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Abstract

Floods often take place around rivers and plains, which indicates a higher risk of flooding in these areas. This paper adopts fuzzy
comprehensive assessment (FCA), simple fuzzy classification (SFC), and the fuzzy similarity method (FSM) to assess flood disaster risk
in Kelantan, Malaysia. Validation data, such as the flooded area, paddy area, urban area, residential area, and refuges, were overlaid to
validate and analyze the accuracy of flood disaster risk. The results show that (1) 70-75% of flooded areas lie within the higher and high-
est risk zones, which shows an effective assessment accuracy; (2) paddy, built-up, and residential areas concentrated in the higher and
highest risk zones are more likely to be destroyed by flood disasters; (3) 200-225 refuges in the higher and highest risk zones account
for around 50% of all refuges, which means that more refuges should be built in the higher and highest risk zones to meet the accom-
modation requirement; (4) three methods proved to be feasible and effective in evaluating flood disaster risk, among which FCA is more
suitable for the study area than the two other methods.
© 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

Flood disasters are among the world’s most frequent
and damaging types of disaster [1]. Flood hazard, risk,
and disasters are the products of an interaction between
environmental and social processes [2]. Risk is defined as
the expected losses (of lives, persons injured, property dam-
aged, and economic activity disrupted) due to a particular
hazard for a given area and reference period. Based on
mathematical calculations, risk is the product of hazard
and vulnerability [3,4]. The assessment of flood disaster
risk is a synthetic evaluation and analysis of several factors.
These factors are the stability of the disaster-breeding set-
ting, the risk of the disaster-inducing environment, and
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the vulnerability of the hazards-bearing body [5-7]. Flood
risk assessment has widely been used in flood insurance,
floodplains management, flood disaster evacuation, disas-
ter warning, disaster evaluation, flood influence evaluation,
and improving the public’s flood risk awareness. It is also
an important scientific basis for flood disaster risk manage-
ment and decision-making. Floods often take place around
rivers and plains, which indicates a higher risk in these
areas. Flood disaster risk is essentially a three-dimensional
concept related to non-profitability, uncertainty, and com-
plexity. The geographic, remote sensing, and statistical
information used to present these hazard factors have mul-
tiplicity, complexity, uncertainty, inaccuracy, and diversity
of assessment methods, which make risk assessment and
validation of flood disasters a worldwide problem in the
field of natural science and technology [8,9]. Given the dif-
ferences in flood disaster risk assessment indexes, applica-
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tion theories, and application levels, numerous risk assess-
ment methods have been developed. Common methods
include the mathematical statistic analysis method [10-
12], the uncertainty method [9,13], the decision-making
analysis method [14-16], and the system dynamic method
[17]. The fuzzy mathematical method, a type of uncertainty
method, has an advantage in the complex uncertainty
problem-solving and analysis used in flood disaster risk
assessment. Many scholars use the fuzzy mathematical
method to study flood disaster forecasting and risk assess-
ment [9,18,19].

The contents, methods, and techniques of flood disaster
evaluation have been studied all over the world, but few
studies on the validation and analysis of flood disasters
with multi-data have found ideal assessment methods. This
is because there are fewer studies on coastal flood disaster
risk. In response to this apparent lack of research, this
paper adopts fuzzy comprehensive assessment (FCA), sim-
ple fuzzy classification (SFC), and the fuzzy similarity
method (FSM) to assess flood disaster risk to coastal zones
by overlaying validation data such as the flooded area,
paddy area, urban area, residential area, and refuges. In
addition, this study aims to validate and analyze the accu-
racy of flood disaster risk, and to find an optimal method
of coastal flood disaster risk assessment.

2. Study area and data
2.1. Study area

Seven counties of Malaysia: Kota Bharu, Tumpat,
Bachok, Pasir Mas, Pasir Puteh, Tanah Merah, and
Machang were selected as the study area. The study area,
situated in the northeast of the Kelantan Delta in Malaysia
(bordering Thailand in the northwest and next to the South
China Sea in the northeast), is the main flood disaster area
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(Fig. 1). Due to the influence of strong northeast mon-
soons, flood disasters happen regularly from October to
the following January. The area, threatened by flooding,
is about 50% of the whole study area. The population
threatened by flooding is about 60% of all the population
in the study area. Flooding also results in huge economic
losses every year [20]. In the year 2000, within the study
area of 3240 km?, the population was about 1,080,000.
The gross domestic product (GDP) output was about
8,935,000 USD. Geographically, the area is high in the
south and low in the north. Cocoa, palm oil, hevea rubber,
and paddy rice are the main crops in the study area.

2.2. Study data

2.2.1. Assessment data

Flood disaster risk is determined by three ingredients
comprising the stability of the disaster-breeding setting,
the risk of the disaster-inducing environment, and the vul-
nerability of the hazards-bearing body [5-7]. According to
the actual situation in Malaysia, three-day maximum rain-
fall data and rainstorm times were selected as the assess-
ment indexes of the disaster-breeding factor. Elevation
standard deviation (reciprocal is taken), drainage density,
and vegetation coverage (reciprocal is taken) were selected
as assessment indexes of the disaster-inducing factor. The
total population in the unit area, the population of the
young and the old in the unit area, the GDP output in
the unit area, the number of motorbikes owned per house-
hold (the reciprocal is taken), televisions owned per house-
hold (the reciprocal is taken), and the proportion of paddy
area were selected as assessment indexes of vulnerability
[9,14-16]. Through standardized processing, 11 data layers
were converted into grid data with a cell size of
100 x 100 m in the float data type (Fig. 2). There was a
positive correlation between the numerical values of the
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Fig. 1. Location of study area.
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Fig. 2. Flood risk assessment dataset.

index data layers and the risk of flood disaster. This means
that a higher value of index data coincides with higher
flood disaster risk.

2.2.2. Validation data

Because there is no risk map or division standard for
flood disaster in Malaysia, the flooded area, land use data
(including the paddy and urban area), residential area, and
refuges are selected as validation data in this paper (Fig. 3).
Flooded area data were extracted from RADARSAT
images with a resolution of 15m for the years 1998,
2003, and 2004. Land use data were extracted from
LANDSAT images with a resolution of 15 m for the year
2000 through the object-oriented classification method.
Residential area data were acquired from SPOT images
with a resolution of 2.5 m for the year 2004 through visual
interpretation. According to the refuge data, there were 424
disaster shelters in the study area, which accommodate
94,685 people. This covers 70% of the population.

3. Methodology

This study adopts fuzzy synthetic evaluation (FSE) to
assess flood disaster risk. FSE divides data into several cat-
egories according to predetermined quality criteria. This
eliminates the possible fuzziness. FSE then synthesizes
and evaluates several individual components of a process
as a whole [21].

The flood disaster risk is divided into five classes: lowest
risk zone, lower risk zone, medium risk zone, higher risk
zone, and highest risk zone. Grade interval values can be
obtained through the statistics of standard deviation and
the average value in each raster layer. The minimum value
of the standard deviation difference and average is regarded
as the grade interval value (A) of the raster data fuzzy sub-
set [9,14]. Each thematic raster data is graded equally

according to the same interval value; thus, each has 5 inter-
val points: Dy, D,, D3, D4, and Ds (Table 1).

Through the piecewise linear function (descending semi-
trapezoid, ascending semi-trapezoid, and triangle) in fuzzy
mathematics (Fig. 4), the membership function of each
grade can be determined and the assessment indexes can
be processed by the fuzzy subset classification method. u;
is the membership level of index i and grade j,

Flooded area

Paddy and urban area

Residential area

Refuge points

Fig. 3. Flood risk validation dataset.
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Table 1
The interval value of every factor.
Index type A D] D2 D3 D4 D5
Maximum 3-day precipitation (mm) 60 130 190 250 310 370
Times of the rainstorm (times/year) 21 20 41 61 81 101
Vegetation coverage (the reciprocal is taken) 0.14 1.23 1.37 1.51 1.65 1.79
Drainage density (m/m?) 0.0012 0.0006 0.0018 0.0030 0.0042 0.0054
Elevation standard deviation (the reciprocal is taken) (m) 0.028 0.014 0.042 0.07 0.098 0.126
Population in the unit area (population/10° m?) 2.75 1.38 4.13 6.88 9.63 12.38
Old/young population in the unit area (population/10° m?) 1.09 0.054 1.144 2.234 3.324 4.414
Motorbikes owned per household (the reciprocal is taken) 0.03 0.07 0.10 0.13 0.17 0.20
Televisions owned per household (the reciprocal is taken) 0.22 0.51 0.73 0.95 1.17 1.39
Proportion of the paddy area (%) 23 11 33 56 79 100
Gross domestic product (USD) 2316 1158 3474 5790 8106 10422
u,
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Fig. 4. Fuzzy set of membership functions.

i=12,...,11;j=1,2.3,4,5. g, represents the raster data of
index i. In Fig. 4, g; has two membership levels: u;, and u;3.

The value of the fuzzy membership function of each fac-
tor related to the five assessment levels can be calculated by
a set of formulas as follows (Egs. (1)—(5)):

1 0 S X S D1

ui(g;) = ,?j:f;; Dy <x <D, (1)
0 X Z D2
0 g,—SDlOVg,-ZD3
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u12<g1) 1 gi :D2 ( )
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A ) bip; 3< g&; 4

ul4(gi) - 1 gi — D4 (4)
55%;;4 Dy < g; < Ds
0 g <Dy
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The evaluation matrix, R, is generated by the membership
values and corresponding flood disaster risk parameters.

ry=u(g),i=1,2,---,11,j=1,2,.-- 5.

As the risk assessment of flood disaster is a complicated
problem with multi-levels, this paper applies raster data
layers as a risk index of flood disaster, and thus establishes
a hierarchical system of flood disaster risk assessment in-
dexes based on the analytic hierarchy process (AHP). Also
the weights of the 11 factors are reasonably determined
which separately are 0.3598, 0.1798, 0.0485, 0.1603,
0.0882, 0.0429, 0.0214, 0.0643, 0.0150, 0.0075, and 0.0123.

Once the weights, membership functions, and the single-
factor matrix R are determined, three different fuzzy syn-
thetic assessment methods (fuzzy comprehensive assess-
ment, simple fuzzy classification, and the fuzzy similarity
method) are selected [22-24]. After comparison and valida-
tion of the three methods, a proper fuzzy integrated risk
assessment of flood disaster can be retrieved.

In fuzzy comprehensive assessment (FCA), the fuzzy
weight vector W is multiplied by the fuzzy relation matrix
to get the resulting vector B;.

it roo o Fiy
o o 21 T vt Ty
Bj: WXRZ[WI,WQ,--',W,] X

riv iz Ty

(7)

In simple fuzzy classification (SFC), the resulting vector B;
can be calculated by weight w; and r;.

i 2
> 1 (wi X 1)
i~ 2
2212y (wi X ry)
In the fuzzy similarity method (FSM), matrix R is trans-
formed to matrix R’ through standard deviation transfor-

mation, and then the resulting vector B; can be achieved
through the max—min method.
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4. Results analysis
4.1. Results evaluation

Three integrated flood disaster risk maps were obtained
through FCA, SFC, and FSM (Figs. 5-7). Each map
includes five zones: lowest risk, lower risk, medium risk,
higher risk, and highest risk. The spatial distribution of
the integrated risk of flood disaster decreases from north-
east to southwest. The region of the highest and higher risk
zones lie in the middle and northern parts of Kota Bharu
County, part of Tumpat County, the eastern and northern
parts of Bachok County, the northern part of Pasir Mas
County, and the middle and southwest parts of Pasir Puteh
County. The higher and highest risk zones are located in
the coastal areas or areas along rivers. These areas are
characterized by plains, with a high density of agriculture,
economic activity, and population. The lowest and lower
risk zones are in the central and southwest of the study
area. These areas have high mountains and less population.

From Table 2, the bias among the three methods is rel-
atively small, with a maximum bias of 3.52%. In contrast,

[ I.owest risk zone
I |.ower risk zone
B Medium risk zone
[T Higher risk zone
0 6 lzkm I Highest risk zone

Fig. 5. Integrated risk maps of flood disaster based on FCA.
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Fig. 6. Integrated risk maps of flood disaster based on SFC.

however, the highest and higher risk zones of FCA are
greater in area than that of SFC and FSM. Contrarily,
the areas of the lower and lowest risk zones of FCA are
smaller than that of SFC and FSM. In the distribution pat-
tern of risk zones based on the FCA method, the highest
risk zone accounts for 6.91%, the higher risk zone
26.69%, the medium risk zone 33.95%, the lower risk zone
26.71%, and the lowest risk zone 6.24%. The variation of
percentage among risk zones is inconspicuous in the three
risk maps (Table 2).

B Lowest risk zone
B 1ower risk zone
I Medium risk zone
0 6 12 [T Higher risk zone
m———— km Ml Highest risk zone

Fig. 7. Integrated risk maps of flood disaster based on FSM.
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Table 2

Percentage of risk zones using three methods.

Method Highest Higher Medium Lower Lowest
risk zone risk zone  risk zone risk zone  risk zone

FCA 6.91 26.69 33.95 26.21 6.24

SFC 5.66 25.46 34.60 27.46 6.82

FSM 4.55 25.65 32.84 29.73 7.23

4.2. Risk validation

Validation is to judge the risk assessment accuracy of
flood disasters by using other data to validate the reliability
of the higher risk and highest risk zones. It is generally
acknowledged that (i) the flooded area lies within the
higher and highest risk zones; (ii) there should be more ref-
uges in the higher and highest risk zones; (iii) in the higher
and highest risk zones, paddy, built-up, and residential
areas are densely located. These data are overlaid with inte-
grated risk maps of flood disaster. The percentage of vali-
dation data is calculated in the higher and highest risk
zones. Based on the results, the integrated risk assessment
accuracy of flood disasters can be validated, and the opti-
mum method can be determined.

In Table 3, results of the three assessments are pretty
similar: the difference between risk levels of flooded areas
1s = <4.54%; the difference between risk levels of the
paddy, built-up, and residential areas is = <3.84%; the dif-
ference between risk levels of refuges is less than 17.
According to the validation results of flood disasters, 70—
75% of flooded areas belong to the higher risk and highest
risk zones. This shows high assessment accuracy. Accord-
ing to other validation results, 58-61% of paddy areas,
64-67% of built-up areas, and 52-56% of residential areas
belong to the higher and highest risk zones. This shows
that paddy, built-up, and residential areas are concentrated
in the higher and highest risk zones and are more likely to
be destroyed by flood disasters. There are 200-225 refuges,
accounting for about 50%, located in the higher and high-
est risk zones. These refuges can only accommodate about
60,000 people. This means that more refuges should be
built within the area to meet the accommodation require-
ments. Because validation results are similar and there is
little bias between different methods, the three methods
are feasible and effective to evaluate flood disaster risk.
According to the amount of risk level of flooded areas,
the precision of FCA is higher than the other two methods;

Table 3

Validation results of the three assessments.

Assessment  Flooded Paddy Urban Residential ~ Refuges
area (%) area (%) area (%) area (%) (No.)

FCA 75.43 60.14 67.10 55.87 224

SFC 72.15 61.06 65.64 53.50 212

FSM 70.89 58.96 64.12 52.03 207

therefore, FCA is more suitable for the study area than the
two other methods.

5. Conclusion

The Kelantan delta is a fertile coastal plain, but it faces
strong northeast monsoons; as a result, flood disasters
occur regularly in the coastal delta resulting in higher flood
hazard and flood risk than other coastal zones of Malaysia.

Either flood disaster risk itself or risk level classification
has fuzziness and uncertainty. Thus fuzzy mathematics can
effectively be applied to analyze uncertainty problems.
Fuzzy mathematics, one of the widely used methods in
multi-index synthetic evaluation, has widely been applied
in natural disaster studies.

Risk assessment and validation of flood disasters are dif-
ficult problems in the natural disaster field. Due to the lack
of risk maps and division standards of flood disasters in
Malaysia, this study uses data of flooded areas, paddy area,
urban area, residential area, and refuges as validated data.
This paper validates and compares the results of three
assessment methods: FCA, SFC, and FSM, to find an opti-
mal assessment according to the proportion of validation
data in the higher and highest risk zones. From the valida-
tion results of the flooded areas, 70-75% of flooded areas
belong to the higher and highest risk zones. This shows
high validation accuracy. Paddy, built-up, and, residential
areas concentrated in the higher and highest risk zones
are more likely to be destroyed by flood disasters. The
establishment of refuges is not proper because refuges in
the higher and highest risk zones only account for 50%
of all refuges and can only accommodate 60,000 people.
Because the refuges cannot meet the requirements of the
rescue, more refuges should be made.
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