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In 2011, floods were reported to be the third most common
disaster, after earthquake and tsunami, with 5202 deaths and
adducing millions of people (CRED, 2012). River, coastal
and flash floods can claim human lives, destroy properties,
damage economies, make fertile land unusable and damage
the environment. The development of techniques, measures
and assessment methodologies to increase understanding of
flood risk or vulnerability can assist decision makers greatly
in reducing damage and fatalities. Different methods to assess risk and vulnerability of areas to flooding have been developed over the last few decades.
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Introduction

Climate
However, the term “risk” in relation
to flood hazards was
introduced by Knight (1921) and is used in different contexts
of the Past
and topics showing how adaptive any definition can be (Sayers et al., 2011). Smith (2004) considered risk as the product
of two components, i.e., probability and consequence. This
concept of flood risk is strictly related to the probability that
Earth
System
a high flow event of a given
magnitude
occurs, which results in consequences which span
environmental,
Dynamics economic
and social losses caused by that event. This deterministic approach uses physically based modelling methods to estimate
flood hazard/probability of a particular event, coupled with
damage assessment modelsGeoscientific
which estimate economic consequences to provide anInstrumentation
assessment of flood risk in an area
(Balica et al., 2013).
Methods and
On the other hand, after many discussions and disputes, the
Data Systems
term “vulnerability” can be commonly understood that vulnerability is the degree to which a system is susceptible to,
or unable to cope with the adverse effects of environmental
changes (IPCC, 2001). InGeoscientific
relation to hazards and disasters,
vulnerability is a concept that links the relationship that peoModel Development
ple have with their environment to social forces and institutions, as well as the cultural values that sustain and contest
them. The concept of vulnerability expresses the multidimensionality of disasters byHydrology
focusing attention
on the totality of
and
relationships in a given social situation. These relationships,
Earth
together with environmental
forces,System
are capable of producing
a disaster prevention plan (Frerks
et al., 2004). Vulnerability
Sciences
also refers to the extent to which changes could harm a system, or to which a community can be affected by the impact
of a hazard. Therefore, this parametric approach aims to use
readily available data of information to build a picture of the
Ocean Science
vulnerability of an area (Balica et al., 2013).
Open Access
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Abstract. This study aims to develop a new procedure that
combines multi-criteria spatial vulnerability analysis with
the traditional linear probabilistic risk approach. This approach is named integrated fuzzy flood vulnerability assessment because it combines the watershed-based vulnerability framework with stream-based risk analysis. The Delphi
technique and pressure-state-impact-response framework are
introduced to objectively select evaluation criteria, and the
fuzzy TOPSIS technique is proposed to address the uncertainty of weights to all criteria and crisp input data of all
spatial units. ArcGIS is used to represent the spatial results
to all criteria. This framework is applied to the south Han
River basin in South Korea. As a result, the flood vulnerability ranking was derived and vulnerability characteristics of
all spatial units were compared. This framework can be used
to conduct a prefeasibility study for flood mitigation projects
when various stakeholders should be included.
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Fig. 1. Procedure of this study.

Although each of these approaches has advantages and
disadvantages for decision makers, this study uses the parametric vulnerability, which has been increasingly accepted,
since it is coupled with the climate change approach to disaster in recent years.
Parametric vulnerability research generally consists of various sub-topics such as indicator selection, weight determination and assessment methodology (Moel et al. 2009; RPA,
2004; Akter and Simonovic, 2005; Thinh and Vogel, 2006;
Meyer et al., 2009; Chung and Lee, 2009b; Chung et al.,
2011; Jun et al., 2011; 2012).
King (2001), Fekete (2009) and Kaplan et al. (2009) gathered vulnerability indicators or develop integrated vulnerability indices for different types of natural hazards, with
an emphasis on social vulnerability indicators. Furthermore,
Wang et al. (2009) evaluated hydrologic flood vulnerability
indicators including hazard factors, such as elevation, vegetation coverage, drainage networks, precipitation, passing
floods and flood control projects, as well as anthropogenic
factors, such as population, production, cropland and transportation, using a GIS tool. However, theses studies conducted simple weighted sum methods without reflecting any
traditional probabilistic flood risks inherent in river reaches.
For the above reasons, Meyer et al. (2009) and Scheuer et
al. (2011) used a different, wider concept of vulnerability that
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included both the spatial hazard vulnerability multi-criteria
analysis (MCA) and probabilistic inundated risk analysis.
In addition, Kienberger et al. (2009) presented a method to
model economic and social vulnerability using information
on the occurrence and distribution of hazards and data on the
spatial distribution of elements at risk exposed. However, although multi-criteria decision-making (MCDM) methods are
suitable for decision-making in flood vulnerability, MCA is
very difficult to be applied exactly since the data for flood
vulnerability closely related to social, economic and environmental circumstances have high uncertainty. Therefore,
the flood vulnerability assessment should consider lots of
uncertainties, such as the uncertainty of weights and proxy
variables’ crisp data. Thus, Simonovic and Nirupama (2005)
combined the MCDM method and fuzzy set theory to address
various uncertainties in water resources management.
In spite of the above continuing efforts, the fundamental weakness in parametric vulnerability assessment still exists when the weights on evaluation criteria are determined.
Therefore, this study develops a new procedure of the multicriteria spatial flood vulnerability analysis that combines
Delphi method with fuzzy MCDM technique. In this study,
the approach is named as the integrated fuzzy flood vulnerability assessment (IFFVA). The IFFVA technique was applied to the South Han River basin in Korea.

www.nat-hazards-earth-syst-sci.net/13/1293/2013/
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Methodology

2.1

Procedure

For IFFVA, this research included three following considerations:
1. The assessment reflected not only economic and hydrological criteria, but also anthropogenic considerations.
2. Multiple expert opinions were considered when selecting criteria and weights through Delphi. Uncertainty of
weights and proxy data were incorporated using fuzzy
concept.
3. The study basin was divided according to river sections
and their DEMs. All sectional hazards were quantified
individually. Flood risk assessment was applied using
the stream-based flood risk estimation technique.
For the above considerations, GIS applications, Delphi techniques and fuzzy TOPSIS method were used in this IFFVA.
IFFVA consists of three steps. In Step 1, criteria and their
weights are determined using Delphi technique. This step requires three step-by-step surveys for screening and consensus building. First, we carry out a survey after the Delphi
panel’s selection and writing of draft criteria. From these results, we select the evaluation criteria. Next, we enforce the
survey for estimation of weights. Step 2 is to collect data
for all criteria. Data were acquired from the office of public works. Collected data is composed of various quantitative
and qualitative scales. Thus, all values must be standardised.
GIS tools are used to create databases and to divide the assessment units. In Step 3, using the fuzzy TOPSIS, all combined sectional and areal flood risks are quantified. The procedure for this study was illustrated in Fig. 1.
2.2
2.2.1

Evaluation criteria development
PSIR framework

The driving force-pressure-state-impact-response (DPSIR)
framework was adopted by the European Environment
Agency (1995) to report the results of environmental monitoring from different environmental assessment tools, such
as environmental impact assessments. In the late 1990s,
an organisation of economic cooperation and development (OECD) developed and proposed the DPSIR framework for structuring and organising indicators. It was built on
the previous frameworks, the pressure-state-response (PSR)
(OECD, 1993) and the driver-state-response (DSR) (UN,
1996). The DPSIR framework provides a structure to the description of environmental problems by formalising the relationships between various sectors of human activity and
the environment as causal chains of links (Chung and Lee,
2009a). Under the DPSIR framework, the environmental
management process may be described as a feedback loop
www.nat-hazards-earth-syst-sci.net/13/1293/2013/
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that controls a five-stage cycle (Economic and Social Commission for Asia and the Pacific, 2004).
Recently, the DPSIR framework has become very popular
worldwide (Turner et al., 1996; Newton et al., 2003; WSM,
2004; Scheren et al., 2004; Odermatt, 2004, Karageorgis et
al., 2005; Pirrone et al., 2005; Holman et al., 2005; Agyemang et al., 2007; Giupponi et al., 2004, 2006; Chung and
Lee, 2009a; Benini et al., 2010; Chung et al., 2011; Yang
et al., 2012; Kagalou et al., 2012). According to Tscherning et al. (2012), The DPSIR framework including considerable potential and usefulness of application could provide
policy makers with meaningful explanations of cause and effect relationships. WSM (2004) developed strategies for integrated water resource management in water-deficient regions using the DPSIR framework. Giupponi et al. (2004)
developed MULINO-DSS, which is a computer tool for the
sustainable use of water resources at the catchment scale, using the DPSIR framework (Chung and Lee, 2009a). Chung
and Lee (2009a) developed the alternative evaluation index
to quantify the effectiveness of feasible water management
policies based on the DPSIR framework. Yang et al. (2012)
derived the prioritisation of water management options under climate change and urbanisation using the DPSIR framework. The DPSIR framework makes it possible to formalise
all policy-making and management processes by identifying
cause and effects links among complex elements of the chain
of human-environment interaction. It emphasises the interaction between society (human activities in the river basin) and
environment in integrated river basin management (Benini et
al., 2010; Kagalou et al., 2012)
The DPSIR framework is a five-stage cycle starting with
“driving forces” through “pressures” to “states” and “impact” and leading to “response”. The driving force refers
to the underlying causes of environmental pressures. Subcriteria could include, for example, annual monetary damage
from floods, typhoons and hail in Korea, the gross domestic product (GDP), and the annual number of wet days in
a year, among other criteria. The driving force which represents a large area (e.g., Korea as a whole) is used to establish changes that have occurred over time, such as in the
annual mean. Therefore, the sub-criteria for the driving force
are not closely related to flood vulnerability assessment to
small scale area and are quite difficult to quantify. Thus,
this study applied the pressure-state-impact-response (PSIR)
framework, which excludes the driving force of DPSIR.
– Pressure leads to environmental awareness of flood risk,
for example, predicted precipitation and protected resources (e.g., population and increased ratio of daily
maximum precipitation).
– These pressures, in turn, affect the state of the environment, which refers to various flood-related circumstances (e.g., peak flow, and river stage) and their
subsequent ability to support the demands placed on
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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Social criteria refers to all human society components related to flood damage, e.g., resident population, number of
households, roads, railways, communications networks, hospitals, schools, government offices, historical and social assets, natural environment and cultural heritage.
Economic criteria refer to all items related to the regional
economy, including the value of the land and buildings and
all added assets. The developable assets in the region and
the indirect economic impacts linking to other areas are also
included. Therefore, economic criteria would be related to
the prolonged effects on economic activities and the amount
of damage, recovery and prevention.
Natural phenomena and human activities encompass hydrologic criteria. Criteria include major flood-related meteorological phenomena, rainfall flood level, flood discharge and
inundation. Structural flood mitigation measures, drainage
pump stations, reservoirs and channel dredging are also included, as well as unstructured flood mitigation measures,
flood forecasts and flood warning.

Fig. 2. Procedure of this study.

them (for example, amount of social overhead capital (SOC)).
– Changes in state may have an impact on human health,
ecosystems, biodiversity, amenity value and financial
value. The impacts may be expressed in terms of the
level of harm caused by the flood.
– The response demonstrates the efforts by society (e.g.,
politicians and decision makers) to solve the problems
identified by the assessed impacts, such as policy measures and planning actions.
2.2.2

Social, economic and hydrologic classification

Flood vulnerability are multi-dimensional and complex issues (Messner and Meyer, 2006; Merz et al., 2006; Adger,
2006; Green, 2004; Scheuer, 2011). Global processes, such
as climate change, are driven and intensified by degrading
transnational economic, political and societal interests and,
thus, habits of resource exploitation cause a negative impact
on the entire ecosystem. All climate change agents appear
to feed the outbreak and intensity of natural hazards, such
as floods, in a constant, but increasing manner. Therefore,
floods tend to revisit human settlements and present risks to
some, but less risk to others. In these situations, socioeconomic status plays an important role (Sebald, 2010). That
is, flood vulnerability is inherent in various circumstances,
including the possibility of disaster, the influence of the disaster on society and society’s ability to respond to a disaster
(Fig. 2). To assess flood vulnerability, this study considered
various parts of the region such as: (1) social, (2) economic
and (3) hydrologic criteria, by perspective.
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013

2.3

Delphi technique

“Selection of the evaluation criteria is a crucial step for each
MCA approach. The inclusion or exclusion of criteria can
significantly influence the results of the evaluation process.
On the one hand, the evaluation criteria should be complete
to ensure that the entire problem is encompassed; on the other
hand, the set of criteria should be minimised to reduce the
complexity of the evaluation process” (Keeney and Raiffa,
1993; Meyer et al., 2009). The Delphi technique is “a method
for structuring a group communication process so that the
process is effective in allowing a group of individuals, as a
whole, to deal with a complex problem” (Linstone and Turoff, 1975). The Delphi method is a structured process for collecting and distilling knowledge from a group of experts using a series of questionnaires with controlled opinion feedback (Adler and Ziglio, 1996). The Delphi technique uses
a series of iterative questionnaires that are sent to a group
of intentionally selected experts who remain anonymous to
one another (Richey et al., 1985). The results of the previous
questionnaires are returned to the respondents, who are then
allowed to modify their responses. By the second or third
round of this process, it is hoped that the experts will arrive at
a consensus on the estimation problem (Angus et al., 2003).
If a judge happens to overlook some aspects of the problem,
he will likely be apprised thereof through the feedback of
others’ opinions. Delphi is generally regarded as a very objective and rational method because no member of the panel
can exert undue influence over the other members. When experts live some distance apart and it is prohibitive to bring
them together for a committee meeting, Delphi can be very
effective. Accordingly, the selection of panel is an important
field to implement the Delphi technique.
The Delphi technique has been used in a variety of applications, such as planning, environmental impact assessment,
www.nat-hazards-earth-syst-sci.net/13/1293/2013/
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Fig. 3. Delphi procedure of this study.

social policy and public health (Millar et al., 2006). Wide
use of this technique has led to significant deviations from
the original technique and the creation of a family of Delphirelated processes (Sackman, 1975; Angus et al., 2003). However, as yet, the Delphi technique has not been widely used
in the determination of flood risk (Fekete, 2010).
In this study, conducting the Delphi survey consisted of
four activities. First, the organising group selected all feasible criteria for an IFFVA based on the historic records of
severe floods and then devised a questionnaire. This activity
required a very creative brainstorming process, as well as rational and logical thinking. In particular, all criteria had to
be selected by integrating social, economic and hydrologic
characters based on the PSIR framework. Second, the organising group had to identify a group of experts. It was suggested that the respondents should be experts with plenty of
experiences and have a high level of responsibility. Then, the
expert group had to respond to the questionnaire. Interaction
with group members was handled completely anonymously
to avoid the possibility of identifying the specific opinion of
a particular person. Third, the organising group determined
the consensus of the expert group. If a criteria was deemed
“important and necessary” by the experts, all of the criteria
and their weights could be determined. However, if something was “unimportant,” the organising group should alter
the questionnaire. This procedure should present a statistical
response that includes the opinion of the entire group. For
a single question, the group response could be presented in
terms of a median and two quartiles. The primary reason for
this controlled feedback was to prevent the group from setting its own goals and objectives. The last steps had to be
iterated for consensus building until determination of the criteria and their weights were in agreement within a critical
range (Fig. 3).

www.nat-hazards-earth-syst-sci.net/13/1293/2013/

2.4

Fuzzy TOPSIS

The TOPSIS technique was developed to solve MCDM problems in which there is no articulation of preference information (Hwang and Yoon, 1981). The technique is based on the
concept that the ideal alternative has the best level for all attributes, whereas the negative ideal is the alternative with all
of the worst attribute values. A TOPSIS solution is defined as
the alternative that is simultaneously farthest from the negative ideal and closest to the ideal alternative (Chu, 2002;
Jun et al., 2011). According to Kim et al. (1997) and Shih
et al. (2007), there are four advantages of using TOPSIS: (1)
a sound logic that represents the rationale of human choice;
(2) a scalar value that accounts for both the best and worst alternatives simultaneously; (3) a simple computation process
that can be easily programmed; and (4) for any two dimensions, the performance measures for all alternatives can be
visualised on a polyhedron.
In addition, vulnerability assessment is closely related to
MCA because it applies a spatial ranking to hazards (Lee and
Chung, 2007; Chung and Lee, 2009b). Therefore, there are
two types of uncertainty: (1) weighting values to proxy variables and (2) crisp input data. The first type of uncertainty
may arise during decision making, for example, when there
are influential stakeholders with different interests (Chen and
Chang, 2010). The second type can result after transformations of data to numerical values.
This uncertainty in water resource management problems
can be attributed to the random or fuzzy nature of available information. Fuzziness is non-statistical in nature and
refers to the absence of sharp boundaries in the information.
This imprecision is generally the result of the inclusion of
human judgments and preferences in a problem formulation
(Simonovic and Verma, 2008). Fuzzy set theory has been applied extensively in MCDM processes (Fu, 2008). Fuzzy set
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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Fig. 4. Fuzzy linguistic terms for the weight of each criterion.
Table 1. Linguistic variables for the importance weight of each criterion.
Importance

Abbreviation

Membership function

Very low
Low
Medium low
Medium
Medium high
High
Very high

VL
L
ML
M
MH
H
VH

˜
0.1
˜
0.2
˜
0.3
˜
0.5
˜
0.7
˜
0.8
˜
0.9

(0.0, 0.0, 0.1)
(0.0, 0.1, 0.3)
(0.1, 0.3, 0.5)
(0.3, 0.5, 0.7)
(0.5, 0.7, 0.9)
(0,7, 0.9, 1.0)
(0.9, 1.0, 1.0)

is a powerful mathematical tool for handling uncertainty in
decision making. A fuzzy set is a general form of a crisp set
(Yazdani-Chamzini and Yakhchali, 2012). Jun et al. (2011)
used fuzzy TOPSIS in a new attempt to quantify hydrologic
vulnerability in a manner that takes into account both climate
change impacts and the concept of sustainability. A fuzzy
number takes on values in the closed interval 0 and 1, in
which 1 represents full membership and 0 represents nonmembership. In contrast, crisp sets only allow values of 0
or 1. There are different types of fuzzy numbers that can be
utilised, depending on the situation. It is often convenient to
work with triangular fuzzy numbers (TFNs) because they are
relatively simple to compute and are useful for representing
and processing information in a fuzzy environment (Torlak et
al., 2011; Yazdani-Chamzini and Yakhchali, 2012; Jun et al.,
2012). A fuzzy number, Ã, on R can be a TFN if its membership function, µÃ (x) : R→ [0, 1], can be defined as follows:

0,
x≤a


 x−a , a ≤ x ≤ b
b−a
µÃ = c−x
 c−b , b ≤ x ≤ c


0, otherwise

(1)

For fuzzy TOPSIS, the weighting values and all input data
for proxy variables are fuzzified. Prioritisation among many
available indicators is derived from the corresponding fuzzy
weight vectors; the final results come from ranking fuzzy
numbers.
Weighting values are estimated through the response to
survey. Therefore, questionnaire need to describe the fuzzy
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013

weights in respondents can be comprehensible. The motivation for the use of words or sentences rather than numbers
is that linguistic characterisations are, in general, less specific than numerical ones (Zadeh, 1975). Linguistic variables
represent crisp information in a form and precision appropriate for the problem (Raheja et al., 2011). Therefore, we suggested linguistic variables of weights using An TFN, Ñ, can
be defined by a triplet of (a1 a2 a3 ). Linguistic variables for the
importance weight of each criterion are shown in Table 1, and
their membership functions are shown in Fig. 4. The weight
of the criteria is set at presented 7 steps. The minimum and
the maximum value, very low and very high are the first and
last order. The weighting value of each criterion is estimated
using the opinions of experts that is chosen by given Fig. 4
and Table 1.
However, the input data of each criterion are modified to a
TFN using the data from its membership unit area. For input
data TFNs, if a unit area has a value of 1, then no TFN is
used, and if a value shows very little variability, then a value
of 1 is used. If the data are not comparatively uniformly distributed, all data are transformed to log-scaled values. After this revision, the distributions become acceptable. If this
transformation is ignored, the TFN may not reflect the distribution of the input data. If not, skewness can occur as a result
of the fuzzification.
To consider fuzziness, as opposed to crisp data, values
in D (the performance matrix) are presented as shown in
Eq. (2), respectively (Afshar et al., 2011; Jun et al., 2012).


x̃11
 x̃21

D̃ =  .
 ..

x̃12
x̃22
..
.

...
...
..
.

x̃1n
x̃2n
..
.







,

x̃ij = (aij , bij , cij )

(2)

x̃m1 x̃m1 . . . x̃mn
where x̃ij are built by alternatives Aj (j = 1, . . . , n) which
are evaluated against Ci (i = 1, . . . , m). The performance matrix is composed of rows of unit area with columns of criteria. And the fuzzy weight for criterion Ci are denoted by
W̃i (i = 1, . . . , m).
 
W̃ = w̃i
, w̃i = (wi1 , wi2 , wi3 )
(3)
The normalised fuzzy decision matrix R̃ is given by Eq. (4)


r̃11 r̃12 . . . r̃1n
 r̃21 r22
˜ . . . r̃2n 


R̃ =  .
(4)
.
.. .. 
..
 ..
. . 
r̃m1 r̃m1 . . . r̃mn
The criteria are needed to set normalisation for comparison
with each other. The normalisation method which is named
as linear normalisation was used by Chen and Hwang (1992)
is very useful for input data denoted by TFN as (aij , bij , cij ).
The normalised values for benefit related criteria and cost
www.nat-hazards-earth-syst-sci.net/13/1293/2013/

G. Lee et al.: Integrated multi-criteria flood vulnerability approach
related criteria are calculated as follows.
!
aij bij cij
,
,
r˜ij =
cj∗ cj∗ cj∗

2.5
(5)

where cj∗ = max cij , if j ∈ Benefit
aj− aj− aj−
∗ , b∗ , a ∗
cij
j
j

r˜ij =

!
(6)

where aj− = min aij , if j ∈ Cost
The weighted performance matrix, Ṽ , is computed by
multiplying its associated weights, w̃, with the normalised
performance matrix, r˜ij .


ṽ11
 ṽ21

Ṽ =  .
 ..

ṽ12
ṽ22
..
.

...
...
..
.

ṽ1n
ṽ2n
..
.







,

ṽij = r̃ij ⊗w̃j

(7)

ṽm1 ṽm2 . . . ṽmn
The fuzzy positive ideal solution (FPIS) and fuzzy negative
ideal solution (FNIS) of unit area are computed as follows
Eqs. (8) and (9). It is sorted by the weighted normalised values for each criterion in descending order.
A∗ = (ṽ1∗ , ṽ2∗ , . . . , ṽn∗ )

(8)

A− = (ṽ1− , ṽ2− , . . . , ṽn− )

(9)

The distance from the positive ideal and the negative ideal
solution for each alternative is calculated as
r
d (A1 , A2 ) =

1
[(a1 − a2 )2 + (b1 − b2 )2 + (c1 − c2 )2 ]
3
(10)

di∗ =

di−

=

n
P
j =1

d(ṽij , ṽj∗ ) and

n
X

d(ṽij , ṽj− )

,

(i = 1, . . . , m)

(11)

According to the maximum principle of membership degree,
one can select the desired alternative from n available unit
area (Afshar et al., 2011; Jun et al., 2012). The optimum
membership degree of each alternative calculated is as follows.
2

µj =

(dj− )

2

(dj∗ )2 + (dj− )

www.nat-hazards-earth-syst-sci.net/13/1293/2013/

(12)

Multi-criteria aggregation procedure

In this study, IFFVI assessment formula aggregates three key
concerns for flood risk management and can be derived as
follows:
X
IFVI=
(SocVul × α + EconVul×β+HydroVul×γ ) (13)
where SocVul, EconVul and HydroVul are the standardised
values of social, economic and hydrologic vulnerability factors and α, β and γ (α + β + γ = 1) are their weights, respectively.
People have different perceptions of the immediate causes
of flood damage, changed status of various environmental attributes caused by floods, flood damage capacity and available options for coping with flood hazards. These reactions
are closely related to their physical location, experience with
floods, social and political backgrounds, values, and beliefs;
the main factors are their economic status within society and
their ability to adapt. Therefore, this study aggregated the
PSIR concept to quantify flood vulnerability using the following equation:
Xn
(14)
SocVul=
(PRVul×w1 + STVul×w2
i=1
+IMVul×w3 + REVul×w4 )
where PRVul, STVul, IMVul and REVul are the standardised
values of pressure, state, impact and response components,
respectively, and wi indicates the weights of the pressure
(i = 1), state (i = 2), impact (i = 3) and response (i = 4).
EconVul and EnvironVul are found in the same manner.
Eventually, the assessment results are the aggregated value
of each criterion combined with the weighting.
Xn

PRVul=
PRIj ×wj
(15)
j =1
where PRIj is the standardised values of the criteria and wj
is their weights. PRVul is determined by Eq. (15). STVul,
IMVul and REVul are found in the same manner.
3

j =1

1299

Study area

The Han River basin is located in the middle of the Korean
peninsula and includes Seoul, the capital of South Korea. For
the last 10 yr, there has been frequent damage due to flooding. The flood left 149 people dead and 14 hundred thousand homeless. In addition, the estimated flood damage was
36 billion KRW ($3.3 million US dollars) (National Emergency Management Agency, 2011). A part of the Han River
basin was selected for this study. The study area was the upper region of the Han River. This area has 25 hydrologic units
and is 95.4 km long, extending from the Chungju regulating
dam to the Paldang dam. The six administrative districts in
this area have experienced rapid population growth and various development plans will be considered. According to a
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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Fig. 5. Location of the South Han River.

population census report by the National Statistical Office,
the population of Yangpyung increased by 10 % from 2005
to 2010. In addition, each municipality has plans to develop
industrial parks, tourist attractions and large-scale residential
areas. Some of these plans are ongoing. Thus, diverse situations, involving various economic, social and hydrologic
criteria, occur in this area.
For spatial hydrologic vulnerability, watershed approach
based on tributaries is common. This study, however, used
reach-based areal approach to include probabilistic flood risk
values based on river reaches. That is, the spatial division
map looks like a skin of an onion. This study divided the
study river reach at a constant length and developed each corresponding watershed section to each river reach. To accomplish this task, we used the GIS application from the DEM of
the assessment area. The divided area is presented in Fig. 5.

Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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4.1

Results
Criteria selection and weight determination using
the Delphi technique (Step 1)

The traditional criteria selection method for flood risk and
vulnerability assessment practices has some limitations.
First, social and environmental (i.e., anthropogenic) criteria
related to flood risks are often neglected (Meyer et al., 2009;
Sebald, 2010). Most studies have focused on hydrologic aspects and economic damages that can be easily measured in
terms of monetary and commensurable units. Second, all criteria for flood vulnerability analysis have not been selected
by formalising the relationships between the various sectors
for sustainable development as causal chains in a link. Most
studies have used some criteria that were determined by the
feasibility of the data acquisition and analysis method. Third,
most studies have not used a consensus building process to
adopt all of the selected criteria. Because the criteria are
www.nat-hazards-earth-syst-sci.net/13/1293/2013/
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Table 2. Basic information on the respondents.
Age

Employer

20–29
30–39
40–49
50–59
60–69

5%
43%
41 %
7%
5%
Career

Less than 5 yr
Less than 10 yr
Less than 15 yr
Less than 20 yr
Less than 25 yr
Less than 30 yr

University
Engineering company
National institutions
Government-funded research institutes
Other organisations

27 %
23 %
14 %
34 %
2%

Bachelors
Masters
PhD

8%
32 %
58 %

Experience in disaster assessment
and establishment of disaster prevention measures
30 %
17 %
30 %
4%
9%
9%

Yes
No

generally critical to flood risk and vulnerability management,
determination of the criteria requires careful judgment after
specific investigation. All feasible criteria that affect flood
vulnerability were collected and categorised using the PSIR
framework, which focuses on the cause-effect relationship
using the Delphi technique. The Delphi process was used to
build consensus on the selection of appropriate criteria and
to estimate their weights.
4.1.1

Education

71 %
29 %

tions. Only one respondent had been engaged in a different
profession. The age distribution of the respondents ranged
from 20 to 60 yr, with a majority (84 %) falling between 30
and 49 yr. A large number of the respondents (72 %) had various experiences in disaster assessment and establishment of
disaster prevention measures, including flood prevention. In
addition, most of the respondents (92 %) have acquired postgraduate degrees. Specific information on the interviewees is
shown in Table 2.

Delphi panels
4.1.2

The success of the Delphi study clearly rested on the combined expertise of the participants who made up the expert
panel. There were two key aspects: (1) panel size and (2)
qualifications of the experts. There were some disagreements
on the appropriate panel size, however, it was clear that there
was a wide variation in the number of participants (Powell, 2002). Gordon (1994) indicated that most Delphi studies
have used panels of 15 to 35 people. Murphy et al. (1998)
believed that more participants were better, suggesting that a
large number of judges produced more reliable results. Thus,
the panel size in this research was planned to be greater than
40. Furthermore, although the panel members in our research
are working in or had worked in flood risk management, they
came from the following different sectors: (1) government,
(2) private companies, (3) research centers, and (4) university institutions. Thus, it was expected that various opinions
with diverse perspectives would arise. The interviewees were
surveyed individually.
In total, 44 river management specialists participated in
the panel for this research. Fifteen (34 %) of the 44 participants had been engaged in government-funded research at
institutes, and 12 (27 %) had conducted research at a university. Ten (23 %) had worked at engineering companies, and
6 (14 %) had been civil servants working for national instituwww.nat-hazards-earth-syst-sci.net/13/1293/2013/

Draft criteria

Some criteria for social risks were selected based on the PSIR
framework. Four criteria for pressure were chosen: (1) population growth ratio, (2) population, (3) number of households, and (4) number of cars. These criteria could be used to
determine the spatially quantified importance of flood management. Six state criteria were considered: (1) residential
area ratio, (2) industrial area ratio, (3) population density,
(4) number of cultural properties and natural monuments, (5)
amount of social overhead capital (SOC) and (6) number of
wetlands and number of habitat for migratory birds. As in
most developing countries, Korea has recently experienced
rapid economic growth. Therefore, all of these criteria are influential criteria for flood damage. (1) The annual casualty of
floods and disasters and (2) the annual sufferers from floods
and disasters were included in the criteria for impact. Three
criteria for response were selected: (1) number of flood and
disaster prevention institutions, (2) number of government
officials for flood and disaster mitigation, and (3) number of
plans for flood and disaster mitigation.
Some criteria for economic risks were selected based on
the PSIR framework. The number of regional development
plans was included in the criteria for pressure. Because it is
related to regional economic conditions, the above criteria
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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Fig. 6. Examples of evaluation databases for the study area.

could be pressure component. The following criteria for state
were considered as barometers showing the state of flood risk
vulnerability: (1) urban area ratio, and (2) property value.
Annual flood damage was included in the criteria for impact
because it could show properties that had been recently affected by flooding. Two criteria for response were chosen: (1)
annual recovery cost for floods and disasters and (2) annual
preparation cost for floods and disasters. These two measures
can help reduce flood damage and vulnerability.
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013

Some criteria for hydrologic risks were selected based
on the PSIR framework. Five criteria for pressure were selected: (1) the increased ratio of daily maximum precipitation, (2) the increased ratio of 1 hr rainfall intensity, (3)
the increased ratio of summer rainfall, (4) watershed slope,
and (5) the forecasts of daily maximum rainfall considering
climate change. The present and future meteorological conditions of a specific region are critical factors for flood risk
management. A watershed slope may change the velocity of
www.nat-hazards-earth-syst-sci.net/13/1293/2013/
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Fig. 9. Comparison of the flood risk between the left and right
banks.

Fig. 7. Examples of FTNs.

for response were considered: (1) number of flood warning
systems, (2) capacity of pumping stations, (3) reservoir capacity, (4) annual amount of dredging, (5) number of flood
mitigation infrastructures, and (6) river improvement ratio.
These criteria were chosen because they are structural and
nonstructural measures for reducing flood risk and damage.
4.1.3

Fig. 8. Normalized fuzzy matrix.

flood flow. Four hydrologic and hydraulic criteria for state
were included: (1) the peak flows of the 100 yr and 200 yr
floods, (2) river stages of the 100 yr and 200 yr floods, (3)
peak flows of the 100 yr and 200 yr floods considering climate change, and (4) river stages of the 100 yr and 200 yr
floods considering climate change. Because all of these criteria are critical in hydrologic and hydraulic analyses, they
can represent quantified risks for comparison. The criteria
for impact were (1) the annual number of floods and (2)
the flood inundation areas because these criteria can be directly affected by floods. Finally, the following six criteria
www.nat-hazards-earth-syst-sci.net/13/1293/2013/

Determination of criteria and weights

Respondents were only required to mark the line adjacent to
one of the labels (Important, Necessary, Unimportant), and
they could suggest other opinions and items in relation to
the criteria. Essentially, a consensus on the suitability of the
criteria could be determined if a certain percentage of votes
fell within a prescribed range (Miller, 2006). An average of
the participants’ responses was one method that aggregated
the subjective judgments of the panelists to produce a collective opinion. This method had been shown to be robust for
aggregating a group’s judgment (Clemen, 1989; Clemen and
Winkler, 1986; Wallsten et al., 1997; Winkler and Clemen,
2004). Thus, criteria were adopted if the mean and median
were over 2.0. Furthermore, one criteria, Gross Regional Domestic Product (GRDP), was added based on the proposals
of some experts. The GRDP is a sub-national gross domestic
product that measures the size of a region’s economy. We selected the 27 criteria from Delphi method, but in fact, there
are no factor for the target (reference) watershed since these
are too difficult to obtain. Thus, we accepted those criteria
and used more of the available collected data for evaluation.
In the end, 24 criteria were adopted for the spatial flood risk
vulnerability assessment of Han River basin. The procedure
adopting criteria was shown in Table 3.
These criteria were divided into two hierarchical steps:
themes (objectives) and causes-responses (PSIR framework).
In addition, 8, 6 and 10 criteria were selected for the social,
economic and hydrologic flood vulnerabilities, respectively.
When using a rating scale, the reliability of the ratings
could be greatly improved by pooling the results from several judges who gave their ratings independently (Helmstadter, 1964). It appears that group judgment is improved
when members receive text as well as statistical feedback.
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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Table 3. Determination of assessment criteria.
Draft criteria

Delphi action

Source search

Population growth ratio

Adoption

Acquisition

Criteria for assessment
Population growth ratio

Population
Number of households

Combined
two criteria
and adoption

Acquisition

Population and number of households

Number of cars

Fail

Residential area ratio
Industrial area ratio

Combined
two criteria
and adoption

Acquisition

Residential and Industrial area ratio

Population density

Adoption

Acquisition

Population density

Amount of social overhead capital (SOC)
Number of cultural properties
and natural monuments

Combined
two criteria
and adoption

Acquisition

Number of SOC, cultural properties and
natural monuments

Number of wetlands and number
of habitat for migratory birds

Fail

The annual casualty of floods and disasters
The annual sufferers from floods and disasters

Combined
two criteria
and adoption

Acquisition

Annual casualties and sufferers due to
floods and disasters

Number of flood and disaster prevention institutions

Adoption

Acquisition

Number of flood and disaster
prevention institutions

Number of government officials for
flood and disaster mitigation

Adoption

Acquisition

Number of government officials for
flood and disaster mitigation

Number of plans for flood and disaster mitigation

Adoption

Fail

The number of regional development plans

Adoption

Fail

Gross regional domestic product (GRDP)

Adoption

Acquisition

Urban area ratio

Adoption

Property value

Adoption

Gross regional domestic product
(GRDP)

Acquisition

Urban area ratio

Acquisition

Self-reliance ratio of finance

Acquisition

Property value

Annual flood damage

Adoption

Acquisition

Annual flood damage

Annual recovery cost for floods and disasters
Annual preparation cost for floods and disasters

Combined
two criteria
and adoption

Acquisition

Annual recovery and preparation costs
for floods and disasters

The increased ratio of daily maximum precipitation

Adoption

Acquisition

The increased ratio of daily maximum
precipitation

The increased ratio of 1 hr rainfall intensity

Adoption

Fail
Acquisition

The increased ratio of 5-day
max rainfall intensity

The increased ratio of summer rainfall

Adoption

Acquisition

The increased ratio of summer rainfall

Watershed slope

Adoption

Acquisition

Watershed slope

The forecasts of daily maximum rainfall
considering climate change

Adoption

Fail

The peak flows of the 100 yr
and 200 yr floods

Adoption

Acquisition

The peak flows of the 100 yr
and 200 yr floods

River stages of the 100 yr
and 200 yr floods

Adoption

Acquisition

River stages of the 100 yr
and 200 yr floods

Peak flows of the 100 yr and 200 yr
floods considering climate change

Adoption

Fail

River stages of the 100 yr and 200 yr
floods considering climate change

Adoption

Fail

The annual number of floods

Adoption

Acquisition

The annual number of floods

The flood inundation areas

Adoption

Acquisition

The flood inundation areas

Number of flood warning systems
Capacity of pumping stations
Reservoir capacity
Annual amount of dredging
Number of flood mitigation
infrastructures

Combined
five criteria
and adoption

Acquisition

Number of flood mitigation
infrastructures

River improvement ratio

Adoption

Acquisition

River improvement ratio

Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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Fig. 10. Normalised input data of the characterised themes.

Feedback to panelists on the reasons for their ratings has
been shown to improve the accuracy of group judgments
(Somerville, 2007). Rowe and Wright (1999) reported on
studies that compared “reasons” or “rationale” feedback to
statistical feedback, such as mean and median. They concluded that there was greater improvement in the accuracy of
judgments in successive rounds of the Delphi process when
the panelists’ reasoning or rationale for their ratings were
given to the other panelists in the group, as opposed to panelists receiving only statistical feedback.
Thus, this process was divided into two parts. First, the
respondents subjectively determined the weights. Then, they
received the previous results as feedback and reevaluated the
weights based on this information. The collected weights in
Table 4 based on the hierarchy were as follows: (1) themes
(objectives) – social, economic, and hydrologic risk, (2)
causes – pressure, state, impact, and response, and (3) 24 individual criteria.

www.nat-hazards-earth-syst-sci.net/13/1293/2013/

The weights of the three themes (Wsn ; n = 1, 2, 3), the
four elements of the PSIR framework (Wf n ; n = 1, . . . , 4),
and each criteria (Win ; n = 1, . . . , 24) were determined based
on the survey results. A tree structure was used to obtain the
final weights (Wn ; n = 1, . . . , 24). The final weights for the
criteria at each twig of the tree were obtained by multiplying
through the branches. To follow this procedure, we combined
the weights of the criteria, the elements of the PSIR framework, and the three themes. As a result, the most important
theme was found to be hydrologic risk. It is weighted at Ws3
(0.74, 0.93, 0.95). For the PSIR framework, the Impact factor
shows a higher weight than the other elements.
Among the criteria, the annual number of floods and flood
inundation areas show high weighting values using the collected weights. The combined weights also provided the
same results.

Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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Table 4. Hierarchy tree of weights.
Pool first

Pool peak

Pool last

0.16

0.36

0.55

Population growth ratio (Wi1 )
Population and number of households (Wi2 )

0.30
0.31
0.49

0.45
0.50
0.65

0.62
0.69
0.80

Residential and industrial area ratio (Wi3 )
Population density (Wi4 )
Number of SOC, cultural properties and natural monuments (Wi5 )

0.23
0.30
0.45
0.25

0.40
0.47
0.64
0.39

0.60
0.66
0.78
0.57

Annual casualties and sufferers due to floods and disasters (Wi6 )

0.37
0.62

0.55
0.80

0.73
0.92

0.18
0.23
0.39
0.30

0.32
0.41
0.57
0.54

0.50
0.60
0.73
0.69

Gross regional domestic product (GRDP) (Wi9 )

0.19
0.32

0.33
0.51

0.50
0.70

Urban area ratio (Wi10 )
Self-reliance ratio of finance (Wi11 )
Property value (Wi12 )

0.34
0.41
0.28
0.39

0.52
0.59
0.45
0.55

0.68
0.75
0.64
0.70

Annual flood damage(Wi13 )

0.41
0.73

0.59
0.89

0.74
0.97

0.28
0.63
0.74

0.45
0.80
0.93

0.63

Increased ratio of daily maximum precipitation (Wi15 )
Increased ratio of 1-hr rainfall intensity (Wi16 )
Increased ratio of summer rainfall (Wi17 )
Watershed slope(Wi18 )

0.31
0.38
0.47
0.25
0.13

0.48
0.55
0.64
0.41
0.25

0.65
0.71
0.77
0.59
0.43

Peak flow of the 100 yr and 200 yr floods (Wi19 )
River stage of the 100 yr and 200 yr floods (Wi20 )

0.36
0.35
0.38

0.53
0.54
0.55

0.70
0.71
0.71

Annual number of floods (Wi21 )
Flood inundation area (Wi22 )

0.4
0.48
0.55

0.58
0.68
0.73

0.75
0.84
0.87

Number of flood mitigation infrastructures (Wi23 )
River improvement ratio (Wi24 )

0.23
0.35
0.37

0.4
0.53
0.56

0.58
0.69
0.75

Social criteria (Ws1 )
Pressure
(Ws1−f 1 )

State
(Ws1−f 2 )

Impacts
(Ws1−f 3 )
Response
(Ws1−f 4 )
Number of flood and disaster prevention institutions (Wi7 )
Number of government officials for flood and disaster mitigation (Wi8 )
Economic criteria (Ws2 )
Pressure
(Ws2−f 1 )
State
(Ws2−f 2 )

Impacts
(Ws2−f 3 )
Response
(Ws2−f 4 )
Annual recovery and preparation costs for floods and disasters (Wi14 )
Hydrologic criteria (Ws3 )
Pressure
(Ws3−f 1 )

State
(Ws3−f 2 )

Impacts
(Ws3−f 3 )

Response
(Ws3−f 4 )

4.2

Data acquisition and fuzzification (Step 2)

Each dataset was collected from reliable authorities, such as
government agencies, the national statistical office and the
national emergency management agency. Their sources are
shown in Table 5. The collected data were spatially analysed
using GIS tools, as shown Fig. 6.
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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Much of the quantitative information related to vulnerability assessment is not determined with complete certainty.
Uncertainty in input data can be attributed to the fuzzy nature of available information. The collected data of the unit
areas were fuzzified using the TFN concept (Eq. 1). The GIS
database would be built with the assigned TFNs from the
unit areas. By accessing and using these data, the risk could
www.nat-hazards-earth-syst-sci.net/13/1293/2013/
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Table 5. Sources of the input data.
Criteria (measure)

Data services and preparation

Year

Population growth ratio (%), Population and number of households (man and number), Residential and industrial area ratio
(%), Population density (man/1km2 ), Gross regional domestic
product (KRW), Urban area ratio (%), Self-reliance ratio of finance (%), Property value (KRW), River improvement ratio (%)

Statistics Korea

2012

Increased ratio of daily maximum precipitation (%), Increased
ratio of 1 hr rainfall intensity (%), Increased ratio of summer
rainfall (%)

Korea Meteorological Administration

2007–2012

Annual number of floods (number/yr)

National Emergency Management Agency

2001–2011

Annual casualties and sufferers due to floods and disasters
(number/yr), Number of flood and disaster prevention institutions (number/year), Annual flood damage (number/yr), Flood
inundation area (km2 )

Water Management Information System

1971–2009

Number of social overhead capital, cultural properties and natural monuments (number), Number of government officials for
flood and disaster mitigation (number), Annual recovery and
preparation costs for floods and disasters (KRW/yr), Number
of flood mitigation infrastructures (number)

Local governments

2012

Watershed slope (deg)

National Geographic Information Institute

2012

Peak flow of the 100 yr and 200 yr floods (m3 /s), River stage of

Flood frequency analysis using unsteady flow
model with historical flood events of Han river
flood control office

1987–2010

the 100 yr and 200 yr floods (m)

Table 6. Similarities and rankings of all sections.

Unit

d+

Left Bank
d−
SUM

C+

Rank

Unit

d+

Right Bank
d−
SUM

C+

Rank

U1
U2
U3
U4
U5
U6
U7
U8
U9
U10
U11
U12
U13
U14
U15
U16
U17
U18
U19
U20

1.285
1.337
1.299
1.369
1.388
1.228
1.317
1.380
1.382
1.400
1.050
1.341
1.309
1.292
1.315
1.299
1.276
1.039
1.266
1.260

0.460
0.354
0.419
0.293
0.264
0.462
0.354
0.273
0.272
0.250
0.768
0.335
0.391
0.423
0.374
0.412
0.469
0.797
0.488
0.501

0.113
0.066
0.094
0.044
0.035
0.124
0.067
0.038
0.037
0.031
0.348
0.059
0.082
0.097
0.075
0.092
0.119
0.370
0.130
0.137

7
14
9
16
19
5
13
17
18
20
2
15
11
8
12
10
6
1
4
3

U21
U22
U23
U24
U25
U26
U27
U28
U29
U30
U31
U32
U33
U34
U35
U36
U37
U38
U39
U40

1.342
1.328
1.308
1.303
1.318
1.393
1.358
1.335
1.392
1.399
1.100
1.415
1.384
1.292
1.306
1.324
1.266
1.274
1.261
1.261

0.351
0.369
0.400
0.391
0.381
0.259
0.306
0.335
0.260
0.251
0.665
0.222
0.267
0.424
0.397
0.360
0.490
0.476
0.500
0.497

0.064
0.072
0.086
0.083
0.077
0.033
0.048
0.059
0.034
0.031
0.268
0.024
0.036
0.097
0.084
0.069
0.130
0.123
0.136
0.135

13
11
7
9
10
18
15
14
17
19
1
20
16
6
8
12
4
5
2
3

1.745
1.691
1.718
1.662
1.652
1.691
1.671
1.653
1.654
1.649
1.818
1.675
1.699
1.716
1.688
1.711
1.744
1.836
1.754
1.761

www.nat-hazards-earth-syst-sci.net/13/1293/2013/

1.693
1.698
1.708
1.695
1.699
1.652
1.664
1.669
1.652
1.650
1.765
1.637
1.651
1.716
1.702
1.685
1.756
1.750
1.761
1.759
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Fig. 11. Comparison of social, economic and hydrologic vulnerability.

be assessed using fuzzy TOPSIS. This study determined the
number of class intervals required for Eq. (16). This equation was suggested by Panofsky and Briery (1968). Figure 7
shows data fuzzification examples. However, if a province
has a value or very little variability, a value of 1 is used.
k = 5log10 n
4.3

(16)

Assessment using fuzzy TOPSIS (Step 3)

From the methods of Step 3, described in Sect. 2.1, we derived a performance matrix, such as in Eq. (4), and a weighting value matrix, such as in Eq. (3). Then, we calculated
the weighted performance, as shown in Eq. (7), and renormalised FPISs and FNISs for the fuzzy TOPSIS approach
were selected as they are the maximum and minimum values (Fig. 8), respectively. The distances from the FPIS and
FNIS for each alternative were calculated using Eq. (11).
And the rank of vulnerability was determined by the optimum membership degrees using Eq. (12), as in Table 6. To
compare the results of the 20 bank sections, ranking sets are
presented in Fig. 9. U6 and U18 of the left bank were found
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013

Fig. 12. Comparison of pressure-state-impact-response values (U18
and U31).

to be the most vulnerable regions, while U26 and U38, the
corresponding sections of the opposite banks, showed the
least vulnerable conditions. On the other hand, both U11
and U31 which located at the opposite side bank each other
showed very vulnerable.
The separate representation by three components of sustainability is described in Fig. 10. People can find out what
kind of vulnerability is resulted by assessment of the present
condition of each section. The relatively higher vulnerable
areas, U11, U18 and U31 represent the different aspects, respectively. U18 has been affected evenly by three themes.
Otherwise social and hydrologic criteria predominately affect the U11 and U31. To compare all values of U1, U18,
U31 and U39 in detail, Fig. 11 is drawn. U1 and U39 have
been affected by economic criteria larger than social criteria,
www.nat-hazards-earth-syst-sci.net/13/1293/2013/
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U18. In case of U31, similarly, the impact criteria of three
sustainability components were dominant and social criteria of PSIR components were relatively unbiased as shown
Fig. 12b. The PSIR value of economic criteria in U31 is very
biased to state and impact criteria. In the end, the response
criteria are very important for U18, while impact criteria are
critical for U31. Also, the economic criteria for pressure and
hydrologic criteria for state are less important to U18 while
economic criteria for pressure and response and hydrologic
criteria for state are less critical to U31. Using this figure, decision maker can guess what kinds of strategies are necessary
for each section.
Finally, we graded all sub-watersheds and related river
sections by five standards, as shown in Fig. 13. Each reach
section has two different grades for the right and left banks.
That is, a flood risk manager should, discriminately, consider both quantified risk values for flood damage mitigation
projects.

5

Fig. 13. Spatial flood vulnerability results for the South Han River.

whereas the U18 and U31 were to be strongly influenced
by the hydrological criteria. In case of U18, four of hydrological criteria, (1) annual number of floods, (2) flood inundation area, (3) watershed slope and (4) increased ratio
of daily maximum precipitation were the highest values in
normalised performance matrix. U11 which was similarly
situated with U6, was represented by high values of three
hydrological criteria, (1) annual number of floods and (2)
flood inundation area. In contrast, relatively low value of economic criteria could be identified at U11, which especially
respected by two aspects: (1) self-reliance ratio of finance
and (2) annual recovery and preparation costs for floods and
disasters.
In addition, the specific values of U18 and U31 which respectively are the most vulnerable section in each side bank
are compared to investigate into the relationship between
three sustainability components and PSIR components, as
shown in Fig. 12. The hydrologic vulnerabilities of two sections are very similar. The influences of response, pressure
and impact are much larger than that of state. Social and economic criteria have very variable PSIR vulnerabilities. The
social criteria are affected evenly by PSIR, while state, impact and response are the most predominant components for
www.nat-hazards-earth-syst-sci.net/13/1293/2013/

Conclusions

This IFFVA approach is a new procedure that combines
spatial fuzzy vulnerability MCA with the traditional linear
probabilistic risk approach because it couples the watershedbased vulnerability framework with stream-based risk analysis.
This procedure consists of three steps. In the first step, assessment criteria and their weights were determined using the
Delphi technique. That is, an integrated approach was proposed to determine all feasible criteria for flood vulnerability
quantification in the Han River (Korea) using the following
methods. First, some social, economic and hydrologic criteria were collected using PSIR framework. Second, all criteria
and their weights were determined by a survey of experts using the Delphi technique. The second step is to acquire and
fuzzify all data. We divided the study basin into stream-based
areas on which the evaluation of flood risk is performed using
a GIS tool. Proxy data were acquired for 40 units of 20 river
sections. To reduce uncertainty, the fuzzy concept was introduced to quantify the weighting values and input data of the
proxy variables. In the last step, we quantified the flood risks
to all stream sections including their adjacent watersheds, using the fuzzy TOPSIS approach.
In the application for Han River, the hydrologic criteria are
concluded to be the most critical factors from the Delphi process and the most significant from the fuzzy TOPSIS. The
different vulnerability was derived at opposite bank in one
reach section. Also, each reach section has its own weakness
from its individual vulnerability quantifications by three sustainability component and PSIR framework. Therefore, the
discriminative management strategy to each bank and each
reach section is sure to be required.
This integrated framework can be used to conduct prefeasibility studies for flood mitigation projects, since various
Nat. Hazards Earth Syst. Sci., 13, 1293–1312, 2013
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stakeholders can be included in consensus building and various uncertainties inherent in decision making process can be
incorporated.
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