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Abstract

Identifying flood risk-prone areas in the regions of extreme aridity conditions is essential for mitigating flood risk and
rainwater harvesting. Accordingly, the present work is addressed to the assessment of the flood risk depending on spatial
analytic hierarchy process of the integration between both Remote Sensing Techniques (RST) and Geographic Information
Systems (GIS). This integration results in enhancing the analysis with the savings of time and efforts. There are several
remote sensing-based data used in conducting this research, including a digital elevation model with an accuracy of 30 m,
spatial soil and geologic maps, historical daily rainfall records, and data on rainwater drainage systems. Five return periods
(REPs) (2, 5, 10, 25, 50, 100, and 200 years) corresponding to flood hazards and vulnerability developments maps were
applied via the weighted overlay technique. Although the results indicate lower rates of annual rainfall (53-71 mm from the
southeast to the northwest), the city has been exposed to destructive flash floods. The flood risk categories for a 100-year
REP were very high, high, medium, low, and very low with 17%, 41%, 33%, 8%, and 1% of total area, respectively. These
classes correspond to residential zones and principal roads, which lead to catastrophic flash floods. These floods have caused
socioeconomic losses, soil erosion, infrastructure damage, land degradation, vegetation loss, and submergence of cities, as
well life loss. The results prove the GIS and RST effectiveness in mitigating flood risks and in helping decision makers in
flood risk mitigation and rainwater harvesting.
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Introduction

Flash flood is a peak overflow of rainwater that generally
appears during 6 hours of the outset of a torrential rainfall
(Hoedjes et al. 2014; Starosolszky and Melder 2014; Deng
et al. 2015; Archer and Fowler 2018). This flood happens
in a very short time and has a considerable double effect.
One results in the availability of an enormous amount of
rainwater for different applications (Angelakis 2016; Ghaf-
farianHoseini et al. 2016). The other is the enormous amount
of water that leads to catastrophes and destruction (Abbas
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et al. 2016; Dale et al. 2016; Karagiorgos et al. 2016). These
threats arise due to a deficiency of flood control systems to
assimilate tremendous volumes of water during a storm. This
enormous amount of water may involve different regions,
including agricultural, industrial, and urban areas (Elfeki
et al. 2017). Flash floods can entail both moral and material
damages, including socioeconomic problems, destruction of
the infrastructure, land and soil degradation, crop and vege-
tation damage, submergence of cities, and the loss of civilian
life (Khan 2011; Mahmood and Mayo 2016; Mahmood and
Ullah 2016; Ranjan 2017). Due to calamitous and devastat-
ing risks from flash floods, there is an imperious need for
mitigating the impact of these floods. Hence, mapping the
flood risks is crucial for mitigating these risks. The flood
inundation and risk maps mainly depend on the hazard and
vulnerability maps. Multi-Criteria Evaluation (MCE) is one
of the approaches used to develop the hazards and vulner-
ability maps.

The MCE approach is widely used to assess flood risk.
MCE plays a paramount role in deciding the best alternative
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for a precise purpose. This approach is based mainly on sev-
eral factors. The MCE advantage is that it can be conducted
efficiently to generate and rank all possible alternatives in
conformity with their efficiencies. Therefore, the decision
becomes a situational judgment between alternative solu-
tions. Thus, the managers and planners can make their
decisions based on one or more criteria. These criteria may
either be factors or constraints. In general, factors are physi-
cally persistent in nature, including the slope gradient and
road proximity factors. These factors can point to the relative
relevance of certain regions. Otherwise, the selected restric-
tions or constraints are always of a logical nature, such as
limitations due to reserved lands. Thus, these can serve to
exclude particular territories from consideration. The MCE
module can combine constraints and factors. The analytic
hierarchy process (AHP) is the bestead method for imple-
menting an MCE analysis, which was proposed by Saaty
(1980). The AHP method permits carrying out the analysis
through assessing, integrating, additionally ranking of the
various conflicting factors at a certain degree of informa-
tion. This method intends to choose an alternative solution.
The participation rate for every criterion is identified. The
suitable benchmark evaluation choosing is done drawing
upon the defined relative weight of a collection of related
rules. This process is conducted by comparing and judging
the criteria in pairs, using the nine-point scale. In this com-
parison, the better criterion obtains a whole number on the
Saaty scale from 1 (equal) to 9 (best). Meanwhile, the other
criterion obtains the inverse of this value. Recently, there
has been a considerable interest in using the AHP in natural
hazard (e.g., earthquake and flood) assessment also besides
in flood governance, where the flood risk can be assessed
and mapped by AHP with reasonable accuracy. Flood risk is
mapped using a weighted overlay tool in ArcGIS for hazard
and vulnerability maps.

Flood hazard mapping based on AHP takes into con-
sideration several criteria, like the runoff Curve Number
(CN), drainage density, slope, and rainfall depth for judg-
ing flood event judiciously. The CN is representing the
relationship between the Hydrologic Soil Groups (HSG)
and Land Use/Land Cover (LULC) for a nominated area.
CN value is ranging between 0 and 100, where 0 refers to
high infiltration while 100 indicates high runoff (Gajb-
hiye et al. 2015; Li et al. 2015). The factors that influence
CN are HSG, LULC, treatment, hydrologic condition,
Antecedent Runoff Condition (ARC), and pervious and
impervious areas (Mishra and Singh 2013; Ryu et al. 2016;
Mahmoud and Gan 2018d). Natural Resources Conserva-
tion Service (NRCS) of the USA introduced the HSGs,
where several diversified types of soil have been catego-
rized by the soil specialist scientists into specified hydro-
logic soil groups (NRCS 2007) under the same physical
features and runoff characteristics (Ibrahim-Bathis and
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Ahmed 2016). The key factors affecting the HSGs are the
condition of the saturated hydraulic conductivity of the
least transmissive layer, the soil depth above the imperme-
able layer, and water table depth.

Hydraulic conductivity has the upper hand between the
above-mentioned factors (Lee et al. 2016). If these data
cannot be obtained, the HSG is identified through a field
survey. The data required during the field observations are
soil texture, bulk density, soil structure strength, and water
table depth. The NRCS had previously divided HSGs into
four groups. However, three new dual groups have recently
been introduced. The groups are A, B, C, D, A/D, B/D, and
C/D (NRCS 2009). These groups are rated in descending
order with respect to the infiltration rate. Group A refers to
soils with high infiltrations rates (low potential runoff) and
group D refers to soils with low infiltration rates (high poten-
tial runoff). Soil groups B and C refer to moderate and low
infiltration rates, respectively (Shadeed and Almasri 2010;
Ahmad et al. 2015; Mohammad and Adamowski 2015).

LULC describes the exploitation of a nominated area.
The utilization may take several forms, such as water bod-
ies, agricultural land, built-up land, barren land, and roads
(Fisher et al. 2005). The classification process of these
categories is intensive. Therefore, LULC classification is
based on satellite imagery (Masoud 2016; Mack et al. 2017;
Zhang et al. 2017), which can distinguish between LULC
parameters. In this work, four LULC classes: roads, barren
land, agricultural land, and urban were used. Subsequently,
the CN value of every LULC class in every HSG conforms
to the infiltration rate. Besides, the local temperature and
rainfall are influenced by the land use changing (Mahmoud
and Gan 2018a, b). The treatment describes the cultivation
method used in agricultural lands, including tillage, terrac-
ing, hoeing, sowing, and contouring (Cronshey 1986). The
hydrologic condition expresses the runoff or infiltration
under different treatments and cover types (Gajbhiye et al.
2014). The three cases of hydrologic conditions, in descend-
ing order with respect to infiltration (Cronshey 1986), are
good, fair, and poor. A good hydrologic condition generally
refers to a high infiltration and low runoff. In contrast, the
last hydrologic condition of the previous conditions has low
infiltration and high runoff. ARC or pre-storm soil moisture
has the lion’s share of factors influencing the CN. ARC is
representing the potential runoff index before the storm. The
NRCS divides ARC into three cases: I, II, and III (Cron-
shey 1986), based on descending soil wetness (Oliveira et al.
2016). Thus, case I has dry soil but does not reach the wilt-
ing point. Since the NRCS estimates the values of CN based
mainly on case II (Sartori et al. 2011), the same case has
been applied in this work. However, the values of CN should
be adjusted considering cases I and III as well. The CN value
changes depending on connected or unconnected impervi-
ous areas. If the impervious areas are attached directly to
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the system of storm drainage, the water will not be lost by
infiltration (Cronshey 1986).

Drainage density is the greatest important morphometric
parameters. It reveals the impact of terrain, LULC, and soil
texture in the watershed area. Drainage density is a propor-
tion of the total length of stream portions in the watershed
to the area of the watershed, expressed as km/km? (Hor-
ton 1932; Avcioglu et al. 2017; Wu et al. 2017; Yalcin and
Gul 2017). Many factors influence drainage density, which
controls the characteristic length of the basin. These fac-
tors include landscape dissection features related to drainage
density such as the soil texture, rock characteristics, vegeta-
tion, climate, and relief (Abboud and Nofal 2017; Rai et al.
2017). Low drainage density values indicate a highly perme-
able sub-soil, thick vegetation cover, and low-to-moderate
relief (Abdelkareem 2017; Ghorbani Nejad et al. 2017; Rad-
wan et al. 2017). In contrast, high drainage density values
indicate that there are impermeable subsurface materials,
mountainous reliefs, and sparse vegetation (Benzougagh
et al. 2017; Redwan and Rammlmair 2017). In general,
drainage density increases with decreasing infiltration capac-
ity or transmissivity of the soil.

The slope is an inclination of the Earth from an imaginary
horizontal plane (Rimba et al. 2017). It depends essentially
on the terrain lithology nature, structure, soil, vegetation,
climate, landforms, and morphogenetic processes which
forming the underlying rocks. The Climate Forecast System
Reanalysis (CFSR) daily precipitation data records, acquired
from the National Centers for Environmental Prediction
(NCEP), were employed in this research. Several studies
employed these precipitation records to name a few (Dile
and Srinivasan 2014; Fuka et al. 2014; Mohan and Rajeevan
2017; Tirkey et al. 2017). The CFSR daily data for 36 years
(1979-2014) was used for frequency analysis. These analy-
ses are mainly aiming to estimate a specific precipitation
event probability that will equal or exceed in any particular
year. The precipitation recurrence intervals depend mainly
on the storm event duration and magnitude, whereas stream-
flow recurrence intervals are contingent entirely upon the
anniversary peak flow magnitude. The utilized return peri-
ods (REPs) (2, 5, 10, 25, 50, 100, and 200 years) in this
research were depending on a Log Pearson III distribution.
This distribution type is best appropriate for hydrological
analysis (Subyani and Al-Amri 2015; Amin et al. 2016), and
this prediction enables the alleviation of flood risk-prone
areas at any future time.

Flood vulnerability mapping based on AHP uses three
criteria: LULC, the system of storm drainage, and demo-
graphic data such as population density (Danumah et al.
2016). These data form essential pillars in flood risk miti-
gation. The storm drainage system expresses the water
volume that the system can accommodate. Urbanization
influences hydrological characteristics such as increasing

runoff, decreasing infiltration, and increasing flood depth
and frequency. Meanwhile, population density expresses
the total number of people in a specific region. A continu-
ously growing population with decreasing agricultural lands
leads to increased flood risks in the future. Therefore, urban
areas suffer from high flood risk due to their high census,
land use properties, and infrastructure. Several studies have
integrated mapping and assessing flood risk (Stefanidis and
Stathis 2013; Ouma and Tateishi 2014; Papaioannou et al.
2015; Rahmati et al. 2016).

Therefore, the present study assesses and maps flood risk
for arid and semiarid regions based on spatial AHP and Geo-
graphic Information Systems (GIS) integration in order to
introduce a unique tool to help decision makers in mitigating
flood risk and harvesting rainwater. The underlying merits of
this methodology are simplicity and low cost.

Description of the study area

Riyadh city (latitude 24°13'51"N to 25°10'30"N and longi-
tude 45°59'12"E to 47°20"29"E) is the capital of the King-
dom of Saudi Arabia (Fig. 1). While the Riyadh metropoli-
tan area is 6570 km?, the watershed area is 8500 km?. The
Riyadh city was selected as a perfect location for conducting
this case study because it is a large cosmopolitan city with a
huge infrastructure supported by agricultural and industrial
sectors. Moreover, it is considered one of the world’s fast-
est expanding cities with a population of 6.5 million (Aina
et al. 2008; Ashwan et al. 2012; Mahmoud and Gan 2019).
Furthermore, the soil texture of Riyadh is varied, includ-
ing sand, loam, and gravel. The ordinary city climate fea-
tures a hot-dry summer, and a cool-moist winter. The aver-
age temperature is highest (22-43 °C) from June to August
and lowest (8-22 °C) from December to February (Qhtani
and Al Fassam 2011). Despite a deficient annual average
precipitation of about 62 mm, the city periodically experi-
ences flash floods (Rahman et al. 2016; Mahmoud and Gan
2018c). However, lately, a change in the precipitation style
has resulted in continuous downpours, causing a high vol-
ume of surface runoff. This flooding leads to socioeconomic
loss, soil erosion, destruction of infrastructure, land degrada-
tion, vegetation loss, the inundation of cities, and loss of life
(Bajabaa et al. 2014; épitalar etal. 2014).

Methodology

Flood risk assessment plays an indispensable role in flood
risk mitigation and rainwater harvesting. The MCE using
AHP in a GIS ambience is one of the several approaches
used for mapping flood risk. The methodology of map-
ping the flood risk has been divided into two main steps,
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as shown in Fig. 2. The two steps of this methodology are
creating spatial maps of the flood hazard and vulnerability.
The parameters required for the development of each of
these maps are the digital elevation model (DEM), soil
map, geologic map, satellite imagery, daily precipitation
records, population density and detailed information on
the present rain storm drainage for Riyadh city. Table 1
contains all the data along with their sources. The World
Geodetic System 1984 Universal Transverse Mercator
(WGS 84 UTM) with coordinate reference system of zone
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38 was used as the geographic projection system in all the
developed maps.

The first step in this methodology for the development of
flood risk maps was creating the flood hazard maps. Subse-
quently, the determination of the hazard employed several
parameters over the study area, including drainage density,
CN, slope, and precipitation. The source of a 30 m DEM
(Fig. 3) was the United States Geographical Survey (USGS).
This USGS-DEM was the basis in developing the spatial
map of the drainage density through the following steps:
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Fig.2 Applied GIS-based for mapping flood risk in the study area

Table 1 Data used with their sources

Data Data type Data sources

DEM 1 Arc, 30 m USGS

Satellite image Raster, 30 m USGS

Soil map JPEG image MEWA

Geologic map JPEG image SGS

Precipitation Daily records CFSR

Population density Records GaStat

Storm drainage system JPEG image Riyadh Municipality

The year of use for all data is 2017

filling the DEM, determining flow direction, flow accumula-
tion and conditions, and calculating the total stream length,
including total basin area. The map of slopes was derived by
default from the USGS-DEM during the analysis process.
The CN values were mapped by amalgamating the HSG
with LULC. The HSG was developed from the spatial maps
of the soil texture and geologic. The data source for the soil
texture and geologic maps is the Saudi Ministry of Envi-
ronment, Water, and Agriculture (MEWA) and the Saudi
Geology Survey (SGS), respectively. Both maps were down-
loaded as images and then processed to get the final form of
those maps as follows: giving geo-referenced information,

Fig. 3 Digital elevation model (DEM) of the study area

digitizing, reclassifying, and clipping the map for the bor-
ders of the watershed. Eventually, the HSG map has been
prepared by incorporating the available information from
geologic and soil texture maps.

The Riyadh metropolitan area LULC map was generated
employing satellite images from Landsat 8 (Fig. 1). These
images have a resolution of 30 m and were obtained from
the USGS. The image was first classified using unsuper-
vised and supervised classifications. Both classifications
were accomplished employing ENVI 5.3. The supervised
classification of the LULC was divided into four classes:
urban, barren land, agricultural land, and roads. The LULC
map was based on supervised classification as it can accu-
rately distinguish the land features of the study area as com-
pared to unsupervised classification. Additionally, the CN
was estimated for every cell by using the combination tool
in ArcGIS 10.4. Thus, these computations were based on
the CN values for LULC and HSG under ARC II conditions
(Table 2). Consequently, the map of CN values was gener-
ated by mainstreaming the HSG map and the LULC map.

The precipitation distribution of the entire study area was
mapped by using daily rainfall records from the CFSR data.
The interpolation applied to the data of 24 meteorologi-
cal stations from 1979 to 2014 (36 years) is the isohyetal
method. The REPs considered in this work to anticipate
any eventual annual precipitation recurrence were 2, 5, 10,
25, 50, 100, and 200 years. The daily precipitation data fre-
quency analysis is based on the distribution of log Pear-
son type III (as best distribution for hydrologic data), using
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Table2 Curve Number (CN) values for Land Use/Land Cover
(LULC) and Hydrologic Soil Group (HSG) under Antecedent Runoff
Condition (ARC) II case

Land use/cover Hydrologic soil group

A B C D
Urban 89 92 94 95
Barren land 77 86 91 94
Agricultural land 64 74 81 85
Road 98 98 98 98

hydrological frequency analysis (HYFRAN) software. The
frequency analysis values help in the appreciation of poten-
tial runoff depth at any time in future. Subsequently, deci-
sion makers can assess reduction in flood risk with prudent
watershed management. In the end, a hazard map was cre-
ated from the amalgamation of those data discussed above.

The second step in developing flood risk maps was creat-
ing the flood vulnerability map. The inputs data for this step
were LULC map, population density, and the storm drainage
system. The data source for population and drainage system
is the Saudi General Authority for Statistics (GaStat) and
the Riyadh city municipality, respectively. Thereafter, the
population density maps and the storm drainage system were
interpolated and cropped for the watershed borders. Then,
the vulnerability map was generated by integrating the data,
as mentioned earlier.

Identify the sharing effect rate of each considered crite-
rion in the risk locations determination was based on the
AHP. It is based on the pairwise comparisons respecting the
weighted. There were six levels in this process: outlining
the problem, building the AHP hierarchy, creating the pair-
wise comparison matrix, identifying every criterion value
to compute the criteria weights, checking the acceptance
of consistency ratio, and ranking the available alternatives.
The pairwise comparison is the key ingredient of the AHP.
Every criterion was compared with the other criteria under
the same option. The suitable criterion in this comparison
takes an integer number according to the Saaty scale, which
ranges from 1 (equal) to 9 (best). Meanwhile, the other cri-
terion in the comparison receives the inverse of this value.

Developing the matrix for the AHP options required sev-
eral steps. The first step of AHP matrix development was
determining the criteria eigenvectors (Vp) through (Eq. 1).

V= /W X Wy X - X W 1)

where £ is the number of compared parameters, and W, and
W, are the weight of criterion 1 and k, respectively.

The second step in the AHP matrix development was find-
ing the weighting coefficient (C,,). One of the most important
rules that must be taken into consideration is that the total of

@ Springer

Table 3 Random index (R))

Number of criteria R;
values (Saaty 1980)

0.00
0.58
0.90
1.12
1.24
1.32
1.41
1.45
1.49
1.51

O 00 N N Lt AW N

—_—
- O

the C,, is equal to one. The following equation was applied to
calculate the C,;:

C i
P Vp] +Vp2+ "'+Vpk )
The third step involved computing the eigenvalue (4,,,,)
with the following equation:
[E]
Amax = i G

where [E] is the rational priority which can be determined
as follows:

Y of row of normalization matrix

[E] = z, @)

The created matrix was normalized by dividing each com-
ponent of the column by the summation of the column.

In the fourth step, the consistency index (C;) was computed
as per the following equation:

(imax — k)

="

®)

The fifth step was determining the consistency ratio (Cy)
using (Eq. 6). It takes into account that this ratio does not
exceed 10%, as proposed by Saaty (1980). The weights were
reviewed several times until the Cy reached the required value.
Cr = R (6)

where R is an index of random values recommended by
Saaty (1980). These values are mentioned in Table 3.

Finally, the following equation was used to determine the
hazard and vulnerability indexes.

Option index(Hazard or Vulnerability) = Z Vo -G, (D)
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The flood risk map in this study was created through the
weighted overlay tools incorporated in the GIS environment
as this tool allows integrating both hazard and vulnerability
maps, in accordance with the following equation:

Risk = Hazard X Vulnerability (8)

Results and discussion

Earlier, flood-prone areas were assessed by employing the
hydrologic/hydraulic models that depend fundamentally on
water flow balance and waterways conveyance. However,
an unconventional technique for identifying the prospective
flood risk areas, which incorporates the hazard and vulner-
ability maps of the flood, has been adopted in this project.
The hazard and vulnerability locations in the city were
defined in two stages. The first stage involved selecting the
flood-causative criteria. The sharing rate of each criterion
was defined in the second stage. A multi-criteria approach
(AHP-based) was used to explain the inconveniences linked
to the overabundance of water during inundation events.
The AHP method, with the integration of GIS, has been
preferred by several studies (Stefanidis and Stathis 2013;
Ouma and Tateishi 2014; Danumah et al. 2016; Rahmati
et al. 2016). Therefore, the present study tried introducing a
realistic solution for the flood risk criteria in the ungauged
area under extreme conditions using AHP. This approach
has a higher accuracy than traditional methods that depend
on hydraulic-only models.

The AHP method is important as it facilitates the analysis
and organization of such complex systems while taking into
consideration several dimensions (features of situations) of
the MCE in a more significant way. These features of situa-
tions considered in this work are based fundamentally on the
CN as an empirical parameter for direct runoff prediction,
drainage density, slope, precipitation rate, LULC, population
density, and the system storm drainage. Several difficulties
were observed during this project to name a few, the data
deficiency as well as the fact that the acquired data were
retrieved from several sources with different specifications
(e.g., different acquisition dates for the satellite images, sev-
eral formats, and different resolutions). These issues have
not limited the work quality due to employing the weighted
ranking for the flash flood factors under the AHP-based.

Hazard map

The flood hazard, similar to a natural disaster, is difficult
to manage due to several factors influencing it. The haz-
ard caused by a flood indicates the presence of an extreme
hydro-climatic event with abundant flowing water. The flood
hazard was mapped by combing the related factors (e.g.,
CN, drainage density, slope, and precipitation). Figure 4

221
46°0'E 46°15'E  46°30'E  46°45'E 47°0'E 47°15'E
1 1 1 1 1 1

x| z

4 X €
o L | =
o I o
& &

z % £
<. . 5
& w |5
q ‘,;»Aw @ ~
z z
[ -
o [N
z

z £
> 1 L3

© g Q
o ) -
& | CN classes ) Q

B Very low
» @ z
% [T Low E q% »«g 2
-1 I Medium N
& | I High ~
I Very high
Z|0510 20 30 40 Z
> Kilometers -
% T T T T T T =
' 46°0'E 46°15'E  46°30'E  46°45'E 47°0'E 47°15'E

Fig.4 Curve number (CN) map for the entire city

shows the entire city CN values, which ranged from 64 to
98, and have been categorized as five classes (very high,
high, medium, low, and very low). The highest land per-
centage was covered by the CN classification of high and
medium with 66% and 20.5%, respectively. Meanwhile, the
rest classes, very high, low, and very low had a land percent-
age of 11%, 2.4%, and 0.1%, respectively. Hence, about 80%
of the overall city area had CN values above 90. The high-
est CN values indicate the existence of urban land, barren
land, and roads while the moderate CN values refer to the
agricultural lands. The value of the average weighted CN
for the studied area was 92. These CN values emphasize
that the project area has many places have high impermeable
zones distinguished by the general physical characteristics
of rocks (decreasing infiltration rates). Moreover, the area
has no or little vegetation cover which also leads the runoff
rates to increase.

The drainage density of an area affected by soil type and
LULC. Figure 5 shows a drainage density of 2.61 km/km?.
This map is classified into five classes of drainage density:
very high, high, medium, low, and very low. The classes
percentages area were 31%, 28.8%, 18%, 15.5%, and 6.7%
for low, medium, high, very low, and very high, respectively.
It is worth noting that the high and very high drainage densi-
ties were found in urban areas, agricultural lands, and main
roads while the low and very low drainage densities were
found in areas that have a lacking vegetation. The higher
drainage density values refer to the continuation of imper-
meable subsurface materials, high reliefs, and/or sparse
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B Very low other factors affecting the flood hazard, the precipitation
Z | ElLow _% rates were classified into five classes. Figure 7 shows these
=1 [ Medium % . .
% | mig S precipitation classes, which are very low (<56 mm), low
B Very high (>56-59 mm), medium (> 59-62 mm), high (> 62—-65 mm),
Z [0510 20 30 40 @ e _:; and very high (> 65 mm). Each precipitation class covers
& T T T T T S 18%, 20%, 23%, 25%, and 14%, respectively, of the study
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Fig.5 Drainage density map of the study area

vegetation. In other words, a high drainage density causes
high runoff rates.

The study area slope varies from 0° to 52°. Figure 6
depicts the study area slope classes, which are categorized
into five main classes as very low (<2.5°), low (2.5°-6.5°),
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Fig.6 Slope map of the study area
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area. Rainwater more than 60 mm covers the city barren
regions, where it extends widely throughout the northern and
northwestern regions. The rainwater depths ranging between
55 and 60 mm were concentrated in the city center. These
intensive precipitation rates create a considerable chance of
causing a flash flood.

The proposed weights should be suitable for develop-
ing a flood map with hazard levels using the AHP method.
The proper weights requirement is fulfilled whenever the
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Fig.7 Annual average precipitation distribution map of the study area
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Table 4 Hazard matrix Dd CN Sp Prec. v, c,
Dd 1 3 1/3 1/5 0.67 0.14
CN 1/3 1 1/3 1/5 0.39 0.08
Sp 3 3 1 173 1.32 0.24
Prec. 5 5 3 1 2.94 0.54
> 9.33 12 4.67 1.73 5.32 1
;aa';:; ; mljt'fi;nahza“o“ of DI CN  Sp Prec.  Yofrows  [E] Ao C Cr
Dd 0.11 0.25 0.07 0.12 0.54 4.08 4.204 0.068 0.08
CN 0.04 0.08 0.07 0.12 0.31 4.08
Sp 0.32 0.25 0.21 0.19 0.98 4.35
Prec. 0.54 0.42 0.64 0.58 2.17 4.31
Y 1 1 1 1 4 16.82
46°0E  46°1S'E  46°30'E  46°4S'E 47°0'E 47°IS'E As shown in this map, the hazard levels were grouped into
N five classes: very low (covering 10% of the area), low (24%),
- % z medium (25%), high (22%), and very high (19%). Addition-
;ﬂ- -OE ally, the hazard levels of very low, low, and medium were
< % ” found to appear over barren lands and roads. These typically
z 5 are areas with steep slopes as well as low values of CN,
> -7 drainage density, and rainfall. The high and very high levels
< " of hazard were evident in the agricultural lands and urban
. b areas. Thus, these areas are often characterized by gentle
o | -23 slopes in addition, the high values of CN, drainage density,
= S and precipitation. Overall, a high hazard value indicates high
risk.
Z Z
4 =
% | Hazard classes S Vulnerability map
B Very low
g E ;f‘; _-'z The vulnerability map provides fine-tuned information about
°£_ DHieghl " s the potential flash flood-prone areas. The factors affecting
B Very high the vulnerability can be summarized in socioeconomic
Z[0510 20 30 40 e _; activities such as people with their economic interests that
& T T T T y T & may be affected by any natural hazard phenomena in terms
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Fig. 8 Hazard map for every cell of the study area

consistency ratio is under 10%. Table 4 presents the weight-
ing coefficients with their eigenvectors for all the criteria
applied in this work. The weighting coefficients percent-
ages were 14%, 8%, 24%, and 54% for drainage density,
CN, slope, and precipitation, respectively. Table 5 provides
the eigenvalue, consistency index, and consistency ratios of
these criteria. Since the Cy of the hazard matrix was about
8%, the weights can be regarded as suitable for creating the
hazard map.

Figure 8 provides the hazard map for the entire city. This
map illustrates the potential areas liable to flash flood events.

of quantity and quality (Danumah et al. 2016). In other
words, the vulnerability map is the combination of factors
like the LULC, population density, and storm drainage sys-
tem. Hence, every factor should be weighted through the
AHP method to identify these weights. Within the above-
mentioned factors, LULC has the upper hand in runoff and
flood behavior determination. Accordingly, both the unsu-
pervised and supervised classifications were deployed for
the land-cover assessment. Figure 9 shows the unsupervised
land-cover classes map. Although this map is divided into
six classes, some of the land features did not appear in these
classes (e.g., road layer). Thus, the unsupervised land-cover
map showed no clear evidence of some of the land features.

On the contrary, the supervised map could provide more
details of the land cover. The supervised land-cover map is
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Fig.9 Unsupervised land cover map of the study area

shown in Fig. 10. This figure confirms that the Riyadh land-
cover map consists of four land feature classes. These classes
are roads, urban zones, agricultural lands, and barren lands.
As also exemplified from the supervised land-cover map that
upwards of 87.9% of the city was covered by barren land.
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Fig. 10 Supervised land-cover map of the study area
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The total land-cover percentages areas were 9.0%, 1.5%,
and 1.6% for urban, agricultural, and roads, respectively.
Additionally, the barren lands are located on the outskirts
of the city while the rest classes of the land cover are situ-
ated in the center. There are many other circumstances that
may increase the damaging effects of the flash flood (e.g.,
unplanned urbanization expansions, impermeable areas like
asphalt, and lack of vegetation). Consequently, these condi-
tions lead to flash flood risks rising in the Riyadh metro-
politan area.

One of the instrumental components of flash floods vul-
nerability determination is the population density distribu-
tion map. Therefore, this spatial distribution map was pro-
duced by interpolating the GaStat census data. Figure 11
depicts the population density classes map (very low, low,
medium, high, and very high) with the percentage of the
total city area as 25%, 15.5%, 26%, 19%, and 14.5%, respec-
tively. It was observed that the classes of high and very high
population density were in the city’s middle, which was
mainly covered by agricultural and urban lands and the low
and very low population density classes were found at the
city suburbs with barren land and deserts. There is a direct
correlation between the high population density and extreme
vulnerability. It is interesting, however, that people with suf-
ficient experience in dealing with risks have fewer problems
than others (Ruin et al. 2008, 2009; épitalar et al. 2014).
In this regard, none of the Asians died from the flash flood
events in Saudi Arabia (Rahman et al. 2016).

46°0'E 46°15'E  46°30'E  46°45'E 47°0'E 47°15'E
1 1 1 1 1 1
z
4 £
& 2
Z
4 £
S -
i Q
Z
4 £
% S
(o}
z Zz
< 3
g B
& | Population density classes «
I Very low
Z | Bl Low 5
in L\
= [C1Medium %
& | ETHigh ~
I Very high
Zz 0510 20 30 40 . Z
=] Kilometers -
< T T T T T T S
' 46°0'E 46°15'E  46°30'E  46°45'E 47°0'E 47°15'E

Fig. 11 Population density distribution map of the study area
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46°|0'E 46°}5‘E 46°3|0'E 46°‘}5'E 47°P'E 47°1|5'E Table 6 Vulnerability matrix
LULC Pop. DS Vo G,
E_ §/? -;E LULC 1 1/3 3 1.00 0.26
i & pop, 3 1 5 2.47 0.63
DS 1/3 1/5 1 0.41 0.11
z | £ 3 433 1.53 9.00 3.88 1
in &
z Z
@ -3 can be regarded as suitable for the vulnerability map
g N accomplishment.
. - Figure 13 shows classified the city vulnerability map into
?_ Drainage storm -53 five classes. These classes are very low, low, medium, high,
3 | system classes N and very high, covering about 25%, 15%, 26%, 19%, and
B Very low ” 15% of the total area, respectively. Barren lands had a low
-; A ;;}’e‘:’ﬁum _:2 and very low level of flash floods vulnerability level. This is
S m High & ascribed to the low and very low population densities with
I Very high low and medium systems of storm drainage. However, agri-
.z_ 0510 20 30 40K“0meters _? cultural land, urban land, and roads have medium, high, and
RS SOE  46°15E  4630E  46°45E  4T0E  471SE & very high flash floods vulnerability, respectively. These areas

Fig. 12 Drainage storm system map of the study area

The storm drainage system distribution over the study
area was spatially mapped by interpolating the data of the
storm drainage network. Figure 12 shows the storm drainage
system classes. There are five classes, based on the drain-
age networks availability. These classes are very low, low,
medium, high, and very high, covering 45.5%, 34%, 11%,
6%, and 3.5% of the total research area, respectively. The
classes of very high, high, and medium storm drainage sys-
tems are situated in the midtown where the infrastructure
is well constructed. Contrarily, the low and very low storm
drainage systems were stationed in the suburbs of the city
with the low population densities.

There is a clear link between the population density and
the extreme flash flood events vulnerability. In other words,
the high population densities areas cannot be affected greatly
by the flash flood if there are the effective systems of the
storm drainage to protect these vulnerable areas. Thus, this
study can help the municipality planners in identifying the
system capacity of the storm drainage adequately with a
view to ensuring accommodating the water volumes of flash
flooding.

Since weighted factors are necessary for mapping the
vulnerability using the AHP, the weighting and eigenvec-
tors coefficient were calculated for all vulnerability criteria.
Table 6 provides these values. The weighting coefficients
of LULC, population density, and storm drainage system
were 26%, 63%, and 11%, respectively. Table 7 gives the
eigenvalue, consistency ratio, and consistency index of the
vulnerability map. Since the Cy is about 3%, the weights

also have a high and very high level of population density
and the system of storm drainage. In general, high vulner-
ability refers to high risk.

Risk map

The spatial flood risk map is essentially an integration
between the hazard and vulnerability maps prepared accord-
ing to the AHP method. Figure 14 depicts the flash flood
risk map, which is divided into five classes (very low, low,
medium, high, and very high), developed in this study. Each
flood risk class is found for every cell in the city at differ-
ent REPs. Accordingly, the high and very high flood risks
were observed in the urban zones and roads of the city. The
medium risk level was observed for land covers such as agri-
cultural, barren, and urban zones. The low and very low
risks were noticed in the barren land on the city outskirts.
The presence of low and very low risks sites can be traced
back to the existence of permeable soils, steeper slope, very
low census, and low drainage density.

Table 8 presents the percentage area that is covered by
the various risk classes at different REPs. For 2- and 5-year
REPs, low and very low risks were found in the city. For
10- and 25-year REPs, the medium risk areas began to
increase, and the low and very low-risk areas decreased.
The medium risk areas were apparently to be increasing and
the high-risk areas were beginning to increase for 50- and
100-year REPs. For 200-year REP, the medium, high, and
very high-risk areas increased, and the low and very low-
risk areas decreased. Although the high and very high flood
risk areas covered the smallest area as compared to other
risk classes, they had extreme risk owing to high population
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Table 7 Normalization of

LULC Pop. DS f A C C
vulnerability matrix op X of rows LE] e ! R
LULC 0.23 0.22 0.33 0.78 3.03 3.039 0.019 0.03
Pop. 0.69 0.65 0.56 1.90 3.07
DS 0.08 0.13 0.11 0.32 3.01
¥ 1 1 1 3.00 9.11
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Fig. 13 Vulnerability map of the study area

density, medium storm drainage system density, high CN,
high drainage density, and very steep slopes.

Figure 15 shows the 145 districts susceptible to flood risk
for different REPs. For a 200-year REP, 51% (74 districts) of
the area was at very high risk, 24% (35 districts) was at high
risk, and 17% (25 districts) was at medium risk of flooding.
Only 7% of the area (9 districts) was in a low-risk zone, in
addition to 1% (2 districts) in very low-risk areas. Table 9
shows the districts and risk classes for different REPs. For
a 2-year REP, the districts had low and very low flood risk.
The medium flood risk began to emerge at a 5-year REP.
The low and very low-risk areas decreased at the 10-year
REP and the medium flood risk increased. For the 25-year
REP, the medium risk areas increased and the high-risk
areas began to emerge. At a 50-year REP, high-risk areas
increased, but the medium risk areas decreased, and the very
high areas began to emerge. For 100- and 200-year REPs,
the very low, low, and medium flood risk areas decreased
and the high and very high flood risk areas increased. The
study revealed that factors such as a steeper slope, soil tex-
ture, acute precipitation events, and high drainage density
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Fig. 14 Flood risk maps for different return periods (REPs)

Table 8 Risk classes percentage area for different return periods
(REPs)

Risk (years)  Verylow Low  Medium High  Very high
2 87 13 0 0 0
5 65 34 1 0 0
10 46 40 14 0 0
25 36 34 28 2 0
50 29 31 27 12 1
100 25 26 31 15 3
200 24 15 36 14 11
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Fig. 15 Risk districts maps for different return periods (REPs)

Table 9 Districts risk class percentage for different return periods
(REPs)

Risk Very low Low Medium  High Very high
(years)

2 71 (49%) 74 (51%) 0 0 0

5 35 (24%) 106 (74%) 4 (2%) 0 0

10 12(9%) 57 (39%) 76 (52%) 0 0

25 7(@4%)  30(21%) 100 (69%) 8 (6%) 0O

50 4Q2%)  27(19%) 43 (30%) 66 (46%) 5 (3%)
100 2 (1%) 12 (8%) 48 (33%) 59 (41%) 24 (17%)
200 2 (1%) 9(7%) 2507%) 35(24%) 74 (51%)

aggravate the flood risk. In addition to the aforementioned
factors, the effects of uncontrolled urbanization, congested
population density, and the inappropriate storm drainage
system should also be considered.

Several scientific aspects of flood-prone studies have been
highlighted by researchers. Some of them have focused on
the physical aspects of analyzing flash floods (Ruin et al.
2008, 2009), while other studies focused on socioeconomic
and anthropogenic issues and neglected the physical aspects
(Gruntfest and Handmer 2001; épitalar et al. 2014). One
of the studies (Rahman et al. 2016) combined several fac-
tors influencing flood vulnerability such as physical, social,

economic, and built-up environmental factors. The present
study analyzed different factors influencing flash flood risks
(hazard and vulnerability) including socioeconomic, anthro-
pogenic, and physical aspects. The key difference between
the studies mentioned above and the current study is that this
study considers seven precipitation REPs. Thus, the precipi-
tation intensity alterations during the event besides the like-
lihood of this event occurring can be thoroughly assessed.
Accordingly, this study provides an adequate estimation of
the water amount that would accumulate during a potential
flooding of the area.

Conclusions

This study focused primarily on flash floods that happen
during or after an excessive precipitation event over a very
short period. These floods have unforeseen and devastating
consequences. Therefore, identifying the vulnerable areas
which are possibly at flash floods risk is crucial in mitigat-
ing its risks. Consequently, the incorporation of GIS, RST,
and spatial AHP was adopted in order that finds the flood
risk-prone areas. The flood risk was mapped for the city by
amalgamating the hazard and vulnerability maps. The MCE
was applied in recognizing the influencing factors the haz-
ard and vulnerability maps. Moreover, the AHP method has
been opted to provide weights for every factor. The created
Riyadh hazard map has five classes: very low (covering 10%
of the city area), low (24%), medium (25%), high (22%),
and very high (19%). The vulnerability map also has five
classes: very low (covering 25% of the city area), low (15%),
medium (26%), high (19%), and very high (15%). The arti-
cle demonstrates that the risk map can be grouped into five
classes for the 100-year precipitation REP. These classes are:
very low (covering 25% of the area), low (26%), medium
(31%), high (15%), and very high (3%). The flood risk map
analysis results show that urban structures, combined with
several factors, for instance, extreme rainfall events, gentle
slope, high population density, and unplanned urbanization
play a significant role in the flood exposure degree.

Riyadh was classified into residential zones, farms, roads,
and other infrastructure. The spatial distribution of these
features varies from one place to another of the metropolis,
alongside the flash flood risk. The high and very high flood
risk zones are lying in the heart of the Riyadh metropolitan
area. These risks affect urban areas, agricultural lands, roads,
barren lands, properties, and infrastructure. For a 100-year
REP, more than 57% of the total Riyadh districts were at
high and very high flood risk. Moreover, 83 districts out of
145 districts in the city were under high and very high flood
risk. Therefore, there is an imperative need to alleviate these
risks by structural or non-structural measures. The study
will help decision makers in devising potential anticipatory

@ Springer



228

Acta Geophysica (2019) 67:215-229

measures under climate change in mitigating flood risk,
harvesting rainwater, and planning controlled urbanization.
Additionally, the other studies in the area can, dependable
on the method employed in this study.
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