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Abstract. This paper provides a review of multi-criteria
decision-making (MCDM) applications to flood risk man-
agement, seeking to highlight trends and identify research
gaps. A total of 128 peer-reviewed papers published from
1995 to June 2015 were systematically analysed. Results
showed that the number of flood MCDM publications has
exponentially grown during this period, with over 82 % of
all papers published since 2009. A wide range of applica-
tions were identified, with most papers focusing on ranking
alternatives for flood mitigation, followed by risk, hazard,
and vulnerability assessment. The analytical hierarchy pro-
cess (AHP) was the most popular method, followed by Tech-
nique for Order Preference by Similarity to an Ideal Solu-
tion (TOPSIS), and Simple Additive Weighting (SAW). Al-
though there is greater interest in MCDM, uncertainty analy-
sis remains an issue and was seldom applied in flood-related
studies. In addition, participation of multiple stakeholders
has been generally fragmented, focusing on particular stages
of the decision-making process, especially on the definition
of criteria weights. Therefore, addressing the uncertainties
around stakeholders’ judgments and endorsing an active par-
ticipation in all steps of the decision-making process should
be explored in future applications. This could help to increase
the quality of decisions and the implementation of chosen
measures.

1 Introduction

Floods can be regarded as one of the most costly natural haz-
ard both in developing and developed countries all over the
world (Balica et al., 2013; Uddin et al., 2013). According
to the Emergency Events Database (EM-DAT), these pro-

cesses were the most frequent natural disaster worldwide be-
tween 2000 and 2014, causing at least 85000 fatalities and
affecting about 1.4 billion people. Apart from the loss of lives
and physical damage, floods have resulted in approximately
USD 400 billion in damage since 2000 (CRED and OFDA,
2015).

In order to mitigate these impacts, a set of flood reduc-
tion measures need to be taken. The decision-making pro-
cess related to flood risk management, especially in the pre-
vention and emergency phases, tends to be rather complex
and uncertain (Akter and Simonovic, 2005; Kenyon, 2007).
Part of this complexity arises from the involvement of multi-
ple stakeholders, each one with different views, background
knowledge, interests, and frequently with competing objec-
tives (Evers, 2008). In addition, the exact flood magnitude
and damage are generally unknown and surrounded by con-
siderable uncertainties (de Kort and Booij, 2007). As a con-
sequence, making these decisions can rarely be solved with
intuition alone. Thus, flood risk management requires the use
of decision support tools, which can consider multiple stake-
holders’ views, objectives, trade-offs, feasible alternatives,
and evaluation criteria.

Flood risk management can benefit from the use of multi-
criteria decision-making (MCDM) tools. MCDM is an um-
brella term used to describe a set of methods for structuring
and evaluating alternatives on the basis of multiple criteria
and objectives (Voogd, 1983). These methods provide tar-
geted decisions, as they can handle the inherent complexity
and uncertainty of such problems as well as the knowledge
arising from the participation of several actors (Yan et al.,
2011; Zagonari and Rossi, 2013).
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MCDM can enhance the quality of decisions, by mak-
ing the process more explicit, rational, and efficient, lead-
ing to justifiable and explainable choices (Mateo, 2012a).
Furthermore, MCDM promotes the role of participants in
the decision process, facilitates compromise and group de-
cisions, and provides an adequate platform for stakehold-
ers to communicate their personal preferences (Pohekar and
Ramachandran, 2004). The combination of these charac-
teristics enables the development of real participatory pro-
cesses, which are crucial for the implementation of success-
ful and long-lasting flood management programs (Affele-
tranger, 2001).

Therefore, MCDM provides a powerful tool for flood man-
agement and has received a great deal of attention in solv-
ing such problems, not only from researchers but also de-
cision makers and practitioners outside the scientific com-
munity. Since the mid-1990s, MCDM has been successfully
applied to select the best strategies for flood risk mitiga-
tion, helping to optimize the allocation of available resources
(e.g. Tkach and Simonovic, 1997; Ghanbarpour et al., 2013;
Malekian and Azarnivand, 2015). In recent years, MCDM
has also been used to access the flood risk and coping capac-
ity (e.g. Guo et al., 2014; Roy and Blaschke, 2015; Yang et
al., 2013).

Several authors have reviewed MCDM techniques in var-
ious fields of study. For example, Stewart (1992) conducted
a theoretical review by identifying potential advantages and
pitfalls in the usage of various MCDM methods. Hajkow-
icz and Collins (2007) analysed over 134 papers in the field
of water resource planning and management, focusing on
problems such as water policy evaluation, strategic plan-
ning, and infrastructure selection. More recently, Estévez
and Gelcich (2015) presented a concise literature survey, ex-
ploring the challenges behind participatory MCDM in ma-
rine conservation. However, despite practical experiences
and methodological advances, there is no comprehensive lit-
erature review that explores the use of MCDM for flood risk
management.

Hence, we believe that there is a need for a systematic sur-
vey to consolidate and synthesize recent research conducted
in this area. Therefore, this paper aims to provide a litera-
ture review of the state of the art regarding the application
of MCDM as a decision support tool for flood risk manage-
ment, seeking to assess emerging trends and identify issues
for future investigation. In addition, it attempts to provide a
better understanding of the current status of how participa-
tory MCDM is being conducted and the way uncertainties
are considered in the decision-making process. With this re-
view, we attempt to answer the following questions.

1. Which flood risk management problem has used
MCDM approaches most?

2. Where was the research undertaken?

3. Which MCDM method was most commonly applied?
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4. Were multiple stakeholders explicitly included in the
decision-making process?

5. To which extent did these studies apply uncertainty and
sensitivity analysis?

For reader’s convenience, the remainder of this paper is struc-
tured as follows. In Sect. 2, the basic features of the MCDM
methods are briefly described. Section 3 outlines the search
strategy and the procedure used to classify the literature.
Section 4 covers the discussion of the outcomes and pro-
vides answers to the research questions. In Sect. 5, limita-
tions of this study and recommendations for further research
are provided. Finally, Sect. 6 presents concluding remarks.
We hope that this review will serve as a useful and ready
source of information for scholars and practitioners working
with MCDM and flood risk management.

2 Overview of multi-criteria decision-making methods

MCDM is a broad term used to describe a set of methods
that can be applied to support the decision-making process
by taking into account multiple and often conflicting criteria
through a structured framework (Cinelli et al., 2014). Since
the 1960s, dozens of MCDM techniques have been devel-
oped (Mendoza and Martins, 2006). Generally, they can be
classified into the following groups (Hajkowicz and Collins,
2007).

1. Multi-attribute utility and value functions: the goal of
these methods is to define an expression for the deci-
sion maker’s preferences through the use of utility/value
functions. Based on this, all criteria are transformed into
a common dimensionless scale (Linkov et al., 2004).
Popular methods include MAUT (Multi-attribute util-
ity theory) and MAVT (Multi-attribute value theory),
which have a compensatory nature. This implies that
the poor performance of one criterion (e.g. high loss
of lives) can be compensated by the better performance
of another (e.g. financial cost). Although MAUT and
MAVT have well-established theoretical foundations,
the preference elicitation can be cognitively challenging
and time-consuming (Schuwirth et al., 2012).

2. Pairwise comparisons: this approach involves compar-
ing pairs of criteria by asking how much more important
one is than the other according to a predefined scale.
Pairwise comparisons are particularly useful when it
is not possible to define utility functions; otherwise
MAUT is recommended (Ishizaka and Nemery, 2013).
Common techniques include AHP (analytical hierarchy
process), ANP (analytical network process) and MAC-
BETH (measuring attractiveness by a categorical based
evaluation technique). Due to its simplicity and flexi-
bility, AHP is the most applied MCDM tool. Neverthe-
less, AHP has a limitation when dealing with interde-
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pendence among the criteria as it assumes that they are
independent (Li et al., 2011). In addition, only a limited
number of alternatives can be considered at the same
time.

3. Outranking approaches: unlike MAUT, MAVT, and
AHP, outranking methods are based on the principle that
one alternative may have a degree of dominance over
another (Kangas et al., 2001), rather than assuming that
a single optimal solution exists. Common methods in-
clude ELECTRE (Elimination et choix traduisant la re-
alité), PROMETHEE (preference ranking organization
method for enrichment of evaluations) and ORESTE
(Organization, rangement et synthese de donnes rela-
tionnelles). An advantage of outranking approaches is
that they avoid compensation between criteria and any
normalization process, which alters the original data
(Ishizaka and Nemery, 2013). Therefore, they are appro-
priate when criteria metrics are not easily aggregated,
measurement scales vary over wide ranges, and units are
incommensurate or incomparable (Linkov et al., 2004).

4. Distance to ideal point methods: the alternatives are
evaluated and ordered based on their distance from the
ideal point, which represents a hypothetical alternative
that best suits the decision makers’ goals. Hence, the al-
ternative that is closest to the ideal point is the best solu-
tion (Malczewski, 1999). Well-known methods include
TOPSIS (Technique for Order Preference by Similarity
to an Ideal Solution), CP (Compromise programming)
and VIKOR (VlseKriterijumska Optimizacija 1 Kom-
promisno Resenje). The main characteristic and advan-
tage of this family of approaches is the ability to con-
sider a non-limited number of alternatives and criteria.

5. Other methods: there are a large number of miscella-
neous techniques that cannot be placed under any of
the described categories. These include, for example,
tailored methods which usually extend or adapt a fun-
damental method to a particular application, as well as
fuzzy and hybrid approaches.

Despite the large number of MCDM methods, none is perfect
and applicable to all decision problems. Therefore, the selec-
tion of an appropriate tool will depend on the problem type
and decision makers’ objectives. Guidelines such as the one
proposed by Guitouni and Martel (1998) can be followed to
choose from available MCDM techniques. Table 1 provides
an outline of the fundamental properties of the MCDM meth-
ods that have been cited throughout the paper. A comprehen-
sive and detailed description of the theoretical foundations
of these techniques alongside with their main strengths and
weaknesses can be found in Triantaphyllou (2000), Tzeng
and Huang (2011), and Ishizaka and Nemery (2013).
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3 Framework for systematic literature review
3.1 Search strategy

A comprehensive literature review was undertaken, aiming
to identify peer-reviewed papers that apply MCDM to flood-
related problems. With this scope in mind, the systematic
quantitative approach outlined in Pickering and Byrne (2014)
was used since this method is explicit, reproducible, and has
fewer biases when compared to traditional narrative reviews.
To ensure that potentially relevant papers were not missed,
six databases were systematically searched, including Sco-
pus, ProQuest, Science Direct, SpringerLink, Emerald In-
sight, and Web of Science. Publications such as doctoral dis-
sertations, book chapters, reports, and conference proceed-
ings were not considered. Furthermore, only papers written
in English were included. To find eligible papers in the men-
tioned databases, Boolean functions were applied to combine
the following keywords:

Keywords (Multi-criteria OR MCDM OR multi
criteria decision-making OR MCDA OR MCA
OR AHP OR analytic hierarchy process OR ANP
OR analytic network process OR MAUT OR
multi-attribute utility theory OR MAVT OR multi-
attribute value theory OR ELECTRE OR TOPSIS
OR MACBETH OR PROMETHEE OR NAIADE
OR VIKOR OR weighted sum method OR simple
additive weighting OR DSRA OR ORESTE OR
DEMATEL OR goal programming) AND (flood
OR floods).

Distinct combinations of these terms were used, taking
into consideration the syntax requirements of each search en-
gine. When possible, only the abstract, title, and keywords
were searched. This narrowed the search space substantially
and enabled to exclude papers that mention the keywords
only in the references or literature review sections.

These queries elicited over 1350 references published be-
tween September 1989 and June 2015. In order to have a 2
decades review, which is considered to be long enough to
arrive at consistent conclusions (Jato-Espino et al., 2014),
1995 was chosen as a starting date for this survey. At first,
the title, abstract, and keywords were screened manually to
exclude irrelevant references. After this preselection, the full
text of 207 selected papers was revised in detail. Of this total,
74 papers were found to be beyond the scope of the inquiry
and five were not available through the library system. In the
end, 128 papers met all inclusion criteria and were included
in the analysis.

The review covers articles published in 72 different jour-
nals, in several areas of knowledge, suggesting that a diver-
sity of publishers share an interest in flood risk management.
Journals with the most papers were Natural Hazards, fol-
lowed by Natural Hazards and Earth System Sciences, Water
Resources Management, and Stochastic Environmental Re-
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Table 1. Description of different MCDM methods cited in the reviewed papers.

Abbreviation Method Description Reference
AHP Analytic hierarchy Structured technique for analysing MCDM  Vaidya and
process problems according to a pairwise Kumar (2006)
comparison scale, where the criteria are
compared to each other
ANP Analytic network Generalization of the AHP method which Saaty (2004)
process enables the existence of interdependences
among criteria
CP Compromise Method based on the use of different Ballestero and
programming distance measures to select the most Bernabeu
suitable solution (2015)
ELECTRE Elimination et Group of techniques addressed to outrank a  Figueira et al.
choix traduisant set of alternatives by determining their (2013)
la realité concordance and discordance indexes
MAUT Multi-attribute Method in which decisions are made by Wallenius et
utility theory comparing the utility values of a series of al. (2008)
attributes in terms of risk and uncertainty
MAVT Multi-attribute Simplification of MAUT that does not seek  Belton (1999)
value theory to model the decision makers’ attitude to
risk
PROMETHEE Preference ranking Family of outranking methods based on Behzadian et
organization method  positive and negative preference flows for al. (2010)
for enrichment of each alternative that is used to rank them
evaluations according to defined weights
TOPSIS Technique for order  Technique based on the concept that the Behzadian et
preference by best alternative is the one which is closest al. (2012)
similarity to an to its ideal solution and farthest from the
ideal solution negative ideal solution
VIKOR Vlsekriterijumska Method that uses aggregating functions Mateo
optimizacija i and focuses on determining compromising  (2012b)
kompromisno solutions for a prioritization problem with
resenje conflicting criteria
SAW* Simple Additive Tool that aims to determine a weighted Abdullah and
Weighting score for the alternatives by adding each Adawiyah
attribute multiplied by their weights (2014)

* Other terms such as weighted linear combination (WLC), weighted summation, weighted linear average, and weighted overlay are also

used to describe SAW.

search and Risk Assessment, with 16, 11, 10, and 6 articles,
respectively. The remaining journals account mainly for one
or two papers each.

3.2 Classification scheme

Following the selection, all included papers were classified
according to some key domains: publication year; area of ap-
plication; country of application; MCDM method; whether
or not it was carried out in a participatory process; partici-
patory techniques applied; and if uncertainty and sensitivity
analysis were performed. With regard to the MCDM method,
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only techniques that were used thrice or more have their own
category, whilst the rest were grouped in “others”. In terms of
research area, the papers were classified based on the overall
emphasis of the application discussed. A total of eight types
of MCDM applications were identified as follows.

1. Ranking of alternatives for flood mitigation: this com-
prises the selection of the best combination of structural
and/or non-structural mitigation solutions from a set of
potential alternatives to reduce flood impacts and mag-
nitude.
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2. Reservoir flood control: this consists in selecting oper-
ational options among a range of alternatives to ensure
safe operation of reservoirs during high inflow events,
aiming to reduce the floods intensity to acceptable lev-
els.

3. Susceptibility assessment: this expresses the likelihood
that a flood will occur in an area on the basis of lo-
cal terrain conditions (e.g. slope, elevation, lithology).
It does not consider the flood temporal probability or
return period (i.e. when or how frequently floods may
occur) (Santangelo et al., 2011).

4. Hazard assessment: this comprehends a qualitative or
quantitative assessment of the spatial and temporal
probability of the occurrence of potentially damaging
floods of a certain magnitude in a given area within a
specific period of time (Dang et al., 2011).

5. Coping capacity assessment: this comprises the evalua-
tion of the ability of people, organizations, and systems,
using available skills and resources, to face and man-
age adverse conditions and emergencies resulting from
floods (UNISDR, 2009).

6. Vulnerability assessment: this refers to articles that as-
sess the propensity of exposed elements such as human
beings, their livelihoods, and assets to suffer adverse ef-
fects when impacted by floods (UNISDR, 2009).

7. Risk assessment: this consists in analysing potential
flood hazards combined with existing conditions of vul-
nerability that together could potentially harm exposed
people, property, services, livelihoods, and the environ-
ment (UNISDR, 2009).

8. Emergency management papers: these are concerned
with the organization and management of resources
and responsibilities for addressing all aspects of emer-
gencies, in particular, preparedness and response steps
(UNISDR, 2009).

4 Results and discussion

This section presents a systematic analysis of 128 peer-
reviewed papers published between 1995 and June 2015. To
help readers extract quick and meaningful information, the
results are summarized in various charts and tables. A com-
plete list of the reviewed papers, including their classification
scheme, is provided in the Supplement.

4.1 Trends by year of publication

In an attempt to model the evolution of MCDM in time, the
data gathered were organized by year of publication. As can
be seen from Fig. 1, there has been a continuing growth in the
number of flood MCDM studies from 1995 to June 2015. In

www.nat-hazards-earth-syst-sci.net/16/1019/2016/

= = ~
IS o S

Number of papers

o

0 T T T T T T T T T T T T T T T T T
\QQ'" \qu \Qn'\ \qq“‘ \qqq ’\9@ q’@\ ”Q@'A/QST ’19& '\'QS’ ’\9@@6\ A,BQ% ’\9@ '\9\5 ’\S\\ “9\%"9\3 ’»“\h '19\5
Figure 1. Number of MCDM flood papers published over the period
1995-June 2015.

fact, over 82 % of the compiled papers have been published
since 2009. Until 2004, the number of publications was equal
to or less than one per year. Surprisingly, from 2010 to 2013,
the use of MCDM dramatically increased, from 5 to 22 pa-
pers. Accordingly, it can be estimated that in the coming
years, these numbers will keep growing. This indicates that
MCDM has a good vitality and acceptance for flood risk
management.

A reason for the increasing number of publications could
be a reflection of a growing awareness of natural disaster pre-
vention and reduction policies. Secondly, the availability of
easy-to-use and inexpensive MCDM software packages may
also be an influencing factor. Alternatively, this increase may
just match a general rise in published papers related to floods
as a whole.

To correctly measure the interest in MCDM for flood
risk management, an increase of MCDM papers in relative
terms needs to be calculated. Thus, a normalization was
made according to the number of flood publications in the
Web of Science and Science Direct databases, found through
searches using only “flood” as keyword. Figure 2 shows that
the increase of flood MCDM publications is significantly
greater than the increase of flood publications, especially af-
ter 2011. This confirms the hypothesis that the use of MCDM
to solve flood-related problems has been growing consider-
ably since 1995.

4.2 Trends by area of application

During the last 2 decades, ranking alternatives for flood mit-
igation was the most widespread flood management topic,
with more than 22 % of all applications (Table 2). These stud-
ies focus mainly on selecting traditional engineering mea-
sures to reduce flood risk (e.g. Azibi and Vanderpooten,
2003; Tkach and Simonovic, 1997). Nevertheless, in recent
years, they emphasize not only the so-called structural mea-
sures, which are still relevant, but also incorporate a wide
range of non-structural options such as the development of
evacuation plans, enforcement of building codes, and insur-
ance schemes (e.g. Zagonari and Rossi, 2013; Chitsaz and
Banihabib, 2015).
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Table 2. Distribution of applications by flood risk management
topic.

Area of application N %
Ranking of alternatives for flood mitigation 41 22.78
Risk assessment 38 2111
Vulnerability assessment 27 15.00
Hazard assessment 27 15.00
Susceptibility assessment 21 11.67
Coping capacity 11 6.11
Reservoir flood control 8 4.44
Emergency management 7 3.89
Total 180 100

0.20

Flood MCDM papers
0.16 - = Flood papers (Web of Science)
= Flood papers (Science Direct)

0.12 4

0.08

0.04
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Figure 2. Normalized number of MCDM and flood papers pub-
lished between 1995-June 2015, based on data from the Web of
Science and Science Direct.

The second most common theme was risk assessment
(21.11 %), followed by vulnerability and hazard analysis,
both with 15.00% of all applications. In this regard, it is
worth noting that several papers evaluate the vulnerability,
hazard, and risk simultaneously (e.g. Lee and Chung, 2007;
Zou et al., 2013; Wu et al., 2015). Few papers used MCDM
as a decision support tool in reservoir flood control and emer-
gency management problems. This is probably because man-
aging emergencies, both in rivers and reservoirs, is a com-
plex task, requiring effective coordination and communica-
tion among teams involved as well as reliable information
regarding the current situation of emergency (Shan et al.,
2012).

In order to have a complete overview of works published
through time, Fig. 3 presents a temporal breakdown of the
different flood topics. As can be seen, flood risk manage-
ment has recently shifted its main focus from ranking alter-
natives for flood mitigation towards a risk-based perspective,
which includes the assessment of risk and its components.
This finding is in agreement with a worldwide trend, where
disaster prevention is emphasized over assistance or relief,
and evaluating the risk becomes a key element (World Bank,
2006). Another interesting result is that coping capacity stud-
ies are quite new in comparison to other topics, with the
first paper published in 2009. In addition, the graph reveals
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Table 3. Distribution of applications by country of application.

Country N % Country N %
China 26 19.40 the Netherlands 2 1.49
Germany 13 9.70  Finland 2 1.49
South Korea 10 7.46  Italy 2 1.49
Iran 7 522  Kenya 1 0.75
Greece 6 448  Kuwait 1 0.75
India 6 448  Vietnam 1 0.75
Canada 6 448 Taiwan 1 0.75
Malaysia 5 3.73  Bhutan 1 0.75
Bangladesh 5 3.73  Switzerland 1 0.75
USA 5 3.73  South Africa 1 0.75
UK 5 3.73 Poland 1 0.75
France 4 299  Spain 1 0.75
Slovakia 3 2.24  Portugal 1 0.75
Egypt 2 1.49  Serbia 1 0.75
Turkey 2 1.49  Nigeria 1 0.75
Japan 2 1.49  Chile 1 0.75
Australia 2 1.49  Argentina 1 0.75
Croatia 2 149 Romania 1 0.75
Austria 2 149  Total 134 100.00

m Hazard assessment
m Coping capacity
u Reservoir flood control

Alternative ranking
u Risk assessment
Susceptibility assessment

100 %
80 % -
60 % -
40 % - I
20 % -

0%

= Vulnerability assessment
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Figure 3. Distribution of MCDM papers by application area be-
tween 1995 and June 2015.

that since 2010, the trend in the other flood problems has
remained fairly stable. This diversity of applications shows
MCDM flexibility to support decision-making in all stages
of the flood management cycle.

4.3 Trends by country of application

A total of 37 countries on all populated continents have con-
tributed to this survey (Table 3), showing that the spread
of MCDM is truly global. China accounts for 19.40 % of
all applications, which is not too surprising. Indeed, sim-
ilar results were obtained by other MCDM review papers
(e.g. Jato-Espino et al., 2014). In contrast to previous sur-
veys (e.g. Govindan and Jepsen, 2016), Germany and South
Korea were found to be prolific users of MCDM tools.
Surprisingly, South American countries such as Brazil,
Colombia, and Venezuela, which are severely affected by
floods (CRED and OFDA, 2015), were not represented in
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the literature. The limited use of MCDM in these countries
could be explained by restrictions, such as lack of expertise,
resources, and technology. On the other hand, it could be
that the existing studies are published in non-English jour-
nals (e.g. Drozino et al., 2015; Magalhaes et al., 2011). Un-
like other MCDM review papers (e.g. Behzadian et al., 2010;
Mosadeghi et al., 2013), MCDM tools were rarely applied to
solve flood-related problems in Australia. The reason could
be that potentially relevant studies are published in confer-
ence papers, government reports, non-indexed journals, or in
other grey literature.

Half of the MCDM studies were conducted in Asia, fol-
lowed by Europe (35.07 %), North America (8.21 %), Africa
(3.73%), and finally by Australia and South America, each
with 1.49% of all applications. Therefore, it is clear that
when we analyse the findings of the present study, we are
providing a predominantly Asiatic and European view of
flood risk management.

Furthermore, only three papers report cross-country inves-
tigations (e.g. Ceccato et al., 2011; Evers et al., 2012; Al-
moradie et al., 2015). For example, Ceccato et al. (2011)
analysed five case studies in Austria, Germany, India,
Bhutan, and China. The authors found out that although the
studied watersheds were characterized by distinct ecological,
social, and economic dimensions, the criteria selected by the
stakeholders were rather similar. In this regard, multiple-case
studies allow findings to be compared, parallels to be drawn,
and differences across diverse cultural, environmental, and
governmental contexts to be examined.

4.4 Trends by MCDM method

Results showed that AHP and its family of methods were
by far the most used MCDM approach (Table 4). One rea-
son for this might be that its structure is straightforward,
flexible, and easily understandable (Cinelli et al., 2014).
Thanks to these characteristics, it can be adapted to differ-
ent problems without requiring previous knowledge from
the analyst. Moreover, several software packages incorpo-
rate AHP (e.g. DECERNS, ExpertChoice, MakeltRational,
DECERNS, EasyMind and Super decisions), including GIS
(Geographic Information System) software (e.g. ArcGIS,
Idrisi, and ILWIS). The second most employed method was
TOPSIS, closely followed by SAW. These results, with a
few differences and similarities, were confirmed by other
MCDM review papers such as Jato-Espino et al. (2014) and
Broekhuizen et al. (2015) that ranked AHP as the first and
TOPSIS as the second method with more applications.

Note that the sum of the applications (165 items) in Table 4
does not match the number of papers (128 items) since some
articles used several MCDM techniques to analyse differ-
ences in scoring and ranking. For example, Chitsaz and Ban-
ihabib (2015) compared seven MCDM tools and concluded
that ELECTRE 111 stood superior to select flood management
options. On the other hand, Chung and Lee (2009) employed
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Table 4. Distribution of applications by MCDM method.

MCDM method N %
AHP, fuzzy AHP, trapezoidal fuzzy AHP and ANP 70 4242
TOPSIS, fuzzy TOPSIS and modified TOPSIS 22 1333
SAW 21 1273
Others (MACBETH, NAIADE, goal programming, etc.) 20  12.12
CP, spatial CP and fuzzy CP 10 6.06
ELECTRE L II, Il and TRI 7 4.24
MAUT and MAVT 7 4.24
PROMETHEE I and Il 5 3.03
VIKOR and fuzzy VIKOR 3 1.82
Total 165 100

five methods and found out that there is no clear method-
ological advantage to any of the considered techniques. Apart
from comparative studies, several researchers have combined
two MCDM approaches to complement each other (e.g. Mar-
geta and Knezic, 2002; Lee and Chung, 2007; Zhou et al.,
2014). For instance, Zhou et al. (2014) applied AHP to as-
sign relative weights to each criterion and TOPSIS to rank
the risk. Overall, 106 out of 128 papers (82.81 %) used one
MCDM method while 12.50 % used two, 3.13 % used three,
and 1.56 % applied more than three.

The survey also showed that MCDM techniques are not
used only in a stand-alone mode, but are commonly ex-
tended and combined with soft computing technologies, in-
cluding fuzzy set theory (e.g. Chen and Hou, 2004; Guo et
al., 2014), artificial neural network (e.g. Radmehr and Aragh-
inejad, 2014; Liu et al., 2014), and tools such as SWOT
(Strengths, Weaknesses, Opportunities, and Threats) analy-
sis (e.g. Vafaei and Harati, 2010; Miyamoto et al., 2014).
Furthermore, there are also numerous hybrid methods, de-
veloped to address gaps in classical techniques (e.g. Yang et
al., 2013; Shams et al., 2014). This suggests that MCDM is
versatile, enabling researchers to combine it effectively with
different tools according to the requirements of the decision
to be taken.

Overall, AHP is the most prominent MCDM method in all
application areas, except for reservoir flood control (Table 5).
The primary reason for the popularity of AHP for mapping
the risk and its components is that the implementation of
this technique within the GIS environment is straightforward,
enabling the users to quickly derive the weights associated
with criteria map layers (Malczewski, 2007). For reservoir
flood control, miscellaneous methods such as fuzzy hybrid
approaches were the preferred techniques. This is probably
because reservoir operations involve a large number of un-
certain factors that can be properly addressed by fuzzy set
theory. Additionally, TOPSIS is highly popular for ranking
alternatives for flood mitigation, which emphasizes the ef-
fectiveness of this technique to deal simultaneously with con-
flicting objectives.

Although the most widespread MCDM methods were
used at least once, no study has used DEMATEL (Decision-
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Table 5. Distribution of applications by MCDM method and area of application.

L
T
o S T
— %) =
Avrea of application/ < F o O O W =2 a >
number of applications
Ranking of alternatives for flood mitigation 14 10 9 8 9 5 2 3 1
Risk assessment 27 10 5 6 1 1 3 1 2
Vulnerability assessment 21 3 5 4 1 1 2 0 O
Hazard assessment 25 3 2 5 1 1 0 0 O
Susceptibility assessment 18 0 4 0 0 0 0 0 O
Coping capacity 8 4 2 0 0 0 1 0 O
Emergency management 5 0 1 0 0O 0 0 1 o0
Reservoir flood control 1 1 o 5 0 1 0 0 O
Total* 119 31 28 28 12 9 8 5 3

* It is important to highlight that some papers analysed two or more flood problems simultaneously by using the same
MCDM method. Thus, the number of applications in Table 5 is higher than in Table 4.

Making Trial and Evaluation Laboratory) or ORESTE (Or-
ganization, Rangement Et Synthese De Donnes Relation-
nelles). A likely explanation is that these methods are cog-
nitively demanding when compared to classical approaches,
especially when numerous criteria are involved (Dou et al.,
2014; Moffett and Sarkar, 2006). For instance, DEMATEL
needs to be coupled with other MCDM tools, such as ANP
to generate criteria weights, which makes its application dif-
ficult. In addition, there is a limited amount of software
available, and most of it costs (e.g. Decision Era). How-
ever, DEMATEL was specifically developed to address lim-
itations of traditional techniques regarding interdependence
between criteria. Likewise, ORESTE is suitable for problems
with limited information and with incommensurable criteria
(Moffett and Sarkar, 2006).

4.5 Trends regarding stakeholders’ involvement

Flood risk management decisions may be designed with-
out the direct participation of multiple stakeholders. How-
ever, they cannot be implemented without them (Affele-
tranger, 2001). Therefore, flood management decision-
making should be ideally carried out in a participatory pro-
cess, where the knowledge and preferences of interested ac-
tors are integrated into the process from the beginning. Ac-
cording to Evers et al. (2014), this creates trust among deci-
sion makers and stakeholders, which often lead to a success-
ful implementation of the chosen measures.

The survey revealed that 65 (50.78 %) studies have explic-
itly acknowledged the involvement of multiple actors in the
decision-making process. Policy makers and experts were the
stakeholders that participated most. This was expected since
they are often responsible for the selection and implemen-
tation of chosen measures and have a broad knowledge of
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the problem of interest. Additionally, some papers mentioned
the involvement of local community members (e.g. Kandil-
ioti and Makropoulos, 2012; Sahin et al., 2013; Roy and
Blaschke, 2015). According to Affeletranger (2001), the con-
sideration of community members’ opinion may improve
their resilience as well as their response capacity when con-
fronting natural disasters.

Nevertheless, participation was generally fragmented and
restricted to consultation at specific stages, such as the se-
lection of evaluation criteria (e.g. Haque et al., 2012) and
the definition of criteria weights (e.g. Kienberger et al.,
2009; Sahin et al., 2013). This segmentation may be related
to methodological and time constraints since participatory
decision-making is time-consuming and costly, particularly
when the decisions are made in a group where proper facili-
tation is required.

Crucial aspects of the decision-making process like the
definition of objectives, identification of the alternatives, and
estimation of its consequences were usually constrained to
analysts and experts, which inhibit the achievement of gen-
uine participation. Only in exceptional cases was the input
from the stakeholders a critical element in the entire process
(e.g. Ceccato et al., 2011; Evers et al., 2012). For example,
Ceccato et al. (2011) developed a methodological proposal
aimed at strengthening the communication and collaboration
within the scientific community and local actors for flood
management decision-making. The authors applied the Net-
SyMoD (Network Analysis — Creative System Modelling)
framework (Giupponi et al., 2008), where the identification
of relevant stakeholders, definition of the problem, establish-
ment of objectives and criteria, and the selection of alterna-
tives are conducted in a participatory process.

Another interesting result is that only four studies seek to
obtain consensus (e.g. Haque et al., 2012; Lee et al., 2013,
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2014, 2015), in which participants make decisions by agree-
ment rather than by majority vote or averaging approaches.
Nevertheless, enhancing mutual understanding for consen-
sus building is essential for a long-lasting and successful
flood management program, especially for selecting alter-
natives for flood mitigation and emergency management. It
allows decision makers to derive meaningful solutions that
fulfil their own needs while at the same time satisfying the
requirements of other actors, legitimating the participation
as a learning process to solve complex problems.

A total of 43 out of 65 studies provided unambiguous de-
scriptions of the participatory decision-making techniques
applied. Figure 4 shows that questionnaires (e.g. Giupponi
et al., 2013; Taib et al., 2016) and face-to-face interviews
(e.g. Deshmukh et al., 2011; Jun et al., 2011) were the most
applied tools. These methods allow for opinions to be con-
veyed without influence from dominant participants and are
simple and fast to realize. On the other hand, the partici-
pants are not able to share and hear different perspectives
through open dialogue, which is essential for achieving com-
mon agreement.

In this sense, Mendoza and Martins (2006) argue that
group elicitation methods involving open discussion offer
several advantages, including the consistency in the infor-
mation obtained, and a better definition of the preferences.
On the other hand, the results can be influenced by domi-
nant stakeholders and noise in the responses (Hsu and Sand-
ford, 2007). Group elicitation methods such as workshops
(e.g. Kenyon, 2007; Porthin et al., 2013), group meetings
(e.g. Azibi and Vanderpooten, 2003; Marttunen et al., 2013),
and focus group discussions (e.g. Rahman and Saha, 2007;
Haque et al., 2012) were less applied in the reviewed papers.

Recently, researchers have used the Delphi technique to
overcome shortcomings of conventional group elicitation
methods regarding dominant individuals and time constraints
(e.g. Chung et al., 2014; Lee et al., 2014). This method pro-
vides anonymity to respondents, a structured feedback pro-
cess, and is suited for consensus building (Hsu and Sandford,
2007). Additionally, it is advantageous when the stakeholders
live some distance apart, and it is prohibitive to bring them
together for a workshop or group meeting (Lee et al., 2013).

It is interesting to highlight that two studies reported the
use of collaborative web-based platforms in which stakehold-
ers select and rank alternatives interactively (e.g. Evers etal.,
2012; Almoradie et al., 2015). These platforms have the po-
tential to overcome hindrances in participatory MCDM such
as the limitation of financial resources and stakeholders’ spa-
tial distribution, providing full transparency of information
and results. By taking this approach, the confidence in the
decision-making process is increased as well as the level of
acceptance of negotiated measures, which are crucial condi-
tions for successful participatory flood risk management.
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Figure 4. Methods used to incorporate multiple stakeholders’ views
in the decision-making process.

4.6 Trends regarding sensitivity and uncertainty
analysis

Flood decision-making is subjected to multiple sources of
uncertainty, including the assessment of criteria weights,
the parameters’ uncertainties, and structural uncertainty
(Broekhuizen et al., 2015). In addition, there are uncertain-
ties associated with the inherent randomness of flood events
(Merz et al., 2008), which, in principle, cannot be reduced.
Thus, in order to improve the quality of decisions and verify
the robustness of the model outputs, flood risk management
should be based on a comprehensive assessment of the sen-
sitivity combined with a thorough investigation of the uncer-
tainties involved.

In this review, 93 (72.65%) papers do not report any
kind of sensitivity analysis, thereby ignoring the impact of
changes in input weights on model results. The remaining
articles (35 or 27.34 %) applied mainly one-way sensitiv-
ity analysis, where one criteria weight or performance score
is modified at a time and the variation of the alternatives’
ranking is observed. If the induced variation does not change
the rank order of alternatives, the decision is considered ro-
bust. This technique is intuitively appealing and requires lit-
tle time, making it a practical way to assess the sensitivity.
Even though this method is sufficient for most flood applica-
tions, the range over which weights are varied is normally ar-
bitrarily defined, and the commutative impact of uncertainty
is not considered. Hence, these drawbacks may lead to a bi-
ased view of the influence of uncertainty on the final decision
(Broekhuizen et al., 2015).

Two papers performed global sensitivity analysis (GSA)
by applying the FAST (Fourier Amplitude Sensitivity Test)
procedure, where two or more evaluation criteria are varied
at the same time (e.g. Fernandez and Lutz, 2010; Chen et al.,
2015). Although GSA allows for the full uncertainty range
of the criteria to be explored and analysed, it can become
an extremely time-consuming task, as a large number of cri-
teria are included in the analysis. Additionally, four papers
elaborated best- and worst-case scenarios to incorporate de-
cision makers’ attitude to risk (e.g. Kandilioti and Makropou-
los, 2012; Penning-Rowsell et al., 2013; Ghanbarpour et al.,
2013; Alipour, 2015). Finally, two studies used a probabilis-
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tic approach (e.g. Yazdandoost and Bozorgy, 2008; Fernan-
dez and Lutz, 2010), which is the most rigorous form of sen-
sitivity analysis. This approach requires the estimation of a
maximum percentage that the actual criteria weight may dif-
fer from the estimated value.

Several authors have listed the uncertainty as a major
drawback (e.g. Bana e Costa et al., 2004; Edjossan-Sossou et
al., 2014; Godfrey et al., 2015; Almoradie et al., 2015). How-
ever, only eight papers (6.25 %) perform uncertainty analy-
sis in an attempt to describe the entire set of possible out-
comes, together with their associated probabilities of occur-
rence. In situations where uncertainty is mainly due to ran-
domness, the methods used were probability-based. This is
the case of Qi et al. (2013) and Li (2013) who used Monte
Carlo simulation to convert uncertainties in input criteria into
probability distributions. Another approach applied was the
Taylor’s series error propagation method (e.g. Fernandez and
Lutz, 2010), which analyses how the uncertainty in input data
propagates through the model and affects its outputs. In ad-
dition, three papers assessed the uncertainty qualitatively, by
describing its main sources (e.g. Cozannet et al., 2013) or by
analysing the degree of confidence related to stakeholders’
opinion (e.g. Ceccato et al., 2011; Penning-Rowsell et al.,
2013).

Apart from uncertainty and sensitivity analysis, fuzzy set
theory is widely combined with AHP, TOPSIS, and CP to
handle uncertainty and incomplete information about the de-
cision situation. For instance, Lee et al. (2013) integrated
TOPSIS and fuzzy set theory to fuzzify the weighting val-
ues and all criteria maps. In the same sense, the approach
proposed by Yang et al. (2012) combines AHP and trian-
gular fuzzy number to assess the flood risk and its compo-
nents. Fuzzy set theory is widespread in MCDM due to its
intuitiveness and computational requirements. Nevertheless,
some studies have shown that fuzzy AHP do not provide bet-
ter results than regular AHP since the judgments in AHP are
already fuzzy (Saaty, 2006). Therefore, the additional com-
plexity of utilizing fuzzy numbers may be unnecessary in
some cases.

Finally, it is relevant to note that some MCDM meth-
ods explicitly account for uncertain input criteria scores. For
instance, ELECTRE and PROMETHEE adopt the pseudo-
criterion model that introduces indifference and preference
thresholds. Likewise, MAUT considers imprecise data in-
put with probabilistic approaches (Cinelli et al., 2014). Also,
AHP allows the generation of an inconsistency index, which
can be considered as an indirect measure of the uncertainty
in the criteria weighting step.
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5 Research limitations and recommendations for
future research

5.1 Limitations

There are some caveats that should be considered when in-
terpreting the results obtained in this review. One of the
main shortcomings is that the papers’ quality was not eval-
uated since they were all published in peer-reviewed jour-
nals. Thus, some applications were superficial, while others
were detailed, including intensive stakeholder participation,
validation of results, and probabilistic-based uncertainty and
sensitivity analysis. Some studies were carried out with real
data, involving real decision makers and stakeholders, while
others discussed hypothetical applications or were secondary
studies that re-examined empirical work. A future review pa-
per can address this limitation by applying heuristic check-
lists (e.g. Beecham et al., 2008) to assess the overall quality
of the study.

In addition, defining the flood application area turned out
to be a subjective process, especially when it came to distin-
guishing between susceptibility, hazard, and risk assessment.
There is a misunderstanding about these terms in the litera-
ture, which are used in slightly different ways by researchers
with different backgrounds. Thus, in some cases, it was diffi-
cult to define a clear line for when it was susceptibility, haz-
ard, or risk. Whenever possible, the term used by the authors
was respected.

The exclusion of non-English literature can also be under-
stood as a limitation (Behzadian et al., 2010). The results of
our preliminary searches showed that several MCDM French
school authors have published in French language journals.
Furthermore, there are a significant number of research pa-
pers published in German, Chinese, and Korean. Thus, it
should be emphasized that, when feasible, searches using
multiple languages are advantageous (Pickering and Byrne,
2014).

Nevertheless, despite these potential limitations, this paper
is the first to present a literature review of the state of the art
of the use of MCDM for flood-related problems. The sample
of papers analysed provides sufficient information to stimu-
late discussion and research that addresses challenges in this
area of knowledge.

5.2 Recommendations for future research

This review enabled us to identify gaps in the knowledge of
MCDM for flood risk management regarding several aspects.
First, classical MCDM methods such as MAUT, MAVT,
PROMETHEE, and DEMATEL were overlooked. Almost
half of reviewed applications used AHP to elicit criteria
weights, which is a relatively easy and flexible method, re-
quiring fewer skills than other tools. In this sense, explor-
ing the implications of methodological differences in existing
MCDM methods for flood risk management is an interesting
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research challenge. Similarly, future research can focus on
understanding advantages and limitations of each method for
handling different sources of uncertainty.

Secondly, there were surprisingly few studies that effec-
tively considered stakeholders’ participation throughout the
entire decision-making process. Therefore, greater rigour in
endorsing an active participation in all stages of the decision-
making process should be undertaken, in order to increase the
feasibility and subsequent implementation of chosen mea-
sures. Future research could be directed towards developing
web platforms to elicit stakeholders’ preferences, aiming to
reach consensus in a simpler and easily accessible way. In
addition, this course of action can be combined with other
participatory techniques such as cognitive mapping, Delphi
technique, and voting theory. Conversely, it should be noted
that intensive participation is time-consuming. Thus, in real-
life applications, trade-offs have to be made between the
available resources and the expected outcomes of the MCDM
process.

The third challenge, and perhaps the most relevant re-
search gap, refers to fully considering the uncertainties
around decision makers’ judgments. Although uncertainty
in MCDM is not a new problem and significant improve-
ments have been made over the last decades, it remains a
major open issue. Previous studies suggest that properly ad-
dressing the uncertainties can substantially improve MCDM
applications, assisting stakeholders to make better decisions.
Potential exists to apply Bayesian framework methods (e.g.
Bayesian networks and Dempster—Shafers’ theory), possibil-
ity theory, and evidence theory. Additionally, innovative ap-
proaches may be required to account for special characteris-
tics in developing countries, where limitations in resources
and technology exist. However, regardless of the uncertainty
method applied, considering all sources of uncertainty in
the decision-making process might not be a feasible task
(Mowrer, 2000). Nevertheless, it is essential to identify as
many sources of uncertainty as possible, and attempt to re-
duce or handle them.

Lastly, a significant gain can be made if flood MCDM ap-
plications are able to consider climate and socioeconomical
changes, which have potential to aggravate existing risks.
This has been tackled in a recent study by Giupponi et
al. (2013) that assessed the flood vulnerability within the
broad context of climate change adaptation.

6 Conclusions

This study has presented a systematic review of 128 papers
that apply MCDM to flood-related problems, aiming to pro-
vide an overall picture of what has motivated researchers and
practitioners in 37 different countries over the past 2 decades.
Our findings suggest an increasing interest in flood MCDM
since 2009, as compared to the previous 14 years. A wide
range of applications were identified, with most papers fo-
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cusing on ranking alternatives for flood mitigation, followed
by risk, hazard, and vulnerability assessment. This highlights
the utility of MCDM as a decision support tool in all stages
of the flood management process.

Nearly 85 % of the applications were conducted in Asian
and European countries, mainly in China, Germany, and
South Korea. Hence, potential exists to develop cross-
country investigations, especially in South America and Aus-
tralia. Overall, AHP was the most widespread method, indi-
cating that other methods may be overlooked. The review
also shows that fuzzy and hybrid approaches (e.g. triangular
fuzzy AHP, hybrid fuzzy AHP-TOPSIS, AHP-SWOT, mod-
ified TOPSIS) are being increasingly applied to overcome
limitations of classical methods.

About half of the studies have acknowledged the involve-
ment of multiple stakeholders. However, participation was
fragmented and focused on particular stages of the decision-
making process. Most of the reviewed studies rely on the use
of questionnaires and interviews to capture stakeholders’ per-
spectives, with few applications seeking to obtain consensus.
In addition, shortcomings remain in handling the uncertainty.
Thus, greater rigour in considering the uncertainties around
stakeholders’ preferences and endorsing an active partici-
pation are important research gaps. Additionally, sensitivity
analysis should be conducted as a primary method to check
the stability of the results and identify the most critical cri-
teria. This could help to increase the quality of decisions as
well as the transparency and credibility of the MCDM out-
comes.

It is clear from the literature that the challenge for further
research is to foster the development of true collaborative
MCDM applications that take the uncertainty around stake-
holders’ judgments into account. We believe that this paper
can provide valuable information for guiding future research
and that it can serve as a ready reference for researchers
and practitioners working with flood risk management and
MCDM.

The Supplement related to this article is available online
at doi:10.5194/nhess-16-1019-2016-supplement.

Acknowledgements. This work was supported by the Brazilian
Coordination for the Improvement of Higher Education Person-
nel (CAPES) through the grant 13669-13-3. The authors would like
to thank the editor Paolo Tarolli and two anonymous referees for
providing helpful comments and feedback. We are also thankful for
the suggestions made by Adrian Almoradie.

Edited by: P. Tarolli
Reviewed by: two anonymous referees

Nat. Hazards Earth Syst. Sci., 16, 1019-1033, 2016


http://dx.doi.org/10.5194/nhess-16-1019-2016-supplement

1030 M. de Brito and M. Evers: Multi-criteria decision-making for flood risk management

References

Abdullah, L. and Adawiyah, C. W. R.: Simple additive weighting
methods of multi criteria decision making and applications: a
decade review, Int. J. Inf. Process. Manage., 5, 39-49, 2014.

Affeletranger, B.: Public participation in the design of local strate-
gies for flood mitigation and control, International Hydrologi-
cal Programme, Technical Documents in Hydrology no. 48, UN-
ESCO, Paris, 2001.

Akter, T. and Simonovic, S. P.: Aggregation of fuzzy views of
a large number of stakeholders for multi-objective flood man-
agement decision-making, J. Environ. Manage., 77, 133-143,
doi:10.1016/j.jenvman.2005.02.015, 2005.

Alipour, M. H.: Risk-informed decision making framework for op-
perating a multi-purpose hydropower reservoir during flooding
and high inflow events, case study: Cheakamus River System,
Water Resour. Manage., 29, 801-815, doi:10.1007/s11269-014-
0844-3, 2015.

Almoradie, A., Cortes, V. J., and Jonoski, A.: Web-based stake-
holder collaboration in flood risk management, J. Flood Risk
Manage., 8, 19-38, doi:10.1111/jfr3.12076, 2015.

Azibi, R. and Vanderpooten, D.: Aggregation of dispersed con-
sequences for constructing criteria: the evaluation of flood
risk reduction strategies, Eur. J. Oper. Res., 144, 397-411,
doi:10.1016/S0377-2217(01)00400-3, 2003.

Balica, S. F., Popescu, I., Beevers, L., and Wright, N. G.: Paramet-
ric and physically based modelling techniques for flood risk and
vulnerability assessment: A comparison, Environ. Model. Softw.,
41, 84-92, doi:10.1016/j.envsoft.2012.11.002, 2013.

Ballestero, E. and Bernabeu, A. G.: Compromise programing and
utility functions, in: Socially responsible investment — a multi-
criteria decision making approach, edited by: Ballestero, E.,
Pérez-Gladish, B., and Bernabeu, A. G., Springer International
Publishing, Cham., 155-175, 2015.

Bana e Costa, C. A, Silva, P. A,, and Correia, F. N.: Mul-
ticriteria evaluation of flood control measures: the case of
Ribeira do Livramento, Water Resour. Manage., 18, 263-283,
doi:10.1023/B:WARM.0000043163.19531.6a, 2004.

Beecham, S., Baddoo, N., Hall, T., Robinson, H., and
Sharp, H.: Motivation in software engineering: a system-
atic literature review, Inf. Softw. Technol., 50, 860-878,
doi:10.1016/j.infsof.2007.09.004, 2008.

Behzadian, M., Kazemzadeh, R. B., Albadvi, A., and Aghdasi, M.:
PROMETHEE: a comprehensive literature review on method-
ologies and applications, Eur. J. Oper. Res., 200, 198-215,
doi:10.1016/j.ejor.2009.01.021, 2010.

Behzadian, M., Otaghsara, S. K., Yazdani, M., and Ignatius, J.:
A state-of the-art survey of TOPSIS applications, Expert Syst.
Appl., 39, 13051-13069, doi:10.1016/j.eswa.2012.05.056, 2012.

Belton, V.: Multi-criteria problem structuring and analysis in a value
theory framework, in: Multicriteria Decision Making Advances
in MCDM Models, Algorithms, Theory and Applications, edited
by: Gal, T., Stewart, T. J., and Hanne, T., Springer US, New York,
335-366, 1999.

Broekhuizen, H., Groothuis-Oudshoorn, C. G. M., van Til, J. A,,
Hummel, J. M., and 1Jzerman, M. J.: A review and classification
of approaches for dealing with uncertainty in multi-criteria deci-
sion analysis for healthcare decisions, Pharmacoeconomics, 33,
445-455, doi:10.1007/s40273-014-0251-x, 2015.

Nat. Hazards Earth Syst. Sci., 16, 1019-1033, 2016

Ceccato, L., Giannini, V., and Giupponi, C.: Participatory assess-
ment of adaptation strategies to flood risk in the Upper Brahma-
putra and Danube river basins, Environ. Sci. Policy, 14, 1163—
1174, doi:10.1016/j.envsci.2011.05.016, 2011.

Chen, H., Ito, Y., Sawamukai, M., and Tokunaga, T.: Flood haz-
ard assessment in the Kujukuri Plain of Chiba Prefecture, Japan,
based on GIS and multicriteria decision analysis, Nat. Hazards,
78, 105-120, doi:10.1007/s11069-015-1699-5, 2015.

Chen, S. and Hou, Z.: Multicriterion decision making for flood con-
trol operations: theory and applications, J. Am. Water Resour.
Assoc., 40, 67-76, 2004.

Chitsaz, N. and Banihabib, M. E.: Comparison of different multi
criteria decision-making models in prioritizing flood manage-
ment alternatives, Water Resour. Manage., 29, 2503-2525,
d0i:10.1007/s11269-015-0954-6, 2015.

Chung, E., Won, K., Kim, Y., and Lee, H.: Water resource vulner-
ability characteristics by district’s population size in a changing
climate using subjective and objective weights, Sustainability, 6,
6141-6157, doi:10.3390/su6096141, 2014.

Chung, E. S. and Lee, K. S.: Identification of spatial ranking of
hydrological vulnerability using multi-criteria decision making
techniques: Case study of Korea, Water Resour. Manage., 23,
2395-2416, doi:10.1007/s11269-008-9387-9, 2009.

Cinelli, M., Coles, S. R., and Kirwan, K.: Analysis of the po-
tentials of multi criteria decision analysis methods to con-
duct sustainability assessment, Ecol. Indic., 46, 138-148,
doi:10.1016/j.ecolind.2014.06.011, 2014.

Cozannet, G. L., Garcin, M., Bulteau, T., Mirgon, C., Yates, M. L.,
Méndez, M., Baills, A., Idier, D., and Oliveros, C.. An AHP-
derived method for mapping the physical vulnerability of coastal
areas at regional scales, Nat. Hazards Earth Syst. Sci., 13, 1209-
1227, do0i:10.5194/nhess-13-1209-2013, 2013.

CRED and OFDA: EM-DAT International Disaster Database, avail-
able at: http://www.emdat.be/, last access: 30 September 2015.
Dang, N. M., Babel, M. S., and Luong, H. T.: Evaluation of food
risk parameters in the Day river flood diversion area, Red River
Delta, Vietnam, Nat. Hazards, 56, 169-194, doi:10.1007/s11069-

010-9558-x, 2011.

de Kort, I. A. T. and Booij, M. J.: Decision making under uncer-
tainty in a decision support system for the Red River, Environ.
Model. Softw., 22, 128-136, doi:10.1016/j.envsoft.2005.07.014,
2007.

Deshmukh, A., Oh, E. H., and Hastak, M.: Impact of flood
damaged critical infrastructure on communities and indus-
tries, Built Environ. Proj. Asset Manage., 1, 156-175,
doi:10.1108/20441241111180415, 2011.

Dou, Y., Sarkis, J., and Bai, C.: Government Green Procurement:
A Fuzzy-DEMATEL Analysis of Barriers, in: Supply Chain
Management Under Fuzziness: Recent Developments and Tech-
niques, edited by: Kahraman, C. and Oztaysi, B., Springer-
Verlag, Berlin, Heidelberg, 567-589, 2014.

Drozino, B., Oliveira, F. B. R., and Samed, M. M. A.: AHP method
applied to the location problem of an assistance central for emer-
gency situations in the state of Parana, Rev. Tecnol., 24, 131-141,
doi:10.4025/revtecnol.v24i1.27410, 2015.

Edjossan-Sossou, A. M., Deck, O., Al Heib, M., and Verdel, T.:
A decision-support methodology for assessing the sustainabil-
ity of natural risk management strategies in urban areas, Nat.

www.hat-hazards-earth-syst-sci.net/16/1019/2016/


http://dx.doi.org/10.1016/j.jenvman.2005.02.015
http://dx.doi.org/10.1007/s11269-014-0844-3
http://dx.doi.org/10.1007/s11269-014-0844-3
http://dx.doi.org/10.1111/jfr3.12076
http://dx.doi.org/10.1016/S0377-2217(01)00400-3
http://dx.doi.org/10.1016/j.envsoft.2012.11.002
http://dx.doi.org/10.1023/B:WARM.0000043163.19531.6a
http://dx.doi.org/10.1016/j.infsof.2007.09.004
http://dx.doi.org/10.1016/j.ejor.2009.01.021
http://dx.doi.org/10.1016/j.eswa.2012.05.056
http://dx.doi.org/10.1007/s40273-014-0251-x
http://dx.doi.org/10.1016/j.envsci.2011.05.016
http://dx.doi.org/10.1007/s11069-015-1699-5
http://dx.doi.org/10.1007/s11269-015-0954-6
http://dx.doi.org/10.3390/su6096141
http://dx.doi.org/10.1007/s11269-008-9387-9
http://dx.doi.org/10.1016/j.ecolind.2014.06.011
http://dx.doi.org/10.5194/nhess-13-1209-2013
http://www.emdat.be/
http://dx.doi.org/10.1007/s11069-010-9558-x
http://dx.doi.org/10.1007/s11069-010-9558-x
http://dx.doi.org/10.1016/j.envsoft.2005.07.014
http://dx.doi.org/10.1108/20441241111180415
http://dx.doi.org/10.4025/revtecnol.v24i1.27410

M. de Brito and M. Evers: Multi-criteria decision-making for flood risk management 1031

Hazards Earth Syst. Sci., 14, 3207-3230, doi:10.5194/nhess-14-
3207-2014, 2014.

Estévez, R. A. and Gelcich, S.: Participative multi-criteria
decision analysis in marine management and conserva-
tion: Research progress and the challenge of integrating
value judgments and uncertainty, Mar. Policy, 61, 1-7,
d0i:10.1016/j.marpol.2015.06.022, 2015.

Evers, M.: Decision support systems for integrated river basin
management: requirements for appropriate tools and structures
for a comprehensive planning approach, University of Hanover,
Hanover, 370 pp., 2008.

Evers, M., Jonoski, A., Maksimovic, é., Lange, L., Ochoa Ro-
driguez, S., Teklesadik, A., Cortes Arevalo, J., Almoradie, A.,
Eduardo Simdes, N., Wang, L., and Makropoulos, C.: Collabo-
rative modelling for active involvement of stakeholders in urban
flood risk management, Nat. Hazards Earth Syst. Sci., 12, 2821-
2842, d0i:10.5194/nhess-12-2821-2012, 2012.

Evers, M., Almoradie, A., and Jonoski, A.: Web based collabora-
tive decision making in flood risk management, EGU General
Assembly, 16, 15614, 2014.

Fernandez, D. S. and Lutz, M. A.: Urban flood hazard
zoning in Tucuman Province, Argentina, using GIS and
multicriteria decision analysis, Eng. Geol., 111, 90-98,
doi:10.1016/j.engge0.2009.12.006, 2010.

Figueira, J. R., Greco, S., Roy, B., and Slowinski, R.: An overview
of ELECTRE methods and their recent extensions, J. Multi-Crit.
Decis. Anal., 20, 61-85, doi:10.1002/mcda.1482, 2013.

Ghanbarpour, M. R., Salimi, S., and Hipel, K. W.: A comparative
evaluation of flood mitigation alternatives using G1S-based river
hydraulics modelling and multicriteria decision analysis, J. Flood
Risk Manage., 6, 319-331, do0i:10.1111/jfr3.12017, 2013.

Giupponi, C., Sgobbi, A., Mysiak, J., Camera, R., and Fassio, A.:
Netsymod — an integrated approach for water resources manage-
ment, Integr. Water Manage., 80, 69-93, 2008.

Giupponi, C., Giove, S., and Giannini, V.: A dynamic assess-
ment tool for exploring and communicating vulnerability to
floods and climate change, Environ. Model. Softw., 44, 136-147,
doi:10.1016/j.envsoft.2012.05.004, 2013.

Godfrey, A., Ciurean, R. L., van Westen, C. J., Kingma, N. C,,
and Glade, T.: Assessing vulnerability of buildings to hydro-
meteorological hazards using an expert based approach — An
application in Nehoiu Valley, Romania, Int. J. Disaster Risk
Reduct., 13, 229-241, doi:10.1016/j.ijdrr.2015.06.001, 2015.

Govindan, K. and Jepsen, M. B.: ELECTRE: A comprehensive lit-
erature review on methodologies and applications, Eur. J. Oper.
Res., 250, 1-29, doi:10.1016/j.ejor.2015.07.019, 2016.

Guitouni, A. and Martel, J.-M.: Tentative guidelines to help choos-
ing an appropriate MCDA method, Eur. J. Oper. Res., 109, 501-
521, doi:10.1016/S0377-2217(98)00073-3, 1998.

Guo, E., Zhang, J., Ren, X., Zhang, Q., and Sun, Z.: Integrated risk
assessment of flood disaster based on improved set pair analysis
and the variable fuzzy set theory in central Liaoning Province,
China, Nat. Hazards, 74, 947-965, doi:10.1007/s11069-014-
1238-9, 2014.

Hajkowicz, S. and Collins, K.: A review of multiple criteria anal-
ysis for water resource planning and management, Water Re-
sour. Manage., 21, 1553-1566, doi:10.1007/s11269-006-9112-5,
2007.

www.nat-hazards-earth-syst-sci.net/16/1019/2016/

Haque, A. N., Grafakos, S., and Huijsman, M.: Participatory
integrated assessment of flood protection measures for cli-
mate adaptation in Dhaka, Environ. Urban., 24, 197-213,
doi:10.1177/0956247811433538, 2012.

Hsu, C. and Sandford, B.: The delphi technique: making
sense of consensus, Pract. Assess. Res. Eval., 12, 1-8,
doi:10.1016/S0169-2070(99)00018-7, 2007.

Ishizaka, A. and Nemery, P.: Multi-criteria decision analysis: meth-
ods and software, Wiley, Chichester, p. 310, 2013.

Jato-Espino, D., Castillo-Lopez, E., Rodriguez-Hernandez, J., and
Canteras-Jordana, J. C.: A review of application of multi-criteria
decision making methods in construction, Autom. Constr., 45,
151-162, doi:10.1016/j.autcon.2014.05.013, 2014.

Jun, K. S., Chung, E. S, Sung, J. Y., and Lee, K. S.: Develop-
ment of spatial water resources vulnerability index considering
climate change impacts, Sci. Total Environ., 409, 5228-5242,
doi:10.1016/j.scitotenv.2011.08.027, 2011.

Kandilioti, G. and Makropoulos, C.: Preliminary flood risk as-
sessment: the case of Athens, Nat. Hazards, 61, 441-468,
d0i:10.1007/s11069-011-9930-5, 2012.

Kangas, J., Kangas, A., Leskinen, P., and Pykaléinen, J.. MCDM
methods in strategic planning of forestry on state-owned lands
in Finland: applications and experiences, J. Multi-Crit. Decis.
Anal., 10, 257-271, doi:10.1002/mcda.306, 2001.

Kenyon, W.: Evaluating flood risk management options in Scotland:
a participant-led multi-criteria approach, Ecol. Econ., 64, 70-81,
doi:10.1016/j.ecolecon.2007.06.011, 2007.

Kienberger, S., Lang, S., and Zeil, P.: Spatial vulnerability units —
expert-based spatial modelling of socio-economic vulnerability
in the Salzach catchment, Austria, Nat. Hazards Earth Syst. Sci.,
9, 767-778, doi:10.5194/nhess-9-767-2009, 2009.

Lee, G., Jun, K. S., and Chung, E. S.: Integrated multi-criteria
flood vulnerability approach using fuzzy TOPSIS and Del-
phi technique, Nat. Hazards Earth Syst. Sci., 13, 1293-1312,
d0i:10.5194/nhess-13-1293-2013, 2013.

Lee, G., Jun, K. S., and Chung, E.: Robust spatial flood
vulnerability assessment for Han River using fuzzy TOP-
SIS with «a-cut level set, Expert Syst. Appl., 41, 644-654,
doi:10.1016/j.eswa.2013.07.089, 2014.

Lee, G., Jun, K. S., and Chung, E.-S.: Group decision-making
approach for flood vulnerability identification using the fuzzy
VIKOR method, Nat. Hazards Earth Syst. Sci., 15, 863-874,
d0i:10.5194/nhess-15-863-2015, 2015.

Lee, K. S. and Chung, E. S.: Development of integrated
watershed management schemes for an intensively urban-
ized region in Korea, J. Hydro-Environ. Res., 1, 95-109,
d0i:10.1016/j.jher.2007.07.004, 2007.

Li, F, Li, Z.-K., and Yang, C.-B.: Risk Assessment of Levee En-
gineering Based on Triangular Fuzzy Number and Analytic Net-
work Process and Its Application, in Modeling Risk Management
in Sustainable Construction, edited by: Wu, D. D., Springer-
Verlag, Heidelberg, Berlin, 415-426, 2011.

Li, Q.: Fuzzy approach to analysis of flood risk based on variable
fuzzy sets and improved information diffusion methods, Nat.
Hazards Earth Syst. Sci., 13, 239-249, doi:10.5194/nhess-13-
239-2013, 2013.

Linkov, 1., Varguese, A., Jamil, S., Seager, T. P., Kiker, G., and
Bridges, T.: Multi-criteria decision analysis: a framework for
structuring remedial decisions at contaminated sites, in Compar-

Nat. Hazards Earth Syst. Sci., 16, 1019-1033, 2016


http://dx.doi.org/10.5194/nhess-14-3207-2014
http://dx.doi.org/10.5194/nhess-14-3207-2014
http://dx.doi.org/10.1016/j.marpol.2015.06.022
http://dx.doi.org/10.5194/nhess-12-2821-2012
http://dx.doi.org/10.1016/j.enggeo.2009.12.006
http://dx.doi.org/10.1002/mcda.1482
http://dx.doi.org/10.1111/jfr3.12017
http://dx.doi.org/10.1016/j.envsoft.2012.05.004
http://dx.doi.org/10.1016/j.ijdrr.2015.06.001
http://dx.doi.org/10.1016/j.ejor.2015.07.019
http://dx.doi.org/10.1016/S0377-2217(98)00073-3
http://dx.doi.org/10.1007/s11069-014-1238-9
http://dx.doi.org/10.1007/s11069-014-1238-9
http://dx.doi.org/10.1007/s11269-006-9112-5
http://dx.doi.org/10.1177/0956247811433538
http://dx.doi.org/10.1016/S0169-2070(99)00018-7
http://dx.doi.org/10.1016/j.autcon.2014.05.013
http://dx.doi.org/10.1016/j.scitotenv.2011.08.027
http://dx.doi.org/10.1007/s11069-011-9930-5
http://dx.doi.org/10.1002/mcda.306
http://dx.doi.org/10.1016/j.ecolecon.2007.06.011
http://dx.doi.org/10.5194/nhess-9-767-2009
http://dx.doi.org/10.5194/nhess-13-1293-2013
http://dx.doi.org/10.1016/j.eswa.2013.07.089
http://dx.doi.org/10.5194/nhess-15-863-2015
http://dx.doi.org/10.1016/j.jher.2007.07.004
http://dx.doi.org/10.5194/nhess-13-239-2013
http://dx.doi.org/10.5194/nhess-13-239-2013

1032 M. de Brito and M. Evers: Multi-criteria decision-making for flood risk management

ative risk assessment and environmental decision making, edited
by: Linkov, I. and Ramadan, A. B., Kluwer Academic Publishers,
New York, 15-54, 2004.

Liu, X., Hu, X., and Wang, T.: Rapid assessment of flood loss based
on neural network ensemble, Trans. Nonferrous Met. Soc. China,
24, 2636-2641, doi:10.1016/S1003-6326(14)63393-8, 2014.

Magalhées, I. A. L., Thiago, C. R. L., Agrizzi, D. V., and Santos, A.
R.: Geotechnology for use mapping of flood risk areas in Guagui,
ES: a comparative analysis between two methods, Cad. Geocién-
cias, 8, 63-70 available at: http://www.portalseer.ufba.br/index.
php/cadgeoc/article/view/5288 (last access: 24 April 2016),
2011.

Malczewski, J.: GIS and Multicriteria Decision Analysis, John Wi-
ley & Sons, New York, 408 pp., 1999.

Malczewski, J.: GIS-based multicriteria decision analysis: a sur-
vey of the literature, Int. J. Geogr. Inf. Sci., 20, 703-726,
doi:10.1080/13658810600661508, 2007.

Malekian, A. and Azarnivand, A.: Application of Integrated Shan-
non’s Entropy and VIKOR Techniques in Prioritization of Flood
Risk in the Shemshak Watershed, Iran, Water Resour. Manage.,
30, 409-425, doi:10.1007/s11269-015-1169-6, 2015.

Margeta, J. and Knezic, S.: Selection of the flood manage-
ment solution of Karstic Field, Water Int., 27, 431-441,
doi:10.1080/02508060208687022, 2002.

Marttunen, M., Mustajoki, J., Dufva, M., and Karjalainen, T. P.:
How to design and realize participation of stakeholders in MCDA
processes? A framework for selecting an appropriate approach,
EURO J. Decis. Process., 3, 187-214, doi:10.1007/s40070-013-
0016-3, 2013.

Mateo, J. R. S. C. (Ed.): Multi Criteria Analysis in the Re-
newable Energy Industry, Springer London, London, 105 pp.,
doi:10.1007/978-1-4471-2346-0, 2012a.

Mateo, J. R. S. C. (Ed.): VIKOR, in Multi criteria analysis in the
renewable energy industry, Springer, London, 49-53, 2012bh.
Mendoza, G. A. and Martins, H.: Multi-criteria decision analysis
in natural resource management: A critical review of methods
and new modelling paradigms, Forest. Ecol. Manage., 230, 1-

22, d0i:10.1016/j.foreco.2006.03.023, 2006.

Merz, B., Kreibich, H., and Apel, H.: Flood risk analysis: uncer-
tainties and validation, Osterr. Wasser Abfallwirt., 60, 89-94,
doi:10.1007/s00506-008-0001-4, 2008.

Miyamoto, M., Osti, R., and Okazumi, T.: Development of an inte-
grated decision-making method for effective flood early warning
system, J. Disaster Res., 9, 55-68, 2014.

Moffett, A. and Sarkar, S.: Incorporating multiple criteria into the
design of conservation area networks: A minireview with recom-
mendations, Divers. Distrib., 12, 125-137, doi:10.1111/j.1366-
9516.2005.00202.x, 2006.

Mosadeghi, R., Warnken, J., Tomlinson, R., and Mirfenderesk,
H.: Uncertainty analysis in the application of multi-criteria
decision-making methods in Australian strategic environmen-
tal decisions, J. Environ. Plan. Manage., 56, 1097-1124,
doi:10.1080/09640568.2012.717886, 2013.

Mowrer, H. T.: Uncertainty in natural resource decision support
systems: Sources, interpretation, and importance, Comput. Elec-
tron. Agric., 27, 139-154, doi:10.1016/S0168-1699(00)00113-7,
2000.

Penning-Rowsell, E. C., Haigh, N., Lavery, S., and McFadden, L.:
A threatened world city: the benefits of protecting London from

Nat. Hazards Earth Syst. Sci., 16, 1019-1033, 2016

the sea, Nat. Hazards, 66, 1383-1404, doi:10.1007/s11069-011-
0075-3, 2013.

Pickering, C. M. and Byrne, J.: The benefits of publishing system-
atic quantitative literature reviews for PhD candidates and other
early career researchers, High. Educ. Res. Dev., 33, 534-548,
doi:10.1080/07294360.2013.841651, 2014.

Pohekar, S. D. and Ramachandran, M.: Application of multi-
criteria  decision making to sustainable energy planning
— A review, Renew. Sustain. Energy Rev., 8, 365-381,
d0i:10.1016/j.rser.2003.12.007, 2004.

Porthin, M., Rosqvist, T., Perrels, A., and Molarius, R.: Multi-
criteria decision analysis in adaptation decision-making: a flood
case study in Finland, Reg. Environ. Change, 13, 1171-1180,
d0i:10.1007/s10113-013-0423-9, 2013.

Qi, H., Qi, P, and Altinakar, M. S.: GIS-based spatial Monte
Carlo Analysis for integrated flood management with two dimen-
sional flood simulation, Water Resour. Manage., 27, 3631-3645,
d0i:10.1007/s11269-013-0370-8, 2013.

Radmehr, A. and Araghinejad, S.: Developing strategies for urban
flood management of Tehran city using SMCDM and ANN, J.
Comput. Civ. Eng., 28, 05014006, doi:10.1061/(ASCE)CP.1943-
5487.0000360, 2014.

Rahman, M. R. and Saha, S. K.: Flood hazard zonation — A GIS
aided multi criteria evaluation (MCE) approach with remotely
sensed data, Int. J. Geoinf., 3, 25-37, 2007.

Roy, D. C. and Blaschke, T.: Spatial vulnerability assessment of
floods in the coastal regions of Bangladesh, Geomatics, Nat.
Hazards Risk, 6, 21-44, doi:10.1080/19475705.2013.816785,
2015.

Saaty, T. L.: Fundamentals of the analytic network process - depen-
dence and feedback in decision-making with a single network,
J. Syst. Sci. Syst. Eng., 13, 129-157, doi:10.1007/s11518-006-
0158-y, 2004.

Saaty, T. L.: There is no mathematical validity for using fuzzy num-
ber crunching in the analytic hierarchy process, J. Syst. Sci. Syst.
Eng., 15, 457-464, doi:10.1007/s11518-006-5021-7, 2006.

Sahin, O., Mohamed, S., Warnken, J., and Rahman, A.: Assessment
of sea-level rise adaptation options: Multiple-criteria decision-
making approach involving stakeholders, Struct. Surv., 31, 283—
300, doi:10.1108/SS-01-2013-0006, 2013.

Santangelo, N., Santo, A., Di Crescenzo, G., Foscari, G., Liuzza, V.,
Sciarrotta, S., and Scorpio, V.: Flood susceptibility assessment in
a highly urbanized alluvial fan: The case study of Sala Consilina
(southern Italy), Nat. Hazards Earth Syst. Sci., 11, 2765-2780,
d0i:10.5194/nhess-11-2765-2011, 2011.

Schuwirth, N., Reichert, P, and Lienert, J.: Methodological as-
pects of multi-criteria decision analysis for policy support: A
case study on pharmaceutical removal from hospital wastewater,
Eur. J. Oper. Res., 220, 472-483, doi:10.1016/j.ejor.2012.01.055,
2012.

Shams, F., Mohamed, S., and Fayek, A. R.: Improving consis-
tency evaluation in fuzzy multi-attribute pairwise comparison-
based decision-making methods, Asia-Pacific J. Oper. Res., 31,
1450024, doi:10.1142/S0217595914500249, 2014.

Shan, S., Wang, L., Li, L, and Chen, Y.. An emergency
response decision support system framework for applica-
tion in e-government, Inf. Technol. Manage., 13, 411-427,
d0i:10.1007/s10799-012-0130-0, 2012.

www.hat-hazards-earth-syst-sci.net/16/1019/2016/


http://dx.doi.org/10.1016/S1003-6326(14)63393-8
http://www.portalseer.ufba.br/index.php/cadgeoc/article/view/5288
http://www.portalseer.ufba.br/index.php/cadgeoc/article/view/5288
http://dx.doi.org/10.1080/13658810600661508
http://dx.doi.org/10.1007/s11269-015-1169-6
http://dx.doi.org/10.1080/02508060208687022
http://dx.doi.org/10.1007/s40070-013-0016-3
http://dx.doi.org/10.1007/s40070-013-0016-3
http://dx.doi.org/10.1007/978-1-4471-2346-0
http://dx.doi.org/10.1016/j.foreco.2006.03.023
http://dx.doi.org/10.1007/s00506-008-0001-4
http://dx.doi.org/10.1111/j.1366-9516.2005.00202.x
http://dx.doi.org/10.1111/j.1366-9516.2005.00202.x
http://dx.doi.org/10.1080/09640568.2012.717886
http://dx.doi.org/10.1016/S0168-1699(00)00113-7
http://dx.doi.org/10.1007/s11069-011-0075-3
http://dx.doi.org/10.1007/s11069-011-0075-3
http://dx.doi.org/10.1080/07294360.2013.841651
http://dx.doi.org/10.1016/j.rser.2003.12.007
http://dx.doi.org/10.1007/s10113-013-0423-9
http://dx.doi.org/10.1007/s11269-013-0370-8
http://dx.doi.org/10.1061/(ASCE)CP.1943-5487.0000360
http://dx.doi.org/10.1061/(ASCE)CP.1943-5487.0000360
http://dx.doi.org/10.1080/19475705.2013.816785
http://dx.doi.org/10.1007/s11518-006-0158-y
http://dx.doi.org/10.1007/s11518-006-0158-y
http://dx.doi.org/10.1007/s11518-006-5021-7
http://dx.doi.org/10.1108/SS-01-2013-0006
http://dx.doi.org/10.5194/nhess-11-2765-2011
http://dx.doi.org/10.1016/j.ejor.2012.01.055
http://dx.doi.org/10.1142/S0217595914500249
http://dx.doi.org/10.1007/s10799-012-0130-0

M. de Brito and M. Evers: Multi-criteria decision-making for flood risk management 1033

Stewart, T. J.: A critical survey on the status of multiple crite-
ria decision making theory and practice, Omega, 20, 569-586,
doi:10.1016/0305-0483(92)90003-P, 1992.

Taib, C. M. I. C., Yusoff, B., Abdullah, M. L., and Wahab, A. F.:
Conflicting bifuzzy multi-attribute group decision making model
with application to flood control Project, Gr. Decis. Negot., 25,
157-180, doi:10.1007/s10726-015-9437-7, 2016.

Tkach, R. J. and Simonovic, S. P.: A new approach to multi-criteria
decision making in water resources, J. Geogr. Inf. Decis. Anal.,
1, 25-43, do0i:10.2134/jeq2010.0365, 1997.

Triantaphyllou, E.: Multi-criteria decision making methods: a com-
parative study, Springer US, New York, 289 pp., 2000.

Tzeng, G.-H. and Huang, J.-J.: Multiple attribute decision making:
methods and applications, Taylor and Francis Group, Boca Ra-
ton, USA, 352 pp., 2011.

Uddin, K., Gurung, D. R., Giriraj, A., and Shrestha, B.: Application
of remote sensing and GIS for flood hazard management: a case
study from Sindh Province, Pakistan, Am. J. Geogr. Inf. Syst., 2,
1-5, doi:10.5923/j.ajgis.20130201.01, 2013.

UNISDR: Terminology on disaster risk reduction, UNISDR,
Geneva, 30 pp., 2009.

Vafaei, F. and Harati, A. N.: Strategic management in decision sup-
port system for coastal flood management, Int. J. Environ. Res.,
4, 169-176, doi:10.1016/j.jconhyd.2010.08.009, 2010.

Vaidya, O. S. and Kumar, S.: Analytic hierarchy process: an
overview of applications, Eur. J. Oper. Res., 169, 1-29,
doi:10.1016/j.ejor.2004.04.028, 2006.

Voogd, H.: Multicriteria evaluation for urban and regional planning,
Pion Ltd., London, 367 pp., 1983.

Wallenius, J., Dyer, J. S., Fishburn, P. C., Steuer, R. E., Zionts, S.,
and Deb, K.: Multiple Criteria Decision Making, Multiattribute
Utility Theory: Recent Accomplishments and What Lies Ahead,
Manage. Sci., 54, 1336-1349, doi:10.1287/mnsc.1070.0838,
2008.

www.nat-hazards-earth-syst-sci.net/16/1019/2016/

World Bank: Hazards of nature, risks to development: an IEG evalu-
ation of World Bank assistance for natural disasters, Washington,
D.C., 236 pp., 2006.

Wu, Y., Zhong, P., Zhang, Y., Xu, B., Ma, B., and Yan, K.: In-
tegrated flood risk assessment and zonation method: a case
study in Huaihe River basin, China, Nat. Hazards, 78, 635-651,
d0i:10.1007/s11069-015-1737-3, 2015.

Yan, H. Bin, Huynh, V. N., and Nakamori, Y.: A probabilis-
tic model for linguistic multi-expert decision making involv-
ing semantic overlapping, Expert Syst. Appl., 38, 8901-8912,
doi:10.1016/j.eswa.2011.01.105, 2011.

Yang, X., Zhou, J., Ding, J., Zou, Q., and Zhang, Y.: A fuzzy AHP-
TFN based evaluation model of flood risk analysis, J. Comput.
Inf. Syst., 8, 9281-9289, 2012.

Yang, X. L., Ding, J. H., and Hou, H.: Application of a triangular
fuzzy AHP approach for flood risk evaluation and response mea-
sures analysis, Nat. Hazards, 68, 657-674, doi:10.1007/s11069-
013-0642-x, 2013.

Yazdandoost, F. and Bozorgy, B.: Flood risk management strategies
using multi-criteria analysis, Proc. Inst. Civ. Eng. Water Man-
age., 161, 261-266, doi:10.1680/wama.2008.161.5.261, 2008.

Zagonari, F. and Rossi, C.: A heterogeneous multi-criteria multi-
expert decision-support system for scoring combinations of flood
mitigation and recovery options, Environ. Model. Softw., 49,
152-165, doi:10.1016/j.envsoft.2013.08.004, 2013.

Zhou, Z., Wang, X., Sun, R., Ao, X., Sun, X., and Song, M.:
Study of the comprehensive risk analysis of dam-break flood-
ing based on the numerical simulation of flood routing. Part II:
model application and results, Nat. Hazards, 73, 675-700,
d0i:10.1007/s11069-013-1029-8, 2014.

Zou, Q., Zhou, J., Zhou, C., Song, L., and Guo, J.: Comprehensive
flood risk assessment based on set pair analysis-variable fuzzy
sets model and fuzzy AHP, Stoch. Environ. Res. Risk A., 27,
525-546, doi:10.1007/s00477-012-0598-5, 2013.

Nat. Hazards Earth Syst. Sci., 16, 1019-1033, 2016


http://dx.doi.org/10.1016/0305-0483(92)90003-P
http://dx.doi.org/10.1007/s10726-015-9437-7
http://dx.doi.org/10.2134/jeq2010.0365
http://dx.doi.org/10.5923/j.ajgis.20130201.01
http://dx.doi.org/10.1016/j.jconhyd.2010.08.009
http://dx.doi.org/10.1016/j.ejor.2004.04.028
http://dx.doi.org/10.1287/mnsc.1070.0838
http://dx.doi.org/10.1007/s11069-015-1737-3
http://dx.doi.org/10.1016/j.eswa.2011.01.105
http://dx.doi.org/10.1007/s11069-013-0642-x
http://dx.doi.org/10.1007/s11069-013-0642-x
http://dx.doi.org/10.1680/wama.2008.161.5.261
http://dx.doi.org/10.1016/j.envsoft.2013.08.004
http://dx.doi.org/10.1007/s11069-013-1029-8
http://dx.doi.org/10.1007/s00477-012-0598-5

	Abstract
	Introduction
	Overview of multi-criteria decision-making methods
	Framework for systematic literature review
	Search strategy
	Classification scheme

	Results and discussion
	Trends by year of publication
	Trends by area of application
	Trends by country of application
	Trends by MCDM method
	Trends regarding stakeholders' involvement
	Trends regarding sensitivity and uncertainty analysis

	Research limitations and recommendations for future research
	Limitations
	Recommendations for future research

	Conclusions
	Acknowledgements
	References

