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ABSTRACT  
Floods are one of the most frequent and devastating natural disasters, causing important 
social and economic losses around the globe. To ensure their proper management, it is 
essential to have risk assessment methodologies to address the hazard and vulnerability 
aspects associated with the occurrence of these events integrally. Consequently, the aim 
of this chapter is to provide a generic framework to assess flood risk through the incor-
poration of Multi-Criteria Decision Analysis (MCDA) methods into Geographic Infor-
mation Systems (GIS). The proposed approach considers a series of morphologic, hydro-
geological, meteorological and socio-environmental factors characterised from open data 
available at a worldwide scale, which are weighted using participatory methods to engage 
stakeholders in the prioritisation of both flood hazard prone areas and vulnerability vari-
ables.  
KEYWORDS: Multi-Criteria Decision Analysis, Flood Risk Assessment,  Geographic 
Information Systems, Participatory Method, Stakeholders, Vulnerability   
 
1. INTRODUCTION 

Floods were the natural disaster leading to the highest number of fatalities during the 20th 

century, amounting to 6.8 million deaths (Doocy et al., 2013). The devastating effects of 

floods are especially remarkable in Asia, where almost half of these events took place 

(Jonkman, 2005). The occurrence and intensity of these phenomena is being favoured in 

recent years by the action of urban sprawl, resulting in an increase of flood damage over 

the last years (Elmer et al., 2012). In addition, climate change is another potential cata-

lyser for the frequency of flooding in areas where mean precipitation and wet extremes 

are expected to rise (Guhathakurta et al., 2011). 
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In order to mitigate the negative impacts of floods, the Sendai framework for disaster 

risk reduction recommends that the design and implementation of risk management strat-

egies should be based on a comprehensive understanding of risk in all its dimensions, 

including the hazard characteristics, the vulnerability, the coping capacity, and the expo-

sure of persons and assets (UNISDR, 2015a). The assessment of risk, when carried out 

holistically, can provide the floodplain managers better tools to make informed decisions 

for flood mitigation at various levels. It can assist decision makers to elaborate land use 

planning policies and to identify areas where preventive and corrective measures are 

needed, and, if so, which option is most suitable. Additionally, it can help to raise the 

public awareness by providing an understandable visualization of the flooding risks. 

The variables favouring flood hazard relate to conditioning aspects, such as the orog-

raphy and permeability of the terrain, as well as to trigger factors, mainly represented by 

precipitation. Another relevant parameter boosting the probability of occurrence of floods 

is the proximity to water courses, whose rise can threaten the areas located in their vicin-

ity. In the end, the integrated consideration of all of these elements makes urban areas 

particularly prone to floods, especially if they are close to the coast (Neumann et al., 

2015). 

The consequences stemming from the occurrence of floods are usually expressed as 

costs, which can be grouped into four categories depending on the assessment methods 

they require (Meyer et al., 2013): direct, business interruption, indirect and intangible. 

One way or another, all these categories refer to impacts that increase the vulnerability of 

people, goods, services and the environment, either in the form of physical damages or 

through interruptions, disruptions and depreciations.  
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The dual nature of floods, whereby they must be considered in terms of both hazard 

and vulnerability, provoked a conceptual evolution from a traditional approach only fo-

cused on protection to a more comprehensive framework focused on risk management 

(Schanze, 2006). Risk management must, in turn, be founded on risk assessment, which 

is the process that enables identifying hazards and how they affect the vulnerability of 

people and goods to their occurrence. In this context, risk assessment encompasses both 

the determination of hotspots in what concerns the susceptibility to floods (hazard) and 

the quantification of the human and material consequences stemming from these events 

(vulnerability). Therefore, the definition of risk proposed for this chapter considers it as 

the product between hazard and vulnerability. This is equivalent to express risk as the 

combination of probability and consequences or susceptibility and impact, which are two 

of the most widely used approaches in the literature (Bell and Glade, 2004). 

Given the spatial condition of the variables involved in flood hazard and vulnerability, 

the development of risk assessment methodologies is usually supported by the use of Ge-

ographic Information Systems (GIS) (McMaster et al., 1997). GIS enables importing and 

geoprocessing the data required for mapping hazard and vulnerability variables. The ag-

gregation of these individual layers to produce integrated risk maps can be assisted using 

Multi-Criteria Decision Analysis (MCDA) methods, since some of the factors to combine 

might be in conflict (Carver, 1991). One of the strengths of  MCDA is that it provides a 

suitable platform to involve relevant stakeholders and gain insight into their priorities in 

terms of flood hazard and vulnerability (Pelling, 2007). Furthermore, it makes the criteria 

evaluation process more explicit and rational, by making subjective judgments visible in 

a transparent and fair way (San Cristóbal Mateo, 2012). 

Under these premises, the aim of this chapter is to provide an integrated and generic 

approach to produce the lood risk maps through the combination of GIS and MCDA. 
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After establishing the current state of the art in terms of flood risk assessment through a 

literature review, the different steps forming the proposed framework are presented se-

quentially, highlighting their potential replicability due to the use of open access data and 

participatory methods. 

 

2. LITERATURE REVIEW 

In order to highlight the increasing relevance that flood risk assessment has gained over 

the years, this section provides an overview of the most relevant scientific outputs pro-

duced during the last two decades in this field of research. Table 1 summarises the main 

features of these investigations, which are presented in descending order according to 

their current number of citations in the Scopus database. 

In addition to the number of citations achieved by each contribution so far, Table 1 

includes the name, year and title of the scientific works addressed, as well as the country 

where the flood-related studies were conducted. The three remaining fields forming Table 

1 focused on the most relevant aspects of the literature review from a conceptual point of 

view, since they indicated the way in which flood risk was approached, the  MCDA meth-

ods used and whether the research item was participatory or not. 

Regarding the geographic distribution of the studies addressed, almost half of them 

took place in Asia (48.39%), followed by Europe (35.48%), America (9.68%), Oceania 

(3.23%) and Africa (3.23%). The predominance of Asia in this sense is consistent with 

the data reported by the United Nations between 1995 and 2015 (UNISDR, 2015b), which 

highlighted the sensitivity of this continent to weather-related disasters due to the con-

centration of population in the surroundings of river basins and floodplains. 

In addition to the strict components of risk, either as a whole or isolated (hazard and 

vulnerability), investigations concerning the evaluation of mitigation measures were also 
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considered, since their inclusion can have attenuating effects on the occurrence and im-

pact of floods. With this in view, the review yielded rather balanced results, whereby 

vulnerability emerged as the most addressed aspect (34.29%), but not very far from mit-

igation measures (25.71%), hazard (22.86%) and risk (17.14%). On the one hand, these 

results prove the relevance of the social dimension of floods, highlighting the importance 

of identifying critical areas in terms of exposure to these events. On the other hand, the 

fact that risk assessment was the approach taken less frequently suggests the need for 

developing the accessible and replicable frameworks for evaluating flood risk integrally. 

The predominance of the Simple Additive Weighting Method (SAW) and the Analytic 

Hierarchy Process (AHP), which were present in 70% of the investigations reviewed, 

indicate a clear trend towards the application of simple and widely used Multi-Criteria 

Decision Analysis (MCDA) methods (Jato-Espino et al., 2014). SAW is the easiest tech-

nique to aggregate the different factors involved in the assessment of either hazard or 

vulnerability, especially in a context in which these variables must be processed with the 

support of Geographic Information Systems (GIS). Similarly to SAW, AHP is a straight-

forward, flexible, and easily understandable method (Cinelli et al., 2014). Thanks to these 

characteristics, it can be adapted to different problems without requiring previous 

knowledge from the analyst. 

The application of the AHP method is usually linked to the use of participatory ap-

proaches, which are often based on establishing priorities in relation to flood risk accord-

ing to the opinions provided by a group of stakeholders. The integration of participatory 

methods and the MCDA tools may facilitate the achievement of consensus, which is es-

sential for finding solutions that reconcile conflicting interests and can be accepted by the 

majority (de Brito and Evers, 2016; Malczewski and Rinner, 2015; Simão et al., 2009). 

Despite this importance, more than half of the studies consulted (54.84%) disregarded 
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this aspect, suggesting that there is still room for increasing the involvement of partici-

pants in the design of flood risk management strategies. 
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Table 1. Overview of the main existing research items related to flood risk assessment through Multi-Criteria Decision Analysis (MCDA) 1 

Reference Country Cites Title Approach MCDA methods Participatory 

(Meyer et al., 
2009) 

Germany 133 A multicriteria approach for flood risk mapping 
exemplified at the Mulde river, Germany 

Vulnerability assessment; 
Mitigation measures 

Disjunctive 
approach; MAUT 

No 

(Raaijmakers et 
al., 2008) 

Spain 95 Flood risk perceptions and spatial multi-criteria 
analysis: An exploratory research for hazard 
mitigation 

Vulnerability assessment SAW Yes 

(Kienberger et 
al., 2009) 

Austria 75 Spatial vulnerability units - Expert-based spatial 
modelling of socio-economic vulnerability in the 
Salzach catchment, Austria 

Vulnerability assessment Delphi; SAW Yes 

(Levy, 2005) China 70 Multiple criteria decision making and decision 
support systems for flood risk management 

Mitigation measures ANP No 

(Wang et al., 
2011) 

China 69 A GIS-Based Spatial Multi-Criteria Approach for 
Flood Risk Assessment in the Dongting Lake 
Region, Hunan, Central China 

Risk assessment FAHP No 

(Kubal et al., 
2009) 

Germany 58 Integrated urban flood risk assessment - Adapting a 
multicriteria approach to a city 

Vulnerability assessment SAW No 

(Kenyon, 2007) Scotland 51 Evaluating flood risk management options in 
Scotland: A participant-led multi-criteria approach 

Mitigation measures Rank sum; Rank 
order centroid; 
SAW 

Yes 

(Levy et al., 
2007) 

Japan 42 Multi-criteria decision support systems for flood 
hazard mitigation and emergency response in urban 
watersheds 

Mitigation measures ANP Yes 

(Lee et al., 2013) South 
Korea 

34 Integrated multi-criteria flood vulnerability approach 
using fuzzy TOPSIS and Delphi technique 

Risk assessment Delphi; FTOPSIS No 

(Kandilioti and 
Makropoulos, 
2012) 

Athens 30 Preliminary flood risk assessment: The case of 
Athens 

Risk assessment AHP; SAW; OWA Yes 

(Scolobig et al., 
2008) 

Italy 26 Integrating multiple perspectives in social 
multicriteria evaluation of flood-mitigation 
alternatives: The case of Malborghetto-Valbruna 

Vulnerability assessment; 
Mitigation measures 

NAIADE Yes 

 2 
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Table 1 (Continued) 3 

Authors (Year) Country Cites Title Approach MCDA methods Participatory 

(Sharifi et al., 
2002) 

Bolivia 22 Application of GIS and multicriteria evaluation in 
locating sustainable boundary between the Tunari 
national park and Cochabamba city (Bolivia) 

Vulnerability assessment; 
Mitigation measures 

SAW Yes 

(Haque et al., 
2012) 

Bangladesh 19 Participatory integrated assessment of flood 
protection measures for climate adaptation in Dhaka 

Mitigation measures SAW Yes 

(Chen et al., 
2015) 

Australia 16 A spatial assessment framework for evaluating flood 
risk under extreme climates 

Hazard assessment AHP No 

(Solín, 2012) Slovakia 14 Spatial variability in the flood vulnerability of urban 
areas in the headwater basins of Slovakia 

Vulnerability assessment MADM No 

(Sowmya et al., 
2015) 

India 13 Urban flood vulnerability zoning of Cochin City, 
southwest coast of India, using remote sensing and 
GIS 

Risk assessment SAW No 

(Malekian and 
Azarnivand, 
2016) 

Iran 12 Application of Integrated Shannon’s Entropy and 
VIKOR Techniques in Prioritization of Flood Risk 
in the Shemshak Watershed, Iran 

Hazard assessment Entropy; VIKOR Yes 

(Yang et al., 
2011) 

China 12 Spatial multicriteria decision analysis of flood risks 
in aging-dam management in China: A framework 
and case study 

Vulnerability assessment SAW Yes 

(Xiao et al., 
2017) 

China 8 Integrated flood hazard assessment based on spatial 
ordered weighted averaging method considering 
spatial heterogeneity of risk preference 

Hazard assessment FAHP; OWA No 

(Ghanbarpour et 
al., 2013) 

Iran 8 A comparative evaluation of flood mitigation 
alternatives using GIS-based river hydraulics 
modelling and multicriteria decision analysis 

Mitigation measures TOPSIS No 

(Fernandez et al., 
2016) 

Portugal 6 Social vulnerability assessment of flood risk using 
GIS-based multicriteria decision analysis. A case 
study of Vila Nova de Gaia 

Vulnerability assessment AHP; OWA; SAW No 

 4 
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Table 1 (Continued) 5 

Authors (Year) Country Cites Title Approach MCDA methods Participatory 

(Seekao and 
Pharino, 2016) 

Thailand 3 Assessment of the flood vulnerability of shrimp 
farms using a multicriteria evaluation and GIS: A 
case study in the Bangpakong Sub-Basin, Thailand 

Hazard assessment AHP; SAW No 

(Tang et al., 
2018) 

China 1 Incorporating probabilistic approach into local 
multi-criteria decision analysis for flood 
susceptibility assessment 

Hazard assessment AHP; SAW No 

(Hazarika et al., 
2018) 

India 1 Assessing and mapping flood hazard, vulnerability 
and risk in the Upper Brahmaputra River valley 
using stakeholders’ knowledge and multicriteria 
evaluation (MCE) 

Risk assessment SAW Yes 

(Panhalkar and 
Jarag, 2017) 

India 1 Flood risk assessment of Panchganga River 
(Kolhapur district, Maharashtra) using GIS-based 
multicriteria decision technique 

Hazard assessment AHP No 

(de Brito et al., 
2018) 

Brazil 1 Participatory flood vulnerability assessment: A 
multi-criteria approach 

Vulnerability assessment AHP; ANP Yes 

(Loos and 
Rogers, 2016) 

U.S. 1 Understanding stakeholder preferences for flood 
adaptation alternatives with natural capital 
implications 

Vulnerability assessment; 
Mitigation measures 

MAUT Yes 

(Luu and von 
Meding, 2018) 

Vietnam 0 A flood risk assessment of Quang Nam, Vietnam 
using spatial multicriteria decision analysis 

Risk assessment AHP Yes 

(Patrikaki et al., 
2018) 

Greece 0 Assessing flood hazard at river basin scale with an 
index-based approach: The case of Mouriki, Greece 

Hazard assessment AHP; SAW No 

(Zeleňáková et 
al., 2018) 

Slovakia 0 Flood vulnerability assessment of Bodva cross-
border river basin 

Hazard assessment AHP; SAW No 

(Mallouk et al., 
2016) 

Morocco 0 A multicriteria approach with GIS for assessing 
vulnerability to flood risk in urban area (case of 
Casablanca city, Morocco) 

Vulnerability assessment AHP No 

 6 
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3. INTEGRATED FLOOD RISK ASSESSMENT  7 

The main elements forming the framework conceived to assess flood risk is illustrated in 8 

Figure 1. On the one hand, the processing and combination of a series of morphologic 9 

and hydrogeological factors is proposed to determine the flood hazard. On the other hand, 10 

the vulnerability of people, goods and natural areas to floods is also examined, in order 11 

to evaluate their socioeconomic and environmental consequences. To get insight into the 12 

real dimension of floods, the use of participatory methods involving multiple stakeholders 13 

is suggested to both identify the hotspots in terms of flood hazard and prioritise the vul-14 

nerable elements requiring protection. Hence, the coupled and inclusive consideration of 15 

hazard and vulnerability enables determining flood risk integrally. For the sake of max-16 

imising the replicability of the proposed approach, the characterisation of all the variables 17 

involved in the calculation of flood risk is addressed through open data available at a 18 

worldwide scale. From a technical point of view, the only requirement for implementing 19 

this methodology is to use Geographic Information Systems (GIS) and Multi-Criteria De-20 

cision Analysis (MCDA) methods to manage these data. 21 

 22 

 23 

Figure 1. Outline of the generic framework proposed to assess flood risk 24 
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3.1. Definition of factors involved in flood risk using open data  25 

The development of flood risk maps roughly consists of the processing and aggregation 26 

of a series of factors or criteria with the support of GIS and participatory MCDA methods. 27 

The characterisation of these factors requires the acquisition and further processing of a 28 

series of spatial data. To boost the replicability of the proposed framework, the factors 29 

suggested to assess flood risk in Table 2 meet two main requirements in terms of the data 30 

from which they stem: worldwide scale availability and open accessibility. Hence, the 31 

underlying aim of this approach is to enable its application all around the globe; however, 32 

the list of factors proposed in Table 2 can also be produced using different or comple-33 

mentary local or regional data with finer resolutions. 34 

 35 

Table 2. List of datasets and factors suggested to assess flood risk 36 

Category Data Source Factor(s) Units 

Hazard Digital Elevation 
Model (DEM) 

(LP DAAC, 2014) Elevation, slope, flow 
accumulation 

m, º, No. 
of cells 

 Lithology (Hartmann and Moosdorf, 2012) Soil permeability Score 

 Land cover (Jun et al., 2014) Curve number Score 

 Groundwater level (Fan et al., 2013) Water table depth m 

 Precipitation (Hijmans et al., 2005) Precipitation mm 

 Water bodies (Geofabrik Download Server, 
2018) 

Proximity to water 
bodies 

m 

Vulnerability Population density (SEDAC, 2017) Population density km2 

 Protected areas (IUCN, 2016) Protected areas density km2 

 Buildings (Geofabrik Download Server, 
2018) 

Building density km2 

 Infrastructures (Geofabrik Download Server, 
2018) 

Infrastructure density km2 

 37 

Consistent with the two main components involved in flood risk, the factors needed 38 

for its evaluation can also be divided into hazard and vulnerability. Hence, one of the 39 

cornerstones in the determination of flood hazard is the elevation of the terrain in the 40 

study area. This data can be obtained from the United States Geological Survey (USGS) 41 

Earth Explorer, which made available the Advanced Spaceborne Thermal Emission and 42 
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Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM), as a result of 43 

the collaboration between the U.S. National Aeronautics and Space Administration 44 

(NASA) and Japan’s Ministry of Economy, Trade and Industry (METI) (LP DAAC, 45 

2014). The ASTER GDEM is provided in raster format (GeoTIFF) with a pixel size of 46 

30 m. The relationship between this factor and flooding is inversely proportional, since 47 

low elevation areas are prone to receive the  large amounts of runoff. 48 

Two other hazard-related criteria stem from the DEM. On the one hand, the slope of 49 

the terrain, which describes its steepness according to changes in elevation. Again, this 50 

variable is inversely related to the occurrence of floods, because the presence of flat slopes 51 

favours the concentration of water. On the other hand, flow accumulation represents the 52 

contributing area flowing to the same location with descendent slope. Hence, this factor 53 

is directly associated with flood hazard, such that the higher the value of flow accumula-54 

tion, the more likely water to stagnate. 55 

Soil permeability is a factor indicating the ability of subsurface layers to transmit wa-56 

ter infiltrated from the ground. Hence, this variable has a negative effect on floods, in that 57 

high values of permeability facilitate water percolation and, therefore, reduce flood prob-58 

ability. The permeability of the underlying soil can be determined according to its char-59 

acteristics and composition, which are available at the Global Lithological Map (GLiM) 60 

produced by the Institute for Biogeochemistry and Marine Chemistry of the University 61 

of Hamburg, with an average resolution of 1:3,750,000 (Hartmann and Moosdorf, 2012).  62 

The next factor relates to the threshold runoff of the surface, i.e. the amount of excess 63 

rainfall accumulated over the ground after a storm event. The quantification of this vari-64 

able can be approached using the Curve Number (CN) (Garen and Moore, 2005), which 65 

is an empirical parameter developed by the U.S. Department of Agriculture (USDA) Nat-66 

ural Resources Conservation Service (USDA, 2018). CN ranges from 30 to 100, such that 67 
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the high values of CN indicate high runoff potential. Thus, this factor has a direct corre-68 

spondence to flood hazard. CN stems from the combination of the land cover type and 69 

Hydrologic Soil Group (HSG) of the study area. The latter can be determined from a 70 

lithological map as described above, whilst the former is addressable from the data in-71 

cluded in the GlobeLand30 initiative, an open-access map of Earth’s land cover with a 72 

resolution of 30 m donated by China to the United Nations (Jun et al., 2014).  73 

Groundwater is the water contained in the voids and fractures of the soil beneath the 74 

Earth’s surface. This variable can contribute to flooding when groundwater rises above 75 

its common level and reaches the surface. Therefore, the shallower the groundwater level, 76 

the more likely the occurrence of floods. A study conducted by Fan et al. (2013) used 77 

measurements of water table depth from 1,603,781 sites, either provided by governments 78 

or published in the literature, to produce a regionalised 1 km grid dataset in NetCDF 79 

format that can be used to characterise this factor. 80 

The next factor symbolises the precipitation patterns in the study area. Precipitation 81 

is a crucial variable in determining the amount of water that the terrain has to deal with, 82 

such that the high rainfall rates hinder the capacity of filtration of the ground and contrib-83 

ute to provoking floods. The data required to compute this factor can be obtained from 84 

the version 1.4 of WorldClim (Hijmans et al., 2005), which provides global climate maps 85 

with a cell size of 1 km. These data are available both under current (stationarity) and 86 

future (non-stationarity) conditions, enabling the projection of variations in flood hazard 87 

due to the impacts of climate change according to the different Global Circulation Models 88 

(GCM). 89 

The last variable contributing to flood hazard concerns the proximity of the study area 90 

to water courses. Rainfall during a continued period can cause the overflow of water bod-91 

ies and, by extension, the inundation of their surroundings. In this case, the probability of 92 
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flooding increases as the distance to water courses is reduced, especially if their volume 93 

is high. This information is available via the OpenStreetMap project, which includes po-94 

lygonal and vector layers indicating the location of water bodies (Geofabrik Download 95 

Server, 2018). 96 

The first factor related to flood vulnerability is population density, which provides an 97 

indicator about hotspots in terms of concentration of people. Hence, this aspect accounts 98 

for the vulnerability of crowded areas, such that the higher population density, the greater 99 

the impacts caused by floods. The data needed for the creation of this factor is supplied 100 

by the Socioeconomic Data and Applications Center (SEDAC) via a global map contain-101 

ing the Gridded Population of the World (GWP) (SEDAC, 2017). This map provides the 102 

estimates of population density with a 1 km resolution for several years based on the 103 

national censures, population registers and United Nations counts. 104 

The next aspect to consider for the assessment of vulnerability encompasses the envi-105 

ronmental dimension of flood management, represented by the terrestrial and marine pro-106 

tected areas that might be subject to these phenomena. This factor can also be represented 107 

based on its density, such that the higher the presence of protected areas, the greater the 108 

impacts of floods on the environment. The World Database on Protected Areas (WDPA) 109 

(IUCN, 2016), jointly prepared by the United Nations Environment Programme (UNEP) 110 

and the International Union for Conservation of Nature (IUCN), includes the data re-111 

quired to model this factor. 112 

Finally, the last two vulnerability-related variables focus on the main assets that might 113 

be damaged during the occurrence of floods: buildings and infrastructures. Affections to 114 

these elements may limit accessibility and cause the traffic disruptions, hindering the 115 

transit of people and vehicles across dense areas in terms of buildings and infrastructures 116 
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and increasing their vulnerability to flooding events. Again, the data involved in the pro-117 

cessing of these factors can be downloaded from OpenStreetMap (Geofabrik Download 118 

Server, 2018), which provides two layers symbolising the spatial arrangement of these 119 

facilities. 120 

 121 

3.2. Participatory assessment of flood hazard and vulnerability 122 

The previous reviews showed that the assessment of flood hazard and vulnerability using 123 

MCDA is seldom conducted in a systematic way (de Brito and Evers, 2016). The reason-124 

ing for the model assumptions, such as the selection of the input criteria, standardization 125 

of the data to a common scale, and definition of criteria weighs, is typically unstated and 126 

these decisions are restricted to researchers conducting the study (Beccari, 2016; Müller 127 

et al., 2011; Rufat et al., 2015; Tate, 2012). Even when stakeholders are involved, their 128 

participation is fragmented and constrained to information dissemination and consultation 129 

at specific stages (de Brito and Evers, 2016; Evers et al., 2018). Consequently, the vul-130 

nerability and hazard MCDA models are commonly perceived as black boxes by end-131 

users, which limits the use and implementation of the model results. 132 

To overcome these problems, participatory approaches for flood hazard and vulnera-133 

bility assessment can be used to go beyond the limited perspective of a single expert by 134 

acknowledging the multiple standpoints and explicitly showing the rationale for model 135 

decisions. The key generic steps of the approach are illustrated in Fehler! Verweisquelle 136 

konnte nicht gefunden werden., which shows that expert stakeholders should collabo-137 

rate throughout the entire process. This allows the building trust among participants, fa-138 

cilitates information sharing and improves the model transparency, thus enhancing the 139 

results acceptance. A detailed description of the proposed methodology and its applica-140 

tion in two case studies is provided by de Brito et al. (2017; 2018) and Katz et al. (2017). 141 
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 142 

Figure 2. Methodological framework for flood vulnerability and risk assessment. Key steps and sug-143 
gested methods are shown in boxes 144 

 145 

The first step comprehends the identification of relevant expert stakeholders that have 146 

an in-depth knowledge of flood vulnerability and hazard assessment. For this purpose, 147 

the snowball sampling technique can be used (Wright and Stein, 2005). The basic idea is 148 

that initially sampled experts (i.e. starting seeds) indicate other specialists in the field, 149 

which in turn lead to the other prospective participants until the desired sample size is 150 

reached. Alternatively, iterative stakeholder analysis involving focus groups and brain-151 

storming exercises can be conducted to ensure that all of the relevant actors have been 152 

included. The use of the previously mentioned tools can be complemented with social 153 
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network analysis to investigate social structures and identify key experts that (1) have the 154 

unique positions in the network, hence, occupying non-redundant communication roles 155 

in the network; (2) come from the different stakeholder categories, thus allowing captur-156 

ing contrasting opinions; and (3) are relatively well-connected to the others and tend to 157 

break across different segments of the network (Prell et al., 2008).  158 

Step 2 involves the identification of a set of criteria or factors that are going to be 159 

incorporated into the model. The selection of the evaluation criteria is a crucial step in the 160 

development of any indicator, as the inclusion or exclusion of relevant criteria can have 161 

a dramatic impact on the model results. Hence, these should be preferentially independ-162 

ent, complete, concise, and operationally meaningful. The nominal group technique 163 

(NGT) can be applied to obtain the consensus among experts on the set of criteria (Harvey 164 

and Holmes, 2012). Alternatively, to avoid group effects (e.g. group-thinking or antici-165 

patory consensus) obscuring individual preferences, anonymous questionnaires or the 166 

Delphi survey can be used.  167 

The third step consists of organizing the selected criteria into sub-indexes (e.g. social, 168 

economic and environmental dimensions). The organization scheme, i.e., hierarchical or 169 

network, depends on the MCDA technique considered. For this purpose, the brainstorm-170 

ing sections can be conducted to have an unstructured discussion of the problem. In this 171 

setting, the participants propose solutions and the group actively debates what the best 172 

course of action is.  173 

Step 4 comprises the standardization of the spatial data into a common scale. There is 174 

a number of methods for standardizing raw data to the comparable units, including value 175 

functions, min-max transformation, and z-score. Since vulnerability and hazard criteria 176 

usually do not have a linear behaviour, the use of value functions is recommended. The 177 

value function is a mathematical representation of human judgment (Malczewski and 178 
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Rinner, 2015). It relates possible decision outcomes (criterion or attribute values) to a 179 

scale which reflects the decision maker’s preferences. The type and shape of the function 180 

can be defined individually, i.e., one value function per criterion defined by each partici-181 

pant, or consensus regarding the function type can be achieved based on focus group 182 

discussion. Nevertheless, due to the complexity of the task at hand, these meetings need 183 

to be restricted to a small number of participants.  184 

In step 5, the importance of the criteria for the vulnerability analysis needs to be as-185 

sessed. This is a critical phase, given that even small changes in weights may have a 186 

significant impact on the model results, leading to inaccurate outcomes (Feizizadeh and 187 

Blaschke, 2014). In the field of flood hazard and vulnerability assessment, the most used 188 

MCDA tools are: Analytic Hierarchy Process (AHP) (Saaty, 1980), Technique for Order 189 

Preference by Similarity to an Ideal Solution (TOPSIS) (Behzadian et al., 2012) and Sim-190 

ple Additive Weighting (SAW) (Abdullah and Adawiyah, 2014). The selection of the 191 

method to be used depends on the time and resources available and decision makers’ 192 

objectives. Regardless of the MCDA method used, the weights can be elicited using either 193 

online or in-person questionnaires. Alternatively, since assigning weights requires a sig-194 

nificant mental effort for most stakeholders, serious games (i.e. games including a non-195 

entertaining purpose) in combination with MCDA could be used instead (Aubert et al., 196 

2018). Voinov et al. (2016) argued that serious games are promising tools for participa-197 

tory modelling due to (1) the stakeholders’ engagement through intrinsic game motiva-198 

tional features, (2) the potential for interactive visualization and (3) the ability to create 199 

social learning. 200 

Step 6 comprehends the aggregation of the criterion maps and decision maker’s pref-201 

erences (criterion weights) in a GIS environment using a combination rule. In general, 202 

the combination rules can be compensatory or non-compensatory, where the former takes 203 
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into account the trade-offs between criteria, while the latter ignores the value of trade-204 

offs. The compensatory methods allow trade-off of a low value on one criterion against a 205 

high value on another (Malczewski and Rinner, 2015). It is recommendable to display the 206 

aggregated results in a Web-GIS platform, where participants can compare their results 207 

with the maps from other actors. 208 

The final step consists of a post-analysis study to check for the model inaccuracies. 209 

Uncertainty analysis (UA) investigates how uncertainty in model inputs translates into 210 

uncertainty in model outputs (Tate, 2012). Similarly, sensitivity analysis (SA) investi-211 

gates how the results vary when the criteria are changed. This helps to identify crucial 212 

variables in the model and allows disagreements between individuals to be examined to 213 

see if they make a difference in the final results. At the end of the process, the outcomes 214 

of the MCDA analysis should be made available to all interested parties through the re-215 

ports and other channels of communication. 216 

Although the participatory MCDA phases are presented here as a logical sequence of 217 

steps, it should be emphasized that, in reality, the development of hazard and vulnerability 218 

indices process may be far from sequential and continuous. In practice, the whole process 219 

is iterative, possibly having internal conflicts that require an on-going review of the index 220 

structure to ensure that the results will be accepted by the majority of the participants. 221 

 222 

3.3. Geoprocessing and aggregation of factors to assess flood risk 223 

The determination of flood risk is based on the geoprocessing and aggregation of the 224 

factors listed in Table 2. This must be carried out with the support of GIS, which provides 225 

the tools needed for the management of the datasets used to produce the factors. Although 226 

the functionalities available in different GIS might vary from each other, there are several 227 
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open source programs that include all the capabilities required to undertake the tasks for 228 

modelling flood hazard and vulnerability (Jato-Espino, 2016). 229 

One common consideration for all the data involved in flood risk assessment is the 230 

clipping of the original vector or raster layers to the boundaries of the study area, in order 231 

to delimit further calculations to the workspace. The aggregation of different layers also 232 

requires their projection to the same reference system, as well as their resampling to the 233 

minimum cell size of the original data, in order to boost the accuracy of the results to 234 

achieve. Finally, those datasets originally available in vector format must be transformed 235 

into raster to enable their eventual combination with the remaining layers. 236 

The DEM-related factors depend on calculations concerning the relative elevation of 237 

the cells of a raster map with respect to their adjacent pixels. This course of action enables 238 

determining the slope of the terrain, either in degrees or as a percentage, and a flow di-239 

rection map according to the eight direction model proposed by Jenson and Domingue 240 

(1988), which assigns a value to each cell in the neighbourhood of the processing cell 241 

based on the changes in elevation. The further processing of the flow direction map 242 

through hydrology tools serves to aggregate the number of cells flowing to each cell in 243 

the workspace (Tarboton et al., 1991), yielding the flow accumulation map of the study 244 

area. 245 

Soil permeability can be calculated from the description of the rocks in the study area, 246 

which enables classifying them in different levels according to their properties. To this 247 

end, first is the creation of a new field in the attribute table of the layer corresponding to 248 

the lithologic map, such that values of permeability or scores are allocated to each group 249 

depending on their characteristics. The number of groups into which divided the lithology 250 

of the workspace should be preferably four, in order to meet the HSG classification and, 251 

therefore, facilitate the processing of the CN of the terrain surface. The joint selection by 252 
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attributes of the HSG and the land cover types in the study area leads to the production of 253 

the CN map sought (Jato-Espino et al., 2016b).  254 

Water table depth is one of the most complex factors to manage, since it is provided 255 

in NetCDF format as a grid of points. Hence, the first step in the processing of this vari-256 

able is the extraction and arrangement of the original raw data in tabular format, in order 257 

to use a GIS readable format. Once imported, the grid of points must be interpolated to 258 

generate a continuous surface of the values of water table depth. This can be carried out 259 

using both deterministic and geostatistical techniques, such that the goodness-of-fit of the 260 

resulting maps is measured by comparison between the interpolated and observed values 261 

(Jato-Espino et al., 2016a).  262 

Unlike water table depth, precipitation and population density are already available as 263 

a continuous raster map in the data source suggested in Table 2, such that its processing 264 

only requires generic clipping and resampling tasks. Instead, the calculations of proximity 265 

and density associated with the remaining factors are based on the application of specific 266 

spatial tools with which to create the raster layers from the polygons and polylines defin-267 

ing water bodies, protected areas, buildings and infrastructures.  268 

Once all of the factors have been processed and converted into raster layers, they must 269 

be normalised to enable their joint aggregation. Normalisation is the step whereby the 270 

ratings 𝑟௜௝ in each cell 𝑖 of the workspace in relation to a factor 𝑗, measured in the units 271 

indicated in Table 2, are adjusted to a common scale by applying different transformations 272 

including value functions, min-max transformation or z-score, as described before. 273 

The aggregation of the normalised ratings 𝑛௜௝ can be undertaken using the different 274 

MCDA techniques, but always taking into account the weights 𝑤௝ of the factors. The use 275 

of one MCDA method or another, including distance-based, outranking, scoring or util-276 

ity/value approaches, may involve different equations and calculations; however, they all 277 
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are strongly dependent on the determination of the weights, which is carried out inde-278 

pendently. These weights represent the relative importance of the factors in the computa-279 

tion of flood hazard and vulnerability. Consequently, the values of 𝑤௝ must also be di-280 

vided into hazard (𝑤ுೕ
) and vulnerability (𝑤௏ೕ

), such that their coupled consideration 281 

leads to determining flood risk.  282 

The weights of the vulnerability-related factors can be determined straightforwardly 283 

through participatory tools, either by direct allocation or using the MCDA methods, from 284 

the opinions collected from a panel of stakeholders, as described before. Instead, the in-285 

formation about flood hazard that can be obtained through public engagement may consist 286 

of an ordinal ranking of flood prone areas, based on the experience gathered from histor-287 

ical events in the study area. Hence, the goal with respect to flood hazard is to maximise 288 

the fit between the observed ranking of sensitive areas and the values determined via 289 

MCDA and GIS.  290 

To this end, first is the definition of a series of weighting scenarios to provide both 291 

balanced and biased situations. Table 3 shows a potential list of weights to use, which 292 

apart from eight scenarios in which the importance of each factor clearly predominates 293 

over the others, contains three additional combinations where the factors are grouped by 294 

type (morphology, permeability and hydrology) and prioritised accordingly.  295 

 296 
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Table 3. Weighting scenarios proposed to fit the observed ranking of flood prone areas 297 

Scenario 𝒘𝑯𝟏
 𝒘𝑯𝟐

 𝒘𝑯𝟑
 𝒘𝑯𝟒

 𝒘𝑯𝟓
 𝒘𝑯𝟔

 𝒘𝑯𝟕
 𝒘𝑯𝟖

 

1 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 

2 0.650 0.050 0.050 0.050 0.050 0.050 0.050 0.050 

3 0.050 0.650 0.050 0.050 0.050 0.050 0.050 0.050 

4 0.050 0.050 0.650 0.050 0.050 0.050 0.050 0.050 

5 0.050 0.050 0.050 0.650 0.050 0.050 0.050 0.050 

6 0.050 0.050 0.050 0.050 0.650 0.050 0.050 0.050 

7 0.050 0.050 0.050 0.050 0.050 0.650 0.050 0.050 

8 0.050 0.050 0.050 0.050 0.050 0.050 0.650 0.050 

9 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.650 

10 0.200 0.200 0.200 0.080 0.080 0.080 0.080 0.080 

11 0.080 0.080 0.080 0.260 0.260 0.080 0.080 0.080 

12 0.080 0.080 0.080 0.080 0.080 0.200 0.200 0.200 

 298 

The next step in the calculation of flood hazard is the modelling of the association 299 

between the ranking of prone areas obtained through participatory methods and the sum-300 

mary statistics computed at such areas by aggregating the factors according to the weights 301 

in Table 3. The definition of the sensitive areas can be accomplished by establishing a 302 

buffer of 250 m around the streets where the floods are frequent (Jato-Espino et al., 2018; 303 

van Hove et al., 2015). Thus, the summary statistics refer to the mean, minimum, maxi-304 

mum and sum values enclosed by these buffer areas. 305 

Since the observed data about flood prone areas is in ordinal format, its relationship 306 

to the summary statistics can be modelled using the Spearman’s correlation coefficient 307 

(𝜌), which measures the strength of the monotonic association between two variables. 308 

Hence, the goodness-of-fit of the hazard maps obtained for each scenario is represented 309 

by a value between -1 and 1, which indicates whether its correlation with the ranking of 310 

flood prone areas is perfectly negative or positive. 311 

Then, the identification of the factors proving to be statistically significant for ex-312 

plaining flood hazard can be undertaken with the application Multiple Regression Anal-313 

ysis (MRA), which enables modelling the relationship between the list of values of 𝜌 314 

associated with the combinations of weights proposed in Table 3. In addition to linear 315 
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terms, first order interactions should also be included to model potential combined effects, 316 

since some of the hazard factors suggested in Table 2 are related to each other. The results 317 

obtained from this analysis must be validated through the verification of the assumptions 318 

of normality, homoscedasticity, multicollinearity and independence of residuals (Osborne 319 

and Waters, 2003). 320 

The final step to take for producing a validated flood hazard map might be addressed 321 

through two different approaches. The simplest option consists of determining the optimal 322 

weights for the factors based on their relative contribution to the MRA model, such that 323 

the optimal weight 𝑤ഥுೕ
 of a factor 𝑗 is computed as its contribution as a linear term plus 324 

half the sum of its contributions in the interaction terms in which it is included. Another 325 

approach might involve the application of optimisation methods to solve the problem for-326 

mulated in Eq. (1), which seeks to maximise the Spearman’s correlation coefficient, while 327 

complying the restrictions associated with the values of 𝜌 and 𝑤ுೕ
. Due to the inclusion 328 

of interaction terms, the resolution of this optimisation problem requires the use of non-329 

linear methods, such as the Generalized Reduced Gradient (GRG) (Abadie and Carpen-330 

tier, 1969) or evolutionary algorithms (Elbeltagi et al., 2005). 331 

 332 

𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒  𝜌 

(1) 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: −1 ≤ 𝜌 ≤ 1 

 0 ≤ 𝑤ுೕ
≤ 1, ∀ 𝑓௝  𝑖𝑛 𝑡ℎ𝑒 𝑀𝑅𝐴 𝑚𝑜𝑑𝑒𝑙 

 333 

In consequence, the integrated flood risk assessment sought is provided by the multi-334 

plication of the validated hazard map, based on the calculation of these optimal weights, 335 

by that of vulnerability produced by aggregating the factors corresponding to this aspect 336 

(Table 2) according to their weights, which are obtained through participatory methods 337 
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from the priorities of relevant stakeholders in the study area. The resulting flood risk map 338 

highlights by its foundations on open data globally available, which are processed with 339 

the support of the  MCDA methods incorporated into GIS. 340 

 341 

4. SUMMARY AND CONCLUSIONS 342 

This chapter presents an integrated framework for flood risk assessment founded on the 343 

coupling of Multi-Criteria Decision Analysis (MCDA) with Geographic Information Sys-344 

tems (GIS). Both tools are supported with the inclusion of participatory methods to help 345 

the processing a list of hazard and vulnerability-related factors built from open data 346 

sources and involved in the probability of occurrence and potential impacts of flooding 347 

phenomena.  348 

The use of open datasets contributes to boosting the replicability of the proposed ap-349 

proach, since the sources explicitly suggested are available at a worldwide scale and have 350 

enough resolution to produce the satisfactory results. However, the flexibility of this 351 

framework enables either the addition of new hazard and vulnerability factors or the re-352 

placement of some of them by others with higher precision, depending on the quality of 353 

the data available at regional or local scales. 354 

The combination of MCDA with the participatory tools for flood hazard and vulnera-355 

bility assessment can lead to an increased, shared understanding of the problem by avoid-356 

ing the limited perspective of a single expert. The methodology described here can en-357 

hance the credibility and deployments of hazard and vulnerability indicators, as stake-358 

holders’ opinion, expert judgement and local knowledge are taken into consideration 359 

throughout the entire process. Furthermore, its transdisciplinary nature might support the 360 

social learning processes and develop the capacity through awareness raising. 361 
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In summary, the content included in this chapter is intended to provide a complete 362 

guide on how to assess flood risk integrally without requiring neither restricted data nor 363 

proprietary software. Instead, data are suggested to be either acquired from global open 364 

sources or generated through participatory methods and then processed using the MCDA 365 

techniques incorporated into free GIS, resulting in a generic resource that can help im-366 

proving flood management all around of the globe in an easy, accessible and inclusive 367 

manner.  368 

 369 
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