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Abstract

The city of Jeddah, the second major city in the Kingdom of Saudi Arabia
(KSA), was severely damaged on November 25, 2009. A deadly and costly
flash flood, which can be exacerbated in arid environments, occurred when
more than 90 millimetres (3.5 inches) of rain fell in just four hours. A national
disaster was declared. This extreme disaster has been a catalyst for attempts to
advance our understanding of flash flood events and how to appropriately re-
spond to their destructive nature. One-hundred and twenty people were
killed, around 350 others were reported missing and approximately four bil-
lion Saudi riyals (one billion US dollars) of damage was caused. Considered to
be one of the great of Saudi’s cities, Jeddah is the economic capital of the
country. It is the largest coastal town on the west coast, with a population of
about 5.1 million and an estimated area of 5460 square kilometres. Based on
its rapid urbanisation and population growth, a function of a multitude of pa-
rameters, a multi-criterion analysis using AHP and GIS was performed to
comprehensively evaluate the environmental quality of the different munici-
pal wards affected by Jeddah’s flash floods. This research presents an analysis
of the different factors that caused these flash flood events. The results indi-
cate that the causes of these floods are related to a number of factors that sig-
nificantly contribute to the worsening of flood disasters.
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1. Introduction

On November 25, 2009, a heavy rainstorm hit the city of Jeddah (see Figure 1 &
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Figure 2), the second largest city in the Kingdom of Saudi Arabia. It produced a
flash flood, in only a small period of time, causing at least 122 fatalities, more
than 1000 injuries and around 350 people to be reported missing. Unhelpfully,
the only available rainfall data were limited to the weather station at King Abdu-
laziz International airport, north of the city, while the most extreme precipita-
tion occurred over its southern part. Nevertheless, even though they do not re-
flect the true severity of the event these data were used to compare the simula-
tion results.

Jeddah is the economic capital of the country, with a population of about 5.1
million and covering an estimated area of 5460 square kilometres as shown in

Figure 1. It lies on approximately the middle part of the Red Sea shore of Saudi

Red Sea

39 39.1 392 39.3 39.4

Figure 1. Location of study area.
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Figure 2. Flooding event in Jeddah from November 2009.

Arabia, occupying a stretch of land 60 km long and 40 km wide. It is bound by
latitudes 21°15'00"N and 21°55'00"N, and longitudes 39°00'00”E and 39°30'00"E.
The great majority of the drainage systems in the area are directed towards the
west; at the extreme eastern part of the area, few systems are directed towards
the east, and those that are have been ignored in this study.

A city of the Kingdom of Saudi Arabia, Jeddah (our study area) is considered
the economic capital of the country. It is the largest seaport on the west coast,
with a population of about 5.1 million and covering an estimated area of 5460
square kilometers. It is an all-year round destination for many Saudi tourists be-
cause of its reputation as businesses and finance hub, as well as the availability of
merchandise and goods. Jeddah is the principal gateway to Makkah. Located 80
km to the east, Makkah is Islam’s holiest city, which Muslims are required to
visit at least once in their life to perform a pilgrimage. Jeddah is classified cli-
matically, according to the World Map of the Képpen-Geiger climate classifica-
tion [1], as a semi-arid region. Such climates tend to be hot, sometimes ex-

tremely hot, during summer and mild to warm during winter.
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Most of Jeddah’s annual rainfall typically arrives in the form of a few intense
thunderstorm events of relatively short duration during the wet season. Annual
precipitation is reported to be around 52.5 mm/year; a maximum rainfall of 284
mm occurred in 1996. Subyani (2009) has indicated that in addition to seasonal
variation, rainfall and temperature vary in response to changes in physiography
across Jeddah and the surrounding region as shown in Figure 2.

The climate of the Jeddah Governate is a hot, arid, desert type, with scarce
rainfalls in the spring season. According to ten years of records, held by the
Ministry of Defence and Aviation [2] covering the period between 1990 and
1999, the temperature reaches a maximum of 49°C during the period between
March and August, and a minimum of 17.3°C in the period between January
and February. Relative humidity ranges between a maximum of 100% in the pe-
riod between August to November, and a minimum of 5% during January and
March. The precipitation rate is about 55 mm/year. Subyani [3] reported that
rainfall values are generally low in the narrow coastal plain region, increasing
with increasing elevation in the foothills and mountain regions. Similarly, tem-
perature generally follows an inverse relation with elevations, with higher tem-
peratures in the coastal plain region decreasing with increasing elevation in the
foothills and mountain regions. The Jeddah area is characterised by a number of
wadis that run into the shallow coastal waters and which carry sufficient sand
and mud to deposit large inshore aprons of soft sediments. These drainage sys-
tems have dissect the Jeddah area and are characterised by high gradients [4].

Natural disasters are considered the main cause of irrevocable damage world-
wide [5]. Saudi Arabia experiences flood events annually in different areas [6].
Many researchers have observed a relationship between land use changes and
flood hazard using GIS-based analysis, such as Chang [7], while others have ap-
plied RS and GIS in different types of hydrological studies [8] [9] [10] [11].

A number of studies have been conducted analysing the severe storm that oc-
curred in Jeddah on November 25, 2009 [12] [13]. The heavy rainfall caused by
this severe storm event resulted in large economic losses and loss of life. If such
phenomena can be better understood, then future events might be better pre-
dicted.

Conversely, some researchers have studied flood risk and flood damage esti-
mates using partial multi-criterion analysis, geographic information systems
(GIS) and mathematical models [14] [15] [16] [17], presenting information on
flood risk in diverse spatial locations in order to develop effective flood preven-
tion strategies and damage estimates for crisis situations. Industrial engineering
applications of the Analytic Hierarchy Process (AHP) include its use in inte-
grated manufacturing [18], the evaluation of technology investment decisions

[19], layout design [20] and other engineering problems [21].

2. Analytic Hierarchy Process (AHP)

Analytic Hierarchy Process [22] [23] is a multi-criterion, decision-making me-
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thod. It is a very flexible and powerful tool because its scores, and therefore its
final ranking, are obtained on the basis of pairwise relative evaluations of both
the criteria and the options provided by the user. In short, it is a method for de-
riving ratio scales from paired comparisons. The input can be obtained from ac-
tual measurements, such as price, weight etc., or from subjective opinion such as
feelings of satisfaction and preference. Because humans are not always consis-
tent, AHP allows for some inconsistency in judgment. The ratio scales are de-
rived from the principal Eigen vectors, the consistency index from the principal
Eigen value.

The nominal scale is applied to paired comparisons among factors so that
uncountable human feelings and preference can be quantified, and the paired
comparison matrix is established for the eigenvector for the priority. It presents
the characteristics of structure, complex scale, rational paired comparison and
integrated opinions of different decision-makers with weighted average value.

The AHP considers a set of evaluation criteria and a set of alternative options
from which the best decision is to be made. It is important to note that, since
some of the criteria might be conflicting, it is generally not true that the best op-
tion is the one that optimises each single criterion, but rather it is the one that
achieves the most suitable trade-off among the different criteria.

The AHP generates a weighting for each evaluation criterion according to the
decision-maker’s pairwise comparisons of the criteria. The higher the weighting,
the more important the corresponding criterion. Next, for a fixed criterion the
AHP assigns a score to each option, according to the decision-maker’s pairwise
comparisons of the options based on that criterion. The higher the score, the
better the performance of the option with respect to the criterion considered.
Finally, the AHP combines the criteria weightings and the options scores, thus
determining a global score and a consequent ranking for each option. The global
score for a given option is the weighted sum of the scores obtained with respect
to all the criteria.

The AHP is a very flexible and powerful tool because the scores, and therefore
the final ranking, are obtained on the basis of pairwise relative evaluations of
both the criteria and the options provided by the user. The computations made
by the AHP are always guided by the decision-maker’s experience, and thus the
AHP can be considered a tool that is able to translate evaluations (both qualita-
tive and quantitative) made by the decision-maker into a multi-criterion rank-
ing. In the AHP every single evaluation is very simple since it only requires the
decision-maker to express how two options or criteria compare with each other,
the load of the evaluation task may become unreasonable. In fact, the number of
pairwise comparisons grows quadratically with the number of criteria and op-
tions.

The AHP can be implemented in three simple consecutive steps: 1) weight of
the criteria vector, 2) matrix of option scores, 3) ranking of options.

Each step is described in detail in the following section. It is assumed that m
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evaluation criteria will be considered and n options evaluated. A useful tech-
nique for checking the reliability of the results will also be introduced.

To calculate the weights for the different criteria, the AHP starts by creating a
pairwise comparison matrix B (mxm), where m is the number of evaluation cri-
teria considered. Each element b, of the matrix Brepresents 1, the importance of
the jth criterion relative to the kth criterion. If b, > 1, then the jth criterion is
more important than the ith criterion, whereas if b, < 1, then the jth criterion is

less important than the 4th criterion.

1 ifj and k are equally important

3 if; is slightly more important than k&
b, =45 ifj is more important than k

7 ifj is strongly more important than &

9 ifj is absolutely more important than k&

If two criteria have the same importance, then the entry b, is 1. The entries by
and by, satisty the following constraint: b *b,, =1

Then, we formalise the normalised pairwise comparison matrix B, .’ where

norm

the elements of the matrix are as follows;

F =

y m
Z I=1 b/j

And the criteria weight vector wis calculated as:

b

m

w. =

1

In the matrix of option scores, the matrix of option scores is 1 X m real matrix
Q. Each entry g, of Q represents the score of the /" option with respect to the /"

criterion. Finally, the score matrix Qis obtained, as follows:
0=[¢"..4"]

ie. the /" column of Q corresponds to ¢
In the ranking of options, once the weight vector w and the score matrix Q
have been computed, the AHP obtains a vector v of global scores by multiplying

Qand w; ie
v=0-w
The /" entry v, of v represents the global score assigned by the AHP to the /"

option. As the final step, the option ranking is accomplished by ordering the
global scores in decreasing order.

2.1. Flood Risk General Procedure

Figure 3 summarises the methodology used. Following selection of the study
area, spatial data such as land use/land cover map and discharge time series

measured at hydrometric stations, were collected. Data from the disaster area in
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Jeddah included images, excel sheets, and so on. We then used GIS systems to
convert the images to data based on the requirements of the APH method. As
shown in Figure 4, these risk area data were then assigned by experts to the fol-
lowing categories: very high, high, moderate, low, very low. The APH analysis
integrates the spatial data in order to describe the causal factors of the pheno-
menon under investigation. Based on expert opinion and the data available, the
danger areas were initially generated by numerically overlaying soil, drainage

network, and slope and rainfall layers.

Conversing Flood Images

Detect Criteria Data Collection :> to Data using GIS
Flood Risk <& APH Methods

Figure 3. Methodology of the proposed system.
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Figure 4. General procedure undertaken to develop flood risk map in GIS for the study
area.
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In a second phase, each criterion was sorted according to the decision-maker’s
preference. Each factor was weighted according to its estimated significance for
causing flooding. Inverse ranking was applied to these factors, with a factor of
rank one being the least important and one of rank eight the most important. In
the third phase the pairwise comparison method, developed by Saaty [23], was

used to determine the weight of each criterion.

3. Results and Discussion

The dataset contains the volume of rainfall from 1971 into 2012 for Jeddah City.
As shown in Table 1 and Figure 5, the highest volume of rainfall occurred in
1991 and was around three times that recorded in the disaster year, 2009.

The reasons for the flood were that more than 70 millimetres (2.76 inches) of
rain fell in Jeddah in just four hours on Wednesday, 25 November. This was two
days before the Eid al-Adha anniversary, at a time when no-one expected such a
large volume of rainfall to occur. The rainfall hit the poorer areas to the south of
Jeddah, as was well as the area around King Abdulaziz University—thankfully,
the university was closed for the holiday period, thus avoiding even higher
numbers of victims.

Various factors can cause flash floods, including natural factors such as heavy
monsoon rainfall, intense convection rainstorms and poor drainage, coupled

with geomorphological, geological and anthropogenic factors.

3.1. Hierarchic Structure of Risk Analysis

Figure 6 shows preliminary factor structure for the compound potential hazard

Table 1. Data set of the rainfall in jeddah area rainfall.

Rainfall
Year Average Year Average Year Average
1971 45.50 1985 59.37 1999 38.43
1972 52.75 1986 17.11 2000 56.53
1973 20.26 1987 38.80 2001 50.57
1974 34.62 1988 56.10 2002 54.50
1975 70.17 1989 63.60 2003 46.21
1976 21.37 1990 20.82 2004 18.13
1977 47.57 1991 76.03 2005 30.61
1978 63.88 1992 146.35 2006 19.43
1979 93.32 1993 40.98 2007 20.00
1980 23.77 1994 29.47 2008 37.71
1981 22.16 1995 90.71 2009 50.59
1982 38.65 1996 92.44 2010 40.95
1983 2.93 1997 81.23 2011 110.50
1984 37.58 1998 38.80 2012 14.00
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Figure 6. Hierarchic structure of risk analysis.

analysis, with classified levels from between 0 into 10 based on expert advice.
Relevant flood potential factors, such as slope percent, distance from the Red
Sea, altitude and land use/land cover and, were selected. All these factors were
converted into a raster grid with 30 by 30 m cells according to the AHP method.

The rapid expansion of Jeddah city has caused a significant alteration of wa-
dies that run through the city towards the red sea. The current situation of Jed-
dah wadies made this research focus on presenting the impact of the slope, dis-
tance from the sea, altitude, and land use on flood potential.

The HEC-RAS model was used to simulate flood depth and extend areas for
peak discharges of 1510 mm (50-year return period) and 1670 mm (100-year
return period). Table 2 show the matrix of the relative importance of evaluated
items in the risk analysis.

Figure 7 shows the weights for all nodes of the hierarchy. As can be seen, land
use zoning has the most significant weight (40%), slope the least (8%).

After computing the weights for the all nodes of the hierarchy, we find the
followings results.
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Table 2. Pair-wise comparison matrix and normalized weights for parameters.

Parameters
Parameters Weight
Slop Flood Potential Altitude Land use/land Cover

Slop 1 0.23 0.12 0.43 0.080137

Distance from red see 1 0.2 0.32 0.144695

Altitude 1 0.35 0.365288

Land use/land Cover 1 0.40988

weight
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
Slop Flood Potential Altitude Land use/land

Cover

Figure 7. Weights after computing analytic hierarchy process.

3.1.1. Slope Class

Youssef et al. [24] considers slope percentage to be a surface indicator of flood
susceptibility. Slope plays a significant part in determining surface runoff veloc-
ity and vertical percolation, thus affecting flood exposure. Table 3 shows the as-
signed and normalized ranks for Slope class and Figure 8 shows the slope map
for Jeddah, produced using ArcGIS 10.5.

Climatic factors combined with the erosion activity watercourses and
groundwater are significant causes of slope deformations. In 2009 as a result of
exceptionally heavy rainfall, the flood situation increased the number of slope
deformations on some areas of Jeddah which made it necessary to have to calcu-
late slope stability. Zhang et al [25] presented in what way site-specific informa-
tion on survival of loads a dyke was subjected to can be used for reliability up-
dating with slope stability. A proposed methodology to investigate the effect of
land-use/land-cover change on a slope and its stability by [26]. The objectives of
this method are: 1) to identify the controlling factors of different types of slope

movement, 2) to investigate to what extent the inclusion of spatially distributed
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Table 3. Assigned and normalized ranks for slope class.

Parameters Class (%) Assigned rank (R) Normalized rank (NR)
0-10 5 0.33
10-20 4 0.27
Slope 20-30 3 0.20
30 -50 2 0.13
>50 1 0.07
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Figure 8. Slope class based on ArcGIS 10.5.

land-use data in a physically based slope stability model improves the prediction

of slope movement patterns, and 3) to investigate the effect of past and future

land-use change on slope movement susceptibility.

3.1.2. Distance from the Red Sea

Flood areas are at greater risk when they are close to a sea or river. Such areas

are generally considered to have flood potential and must therefore be consi-
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dered in future risk management policies. Table 4 shows the assigned and nor-
malized ranks for Distance from the red see class. The map in Figure 9 was
produced using the buffer tool in ArcGIS 10.5 software, revealing five buffer
categories. The distance intervals used were: 0 - 20; 20 - 80; 80 - 140 and >140
km.

3.1.3. Altitudes Class
In accordance with Stieglitz et al [27], we included altitude in our calculations

because it has a significant impact on the spread of flooding in the study area.

Table 4. Assigned and normalized ranks for distance from the red see class.

Parameters Class Assigned rank (R) Normalized rank (NR)
0-20 km 5 0.357143
20 - 80 km 4 0.285714
Distance from the red see
80 - 140 km 3 0.214286
>140 km 2 0.142857
39'19'0"E 39'2q'0"E 39'30:0"E
_Z Huda s
g =5 =
.g- Al e -g
i <
e =
dal K hvd e N
Al Jam.m H:}\)h
eonxl ~a
= <
=
=z Mecea
o = asa z
8 ] o
- 0.
N -
N
pRpres
A=
z 3 Zz
5 : g
o [t} Lo
b o Ll Google Iy
0 sl . .
39°10'0"E 39°20'0"E 39°30'0"E
Distance from the sea N
0-20 km — A
E >
20-50 km 0 5 10 20
80-140 km —» e
>140 km ——»

Figure 9. Distance from the sea class based on ArcGIS 10.5.
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Table 5 shows the assigned and normalized ranks for Altitudes class. Stieglitz
[27] considered altitude a very important factor in the control of both the over-
flow direction movement and the depth of the flood.

The altitude map of the Jeddah area was produced from ASTER DEM images
of the area using ArcGIS 10.5 software, as shown in Figure 10. It was grouped
into five classes, as follows: 0 - 100; 100 - 200; 200 - 1000; 1000 - 2000 and >1000

- 2000, representing classes 1 to 5 respectively.

3.1.4. Land Use/Land Cover
Norman et al. [28] considered land use/land cover to be vital in classifying those

Table 5. Assigned and normalized ranks for altitudes class.

Parameters Class Assigned rank (R) Normalized rank (NR)
0-100 m 6 0.4
100 - 200 m 5 0.333333
Altitudes 200 - 1000 m 3 0.2
1000 - 2000 m 2 0.133333
>2000 m 1 0.066667
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Figure 10. Altitudes class based on ArcGIS 10.5.
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zones shown to have high exposure to flooding. Figure 11 shows the Jeddah
map with three land use classes: residential areas, bare land and rock zone. Bare
land areas have low potential for flooding due to the negative relationship be-
tween flooding and bare land. Conversely, residential areas and rock zones have
potential flood risk with a normalized rank of 0.5454 and 0.2727 respectively.

Table 6 shows the assigned and normalized ranks for Land use/land cover class.

4. Conclusion

This paper presents an analysis of GIS images of the disaster that occurred in
Jeddah in 2009. Based on rapid urbanisation and population growth, which is a

function of multiple parameters, a multi-criterion analysis was performed using
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Figure 11. Land use/land cover class based on ArcGIS 10.5.
Table 6. Assigned and normalized ranks for land use/land cover class.
Parameters Class Assigned rank (R) Normalized rank (NR)
Residential 6 0.545455
Land use/land cover Rocks 3 0.272727
Bare-Lands 2 0.181818
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AHP and GIS in order to produce a comprehensive evaluation of the environ-
mental quality of different municipal flood wards. This research presents an
analysis of the different factors that caused these flash flood events. Several types
of disasters were categorised using questionnaires and the data sent to experts
along with a survey to formulate a weight analysis. To complete the analysis, the
experts selected four factors of flood potential; slope percent, distance from the
Red Sea, altitude and land use/land cover. Four maps of the Jeddah area were
produced from ASTER DEM images of the area using ArcGIS 10.5 software. For
example, the map classified land use/land cover class into three subclasses: resi-
dential, rock and bare land zones, with a potential flood risk of normalized rank
55%, 27% and 18% respectively. Such results could prove useful for those work-
ing in disaster prevention. The results indicate that the causes of these floods are
related to a number of factors that contribute greatly to the worsening of flood

disasters.
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