engineering, Umm Al-Qura University, 21955, Saudi Arabia
a r t i c l e i n f o

Article history:
Received 1 January 2022
Revised 31 March 2022
Accepted 17 April 2022
Available online 22 April 2022

Keywords:
Geoinformatics
Hydrology
Hydraulic model
Flash Flood
Geohazard
Makkah
a b s t r a c t

Flash floods are among the most destructive natural disasters with associated adverse impacts on society
and the environment. The present study assesses the adverse impacts of flash floods within the Wadi
Mehassar basin on the holy sites (i.e., Al Mashaaer Al Muqaddassa) and urban areas, east of Makkah city,
which are highly vulnerable to flash floods especially during short duration high intensity rainfall. The
difficulty associated with assessing the flash flood hazards in the study area is attributed to the rapid
alterations in topography with accelerated urban development and the lack of hydrometric stations to
gauge the surface runoff. Thus, in order to achieve the goals of the study, The ArcGIS 10.4, ERDAS
Imagine 2015, and the Watershed Modelling System WMS 11.0 were used to process geological and
hydrological data and prepare the modelling inputs such as geological, metrological and hydrological
groups of the drainage basins under examination. Moreover, a mathematical hydrologic model (HEC-
1), was applied to produce the hydrograph curves of the Wadi Mehassar basin, based on the synthetic
unit hydrograph of the Soil Conservation Service (SCS-UH). The two-dimensional hydraulic modelling
(HEC-RAS 5.0.7) software was employed, to calculate and simulate the water surface elevations, flow
velocities, flow depths and spread of the flash flood, in order to develop the hazard rating map of flash
flood inundation. The model results identified 44% of total area as liable to flash floods, and out of which
5.4% indicated high risk, 13.3% showed medium risk and the remaining 81.3% area fell under low risk of
flash flooding.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The urban encroachment on the natural cover of land and the
anthropogenic-induced land use and land cover changes result in
significant modifications of the hydrological behavior of basins
and lead to a substantial increase in the total amount of runoff
and its maximum flow (Dewan and Yamaguchi, 2009; Rawat
et al., 2013; El-Saadawy et al., 2020; El Bastawesy et al., 2021).
Therefore, it is necessary to proceed with developing updated flash
flood management strategies (Zheng and Qi, 2011), which is a pre-
requisite for any sustainable planning in any area (Rawat et al.,
2013; Attwa et al., 2021). The significant changes in the original
landscape and landcover during the past few decades, as well as
their impact on the hydrological behavior on the basin scale, have
motivated more scientific research to examine and quantify the
relationship between landcover/land-use changes, with particular
emphasis on urban expansion, and natural hazards such as rock-
falls (Othman et al., 2021), groundwater pollution (Khalil et al.,
2021), land subsidence (Rateb and Abotalib, 2020; AlJammaz
et al., 2021), development of urban heat islands (Mohamed et al.,
2021) and flash flood hazards (Chen et al., 2009; Fox et al., 2012).

Numerous studies applied geomatic applications to estimate
the impacts of flash flood hazards on urban areas with regard to
land-use changes (Mason et al., 2009; Shaaban et al., 2021). Others
have studied the flash flood risk assessment using remote sensing
and GIS techniques with the help of the morphometrical and
hydrological characteristics, statistical and multi-criteria decision
analysis (Siddayao et al., 2014). The integration of geomatics and
mathematical hydrological and hydraulic modelling provides an
exceptional tool for identifying and spatially analyzing the vulner-
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ability of urban areas to flash flood risk and mitigating potential
damages of flash flood events (Marco et al., 2019).

We applied an integrated approach that incorporates geomatics
with mathematical hydrological and hydraulic modelling. This
approach combines different datasets and modelling including
satellite data, watershed modelling system (WMS), hydrological
modelling (HEC-1), and River Analysis System (HEC-RAS) in a GIS
environment to predict and simulate the surface runoff process
in Wadi Mehassar basin and produce spatially distributed informa-
tion that involves water surface elevations, velocity, depths and
spread of the flash flood, in all areas that are exposed to flash
flooding.

The study assesses the potential flash flood hazards in Wadi
Mehassar basin in the urban areas and their impacts on the holy
sites. Which is located east of the city of Makkah. It covers a total
surface area of 86 km2, with elevations ranging between 218 and
913 m (amsl). The geographic location extends between 39� 500

to 39� 560 E and 21� 180 to 21� 270 N (Fig. 1). It is considered one
of the upper sub-basins and tributaries to Wadi Uranah watershed,
where they meet in the Hussayniah area in the south to cover the
majority of the central region of Makkah (Fig. 2-a). Wadi Mehassar
has three sub-drainage basins; Wadi Mehassar, Wadi Al-Azyziah,
and Wadi Mina. These sub-basins are fed from highly elevated
mountains ranges from 757 to 974 m (Fig. 3-a).

The study area has witnessed a major development renaissance
over the past few years, where the accelerated process of construc-
tion and development of new urban complexes currently
encroaches on the main courses of the wadis. This development
has been accompanied by the expansion of the areas of impervious
surfaces and consequently decreasing the permeability of the land
surface. Therefore, the runoff resulting from moderate-intensity
storms has become noticeable destructive due to the change in
Fig. 1. Location of Wadi Mehassar, one of the five-main upstream

2

the coefficients of surface runoff, which requires accurate calcula-
tions of the hydrological parameters of the basin (Fig. 2-b).

Geologically, the study area is located in the west-central sec-
tion of the Arabian Shield, which wide range of igneous, metamor-
phic and sedimentary rocks (Greenwood et al. 1976; Othman et al.,
2021). The Proterozoic rocks are intruded by younger igneous
intrusive rocks, such as metagabbro, gabbro and amphibolite,
which are reffered to as Milh and Ju’ranah complexes (Fig. 3-b).
The Quaternary deposits occur mainly in the main streams of the
wadis and can be classified into alluvial and aeolian deposits. The
alluvial sediments are composed of silt, sand, gravel, and pebbles,
which represent the foundation bed of the majority of the newly
developed residential neighbourhoods in the investigated area
(Morsy, and Othman, 2021). Structurally, at the study area includes
three fault orientations of northwest-southeast (NW-SE),
northeast-southwest (NE-SW), and north–south (N-S) trends
which are related to the Oligo-Miocene rifting of the Red Sea (Al-
Shanti, 1966; Elhebiry et al., 2020). The rainfall patterns in the
study areas are extreme and highly variable and characterized by
short duration and high intensities events, the amount of rain
exceeded 200 and 250 mm in several years (1968–1969 � 1992–
1996), causing severe flash floods that devastate the populated
areas (Habeebullah and Salama, 2011).
2. Methodology and data processing

To achieve the goals of the present study, different datasets
were used including: (1) topographic map (1:50,000 scale), for
nomenclature of different landforms and wadi names, (2) geologic
map (1:250,000 scale) to identify different geologic units and soil
hydrological groups, (3) a digital elevation model (DEM) data with
sub-basins of Wadi Uranah crosses Makkah central region.



Fig. 2. (a) Location of Wadi Mehassar drainage basin within Makkah city, show the residential schemes within their boundary, (b) Changes in the original landscape and
landcover along Al Mashaaer Al Muqaddassa regions, the natural landscape is replaced by roads, buildings, housing developments, and parking lots.
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a spatial resolution of 2.8 m was used for flash flood modelling, (4)
high resolution (SPOT-5) satellite image with a spatial resolution of
2.5 m used to extract land use/land cover (LULC) map using the
maximum likelihood classifier function within the remote sensing
environment, they derived from the King Abdulaziz City for Science
and Technology (KACST), and (5) historical rainfall records for the
available meteorological stations. All data were georeferenced
using the UTM coordinate system, zone 37 within ArcGIS
environment.

Fig. 4 shows the methodology flow chart adopted in this study,
which involved five main steps as follows: (1) a statistical analysis
of the maximum daily rainfall values recorded at basin-affecting
3

metrological stations, using HYFRAN-PLUS software Hyfran
(1998), to estimate the probability of the maximum rainfall inten-
sities for a given return period; (2) delineation of the boundaries of
the drainage basins and computing their hydrological characteris-
tics using WMS program, (3) the HEC-1, with their high capability
to transform rainfall data into flow at the basins outlets to estimate
the hydrologic inflow volumes and peak discharge values for each
basin for the different return periods, (4) a hydraulic model (HEC-
RAS) to simulate the behavior of drainage in a watershed area,
which depends on the inflow rates predicted from HEC-1, and (5)
the geomatic (GIS and RS) techniques was used, with their
high capacity for data processing, preparation of inputs and



Fig. 3. (a) The Digital Elevation Model (DEM) map of the study area showing the drainage pattern of Wadi Mehassar basin, (b) A simplified geological map of Wadi Mehassar
drainage basin within Makkah city, shows the main rock units and the complex alluvial patterns.
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post-processing of the output from the two HEC models to delin-
eate the inundation flash flood zones and determine the most
exposed areas.

2.1. The metrological analysis of the historical rainfall data

The meteorological analysis, including the amount of rainfall
falling over the watershed area to estimate maximum precipitation
quantities, reptation and distribution represent a critical input that
aid in the accurate calculation of the volume of the flash floods and
reflects the expected frequent flash floods. The study conducted a
statistical analysis using various statistical distribution methods
of historical rainfall data records of three meteorological stations,
namely: Makkah Al-Mukaramah Station (J114), Al-Sharae’a Station
and Al-Farrain Station (J113), which cover periods of 29 years,
48 years and 38 years, in order to estimate the depth of rainfall
and the expected intensity during various return periods (2, 3, 5,
10, 20, 25, 50 and 100) (Subyani and Al-Amri, 2015). These data
have been obtained from the General Presidency of Meteorology
4

and Environmental Protection and Ministry of Environment, Water
& Agriculture (Supple. Table 1) (Suppl. Fig. 1).

2.2. The hydrological analysis

The hydrological analysis was done using the (HEC-1) model to
calculate the properties of the hydrological drainage basin and pro-
ducing the required hydrograph curves of Wadi Mehassar basin,
based on the synthetic unit hydrograph of the Soil Conservation
Service (SCS-UH) to calculate the characteristics of the surface run-
off for different return periods.

It was necessary to use the basic formulas of the SCS-CN model
of runoff to estimate the rainfall losses and peak discharge through
the relationship between runoff behavior to the total rainfall
(Yousif et al., 2020; USDA, 1972), which are required to calculate
the surface runoff in the watershed drainage basins, as illustrated
in (Suppl. Table 2). The depth of surface runoff in the basin was
estimated based on the water balance equations (1 and 3); The
amount of initial water loss (i.e., before runoff begins) including



Fig. 4. Flowchart showing the methodology adopted in the current work.

Table 1
The hydrological characteristics for each cell within Wadi Mehassar basin.

# CN Area (km2) % Potential Maximum Retention (S) mm initial abstractions
(Ia) mm

1 58 1.67 1.95 183.9 36.78
2 78 0.42 0.5 71.6 14.32
3 79 1.41 1.73 67.5 13.5
4 80 1.26 1.45 63.5 12.7
5 85 13.18 15.22 44.8 8.96
6 86 8.72 10.11 41.3 8.26
7 89 1.12 1.29 31.4 6.28
8 91 6.82 7.88 25.1 5.02
9 92 9.88 11.41 22 4.4
10 93 0.59 0.7 19.1 3.82
11 94 20.52 23.7 16.2 3.24
12 98 20.8 24.1 5.2 1.04
Total 86.3 100 % Ave. 49.3 mm Ave. 10 mm
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the water retained in depressions, as well as water intercepted by
vegetation, evapotranspiration, and transmission losses were cal-
culated using equation (2) (Gitika and Saikia, 2014). The variable
S, which typically varies with antecedent soil moisture and other
variables, was estimated using equation (4), where CN is a dimen-
sionless catchment number with a value ranging from 0 � 100, and
can be obtained from standard tables developed by the Soil Conser-
vation Administration (SCS) for different combinations of land
cover/land use and the hydrological soil groups and Antecedent
soil Moisture Condition (AMC) in the catchment area, with three
levels of AMC were used that include: AMC-I for dry, AMC-II for
normal, and AMC-III for wet conditions (Mishra et al., 2006). For
such a catchment with sub-basins that have different land use/land
5

cover data and soil types, a composite curve number CNS was
determined by weighting the CN values for the different sub-
basins using equation (5) (McCuen, 1982); To estimate the
required hydrographs for the drainage basins affecting the project
area, both the peak time and peak discharge of the synthetic unit
hydrograph of SCS-UH were computed using equations (6)
(NRCS, 1997); The time between the occurrence of a unit of rainfall
and the occurrence of a unit of surface runoff was calculate using
equations (7) (NRCS, 1997); The time needed for the rainfall on
the far point of a basin surface until it reaches its outlet was calcu-
lated using Kirpich equation (8); The maximum flash flood inflow
or peak discharge (m3/s) of the Wadi Mehassar outlet and their
sub-drainage basins was calculated for different return periods



Table 2
Summary of the hydrological modelling results for the design storms during different return periods (5, 10, 20, 25, 50, 100) years for the Wadi Mehassar drainage basins.

Sub-drainage basins Name Return Periods (Years) Flood Characteristics Description

Peak discharge (m3/s) Time of peak (min) Flood volume (m3)

Wadi Mehassar Sub-basin 100 Year 288.66 840 4,892,650.2
50 Year 232.43 840 3,953,238.3
25 Year 180.95 855 3,097,267.2
20 Year 165.09 855 2,831,961.6
10 Year 118.1 855 2,049,876.9
5 Year 74.53 855 1,328,653.8

Wadi Mina Sub-basin 100 Year 147.58 750 1,074.062.7
50 Year 122.69 750 887,953.5
25 Year 99.46 750 716,456.7
20 Year 92.23 750 663,646.5
10 Year 70.17 750 503,834.4
5 Year 48.84 750 351,905.4

Wadi Al-Azyziah Sub-basin 100 Year 150.06 795 1,863,216.0
50 Year 121.44 795 1,510,293.6
25 Year 95.17 795 1,189,161.9
20 Year 87.17 795 1,091,853.9
10 Year 63.02 795 799,890.3
5 Year 40.6 795 530,213.4

Main Wadi Mehassar Basin Outlet 100 Year 449.86 810 7,829,930.7
50 Year 363.41 810 6,351,484.5
25 Year 284.11 810 5,002,882.2
20 Year 259.65 825 4,587,447.6
10 Year 187.24 825 3,353,595.3
5 Year 120 825 2,210,881.7
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using equation (9) (NRCS, 1997); and the flash flood inflow volume
(m3) of the unit hydrograph were computed using equation (10).
All of the mentioned equations are illustrated in (Suppl. Table 2).

2.3. The flash flood hazard analysis

The two-dimensional hydraulic modelling (HEC-RAS) software,
from the Center for Hydrological Engineers, is among the most
commonly used model in the scientific and engineering communi-
ties for flash flood risk assessment, especially in urban areas
(Meghan et al., 2011). This model used the manning empirical for-
mula to calculate and simulate the water surface elevations, flow
velocities, flow depths and spread of the flash flood events based
on the standard step method (Fan et al., 2009). Numerous studies
indicated that these models yield accurate and effective results
for assessing the impact of flash floods (Anderson et al., 2002;
Siddiqui et al., 2011), a widely used, empirically derived method
for assessing the flash flood hazard rating based on testing various
empirical formulae (Abt et al.,1989; Karvonen et al., 2000; Cox
et al., 2010; Ramsbottom et al., 2006). These studies proposed an
empirical formula, which assesses the flash flood hazard as follow:

HR = d(m + 0.5) + DF ð13Þ
where HR is the flood hazard rating (m2/s), d is the flood water
depth (m), v is the velocity of the flood flow (m/s) and DF is the deb-
ris factor (m2/s), which can have a value of 0, 0.5 or 1 depending on
the place of the flood and on the features of the flow.

3. Results and discussion

3.1. The metrological characteristics of the historical rainfall data

The results of the metrological analysis showed that the poten-
tial distributions methods ‘‘Lognormal”, ‘‘3 parameter- Lognormal”
and ‘‘Exponential” is the most suitable and the best-fitting curves
for Makkah Al-Mukaramah (J114), Al-Sharae’a (TA104) and Al-
Farrain (J113) stations respectively (Fig. 5). The purpose of fitting
data to statistical distributions patterns is to be prepared to esti-
6

mate the probability of the maximum rainfall intensities for a
given return period, the rainfall depth values were calculated for
different return periods, the results are shown in (Suppl. Table 3).
The expected depth of rainfall in Makkah Al-Mukaramah station
ranged from 33.0 mm/day in 2 years to 116 mm/day in 100 years,
and between 35.4 mm/day in 2 years to 139 mm/day in 100 years
in Al-Sharae’a station, while in the Al-Farrain station, the expected
maximum rainfall amounts ranged between 33 mm/day in 2 years
to 116 mm/day in 100 years. The rainfall intensity–duration–fre
quency (IDF) curves for different return periods were also estab-
lished for selected three rainfall stations using annual maximums
of 24-h rainfall.
3.2. Definition of the hydrological soil group (HSG) and LULC maps of
the Wadi Mehassar Basin

The SCS method identified four hydrological soil groups accord-
ing to the rate of water transfer through them and their ability to
generate runoff that is related to the soil texture (USDA-TR55,
1986). The results show that, the group (D) represents the domi-
nant one and ranks first with an area of 48.37 km2, accounting
for about 55.25% of the total area of the studied drainage basin,
and it includes deposits of post-tectonic eruptions, Juranah and
Milh Complex, which are characterized by very low permeability
rates allowing most runoff to occur in the region. On the other
hand, group (B) includes alluvium deposits, which occur in the
steppe areas between mountain and represents an area of
39.16 km2 about 44.74% of the total basin area. It consists of rough
to medium texture with medium depths and has medium to high
permeability rates and relatively low runoff generation capacity
(Suppl. Fig. 2-b).

The LULC map of Wadi Mehassar region was developed through
the classification of high resolution (SPOT-5) satellite imagery and
classify the study area into 7 main categories of LULC, each of
which reflects the type of land cover and the uses of the earth’s
surface in the Wadi Mehassar basin (Suppl. Fig. 2-a), Suppl. Table 4
shows the estimated area for every LULC classes, which influence
the infiltration rate of the land cover.



Fig. 5. The probability distribution curves of the metrological stations affecting
Wadi Mehassar catchment using various statistical distribution methods (a)
Makkah Al-Mukaramah station (J114) using the Log normal distribution method,
(b) Al-Sharae’a ((TA104)) station using the Lognormal 3- Parameter distribution
method, and (c) Al-Farrain station (J113) using the Exponential distribution
method.
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3.3. Determining the curve number of the Wadi Mehassar Basin:

Table 1 shows the values of the curve numbers (CN) obtained in
the Wadi Mehassar basin, which ranged from (58) for high perme-
ability rates areas and low runoff potential to (98) for areas with
low permeability rates and high runoff generation capacity. As
for the distribution values of the curve numbers of the Wadi
Mehassar basin, the (98) values of curve number came first in
terms of area 20.8 km2 by 24.1% of the total area of the basin, fol-
lowed by (94) came second in terms of area by about 20.52 km2 by
23.7%, then the value of the curve number (85) came in third terms
of area by about 13.18 km2 15.22%, then (92) curve number value
ranked fourth at 9.88 km2, accounting for 11.41% of the total area
of the basin. In which, the values of the high curve numbers that
exceed the value 91 in the Wadi Mehassar basin reach about
58.61 km2 by 68%, which means that more than half of the basin
7

area is expressed as impervious surfaces that does not allow water
to leak into the soil and are responsible for the generation surface
runoff in the parts of the total basin, Figs. 6-a shows the spatial dis-
tribution of curve numbers values for Wadi Mehassar basin.

The potential maximum retention (S) was calculated for each
cell of the Wadi Mehassar basin, using equations (5) (Table 1), its
value ranged from 5.2 to 183.9 mm and increases with the CN
value decreases, and vice versa. Figs. 6-b shows the spatial distri-
bution of (S) values, in which the high values represent the most
permeable parts to the south, central, and southeast of the basin.
While the low values denote the areas that are less able to reten-
tion of water, and thus high ability of the soil to generate surface
runoff. Therefore, the areas with high vulnerability to flash flooding
include: the northeastern regions where Meshaaer Muzdalifah is
located, the northern and northwestern regions where the
Meshaaer Mina is located. On the other hand, the initial abstraction
(Ia) was calculated using equation (2). Table 1 provides the calcu-
lated (Ia) values for Wadi Mehassar basin, it reveal that, its value
ranged from (1.04 mm) for the lowest value in built-up, paved
parking and roads areas to (36.78 mm) as the highest value in bare
soils, Alluvial deposits and Agricultural lands within the studied
basin (Fig. 6-c).

3.4. The hydrological characteristics of the Wadi Mehassar basin

The summary results of the flash flood frequency hydrograph
analysis for the Wadi Mehassar outlet and their sub-drainage
basins are shown in (Table 2) and (Fig. 7). The results show the
variance in inflow volumes and peak discharge values from one
discharging basin to another. In general, the peak discharge of
the main Wadi Mehassar outlet for different return periods were
estimated as 120 – 187 – 259 – 284–363 and 449 m3/s; the inflow
volume are 2.210.771–3.353.595–4.587.447–5.00.288–6.351.148
and 7.829.930 m3; and the estimated time to reach its peak value
ranged between (810 to 825)min for 5, 10, 20, 25, 50 and 100 years,
respectively.

With regard to the sub-basins, the Wadi Mehassar sub-basin
attained the maximum flash flood inflow for a 100-year return per-
iod of approximately 288.66 m3/s, followed by the Wadi Al-
Azyziah sub-basin of approximately 150.06 m3/s; and Wadi Mina
sub-basin came last in terms of the maximum flash flood inflow,
which reached approximately 147.58 m3/s. The Wadi Mehassar
sub-basin came first in terms of the inflow volume during a return
period of 100 years, which reached about 4,892,650.2 m3. It was
followed by the Wadi Al-Azyziah sub-basin, whose inflow volume
reached 1,863,216.0 m3, andWadi Mina sub-basin yielded the low-
est inflow volume, which reached 1,074,062.7 m3 (Table 2). Based
on Kirpich’s equation (12), the time of concentration (Tc) at the
outlet for each discharging basins were estimated. Its value ranged
between 0.53 h in the Wadi Mina sub-basin as a shortest time, fol-
lowed by 1.70 h for the Wadi Al- Azyziah sub-basin, then 3.49 h for
the Wadi Mehassar sub-basin as a longest Tc value. In addition, the
delay time (TLAG) was estimated using equation (7), the results
showed that its value ranged between 0.59 h in the Wadi Mina
sub-basin as a shortest delay time, followed by 1.36 h for the Wadi
Al- Azyziah sub-basin, then 2.09 h for the Wadi Mehassar sub-
basin to representing the longest delay time value.

3.5. The flash flood hazard assessment and inundation area Mapping:

The HEC-RAS model was developed based on the maximum
inflow discharges estimated by the hydrological analysis for each
sub-basin, to delineate the inundation areas, water depth and
water velocity level along the floodplain of the watershed areas
for the 100-year rainfall event. The modelling process started with
drawing the 2D flow area polygon of the studied drainage system



Fig. 6. Spatial distribution of (a) The curve number (CN) values, (b) The potential maximum retention (S) values, (c) the initial abstraction (Ia) values for each cell of the Wadi
Mehassar basin.
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schematically, which reveal the centrelines of the drainage
channels and any depressions in the land surface that facilitate
the flow of flash flood water, this was done by using the button
8

of Geometric Data editor - SA/2D Area BC Lines drawing of the
HEC-RAS tools bar. All this geometric data were added manually
to the detailed terrain data based on the 2.8 m DEM to build a



Fig. 7. The flood inflow hydrographs of (a) Wadi Mehassar sub-basin, (b) Wadi Mina sub-basin, (c) Wadi Al-Azyziah sub-basin, (d) The main Wadi Mehassar outlet created by
HEC-1 for the different return periods (5, 10, 20, 25, 50, and 100 years).
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2D Mesh over the terrain data to helps the model to perform com-
putations and determine where the water goes depend on the ter-
rain discretization.

Supplementary Table 5 illustrates the various flash flood hazard
classifications to people proposed by (Ramsbottom et al., 2006)
based on the HEC-RAS program as a suitable method for urban
areas. Fig. 8-d shows the most recent flash floods occurred on 8
April 2021, causing the drowning of several urban settlements
and roads, as well as destruction of many infrastructures in Al
Mashaaer Al Muqaddassa and urban areas, east of Makkah. The
delineation of flooded areas reveals that many surrounding areas
would suffer from the 100-return period storm. The analysis
showed that; The floodplain depth threshold, taken as 0.25 m, is
beyond which the water depth can be life-threatening (Naeem
et al., 2021). Fig. 8-a shows the maximum depth category
(>1.5 m) within the main Wadi Mehassar channel, which repre-
sents about 4.36% of the total area and covers about 1.64 km2 that
is concentrated at the upstream part of the studied area to the
north. This area is not highly urbanized, but has the animal slaugh-
ter building on a high slope area. Additionally, the maximum depth
9

was noticed in Muzdalifah bus station yard in the central part of
wadi Mehassar, as well as along the western parts of the Al-
Nassiem, El-Awaley and Al-Hussayinyah districts urban
communities.

Furthermore, a maximum flash flood velocity map was simu-
lated to highlight the most prone areas to high flash flood velocity.
The flash flood water velocity of 1.25 to 1.5 m/s can cause instabil-
ity for an adult (Chen et al., 2018). In this context, Fig. 8-b illus-
trates the maximum velocity within the studied area, which
shows that many areas are above the instability threshold, result-
ing in a hazardous condition. These areas cover about 1.57 km2
and represented about 4.15% of the total area, they concentrated
at the upstream part northeast of the studied basin, particularly
in the southern Mina tents communities; as well as at the foot of
some locations of high slope mountain in the eastern and western
parts of Wadi Mehassar. Overall, the low values of depth and veloc-
ities were observed in the floodplain to the south may be associ-
ated with a low slope topography with a relatively high land
compared to the natural surface level in the floodplain, as well as
a high infiltration rate of the soil.



Fig. 8. The spatial change in (a) The maximum flood depth (m), (b) maximum flood velocity (m/s), and (c) The spatial change of flood hazard model severity (m3/s) over the
Wadi Mehassar watershed area for 100-year floodplain storm (simulated by HEC-RAS), and (d) Photographs of the most recent floods occurred on 8 April 2021, showing the
rainfall rushes from the mountains surrounding the Al Mashaaer Al Muqaddassa, drowning of several urban settlements and roads, as well as destruction of many
infrastructures in urban areas within the study basin.
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Fig. 8-c shows the flash flood hazard map classifications, which
denotes the boundary zones of the flash flood hazard in the study
area, the data extracted from the flash flood hazard maps indicated
that the extreme flash flood hazards (2.5 m3/s upwards) and repre-
sent about 5.39 % and cover about 2.04 km2 of the areas exposed to
the flooding of Wadi Mehassar. These areas are concentrated in the
10
northeast part of studied area, particularly along Al-Maisam Road.
Furthermore, several spots within the floodplain were found to be
extremely dangerous to life within the neighborhoods in the north-
west part of study area, which make the active floodplain uninhab-
itable, particularly close to neighborhoods Al-Azyziah, Al-Naseem
urban areas and Muzdalifah bus station yard.
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4. Conclusions

The Wadi Mehassar basin, east of the city of Makkah has wit-
nessed a major urban development to accommodate the residents
and millions of Hajj pilgrims. This study assesses the impact of
flash floods in Wadi Mehassar basin through the integration
between spatial geomatics and mathematical hydrological and
hydraulic modelling. The results showed that the holy places (i.e.,
Al-Mashaer Al-Muqaddasa regions) and many modern urban com-
plexes east of Makkah City are frequently exposed to flash floods
whose drainage apex approximately reached 449.86 m3/s, with
volumes reaching up to 7.829.930 m3 and 810 min to reach its
peak value during a return period of 100 years. The maximum
floodplain depth category (>1.5 m) dominates up to 4.36%, consti-
tuting about 1.64 km2 of the areas prone to the Wadi Mehassar
flooding, which are concentrated at the upstream parts to the
north, Muzdalifah bus station yard in the central part, as well as
along the western parts of the Al-Nassiem, El-Awaley and Al-
Hussayinyah districts urban communities. The maximum floodwa-
ter velocity category (1.25 – 1.5) m/s represented about 4.15%, con-
stituting about 1.57 km2 of the areas prone to the Wadi Mehassar,
which are concentrated in the northeast part of Wadi Mehassar,
particularly in the southern Mina tents communities; as well as
at the foot of some locations of high slope mountain in the eastern
and western parts. The extreme flash flood hazards (2.5 m3/s
upwards) represented about 2.04%, constituting about 5.39 km2
of the areas exposed to the flooding of Wadi Mehassar. Further-
more, several spots within the floodplain were found to be extre-
mely dangerous to live within the neighbourhoods in the
northwest part of study area, which make the active floodplain
uninhabitable, particularly close to neighbourhoods Al-Azyziah,
Al-Naseem urban areas and Muzdalifah bus station.

The study showed that underestimating the role of stream path-
ways in collecting flash flood water in urban planning is increasing
the surface area of impervious surfaces as a byproduct of the devel-
opment plans significantly intensifying the flash flood hazards.
Thus, a better collaboration and integration between urban devel-
opment and planning authorities should be implemented. More-
over, it would be recommended to develop an early warning
system to be installed in the hydrometric stations to alarm for flash
flood hazards.
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