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Kurzfassung 

Hochwasserschäden lassen sich in tangible und intangible Schäden einteilen. Tangible Schäden 
sind monetär bewertbar und werden daher in Hochwasserrisikoanalysen (HWRA) 
berücksichtigt. Intangible Schäden werden in der Regel nicht monetär erfasst und werden, 
mangels geeigneter und allgemein anerkannter Bewertungs- und Integrationsmethoden,  bisher 
nicht oder nur teilweise in HWRA einbezogen. Hauptziel dieser Arbeit ist daher die 
Entwicklung geeigneter Methoden zur Bewertung intangibler Schäden und deren Integration in 
HWRA. Hierfür werden fünf Kategorien intangibler Schäden betrachtet: Verlust von 
Menschenleben, körperliche Verletzungen, Auswirkungen auf psychische Gesundheit, 
kulturelle Verluste und Umweltschäden. 

 Für die nicht monetäre Bewertung von Todesfällen und körperlichen Verletzungen wird der 
Ansatz von Penning-Rowsell (2005) ausgewählt und für die Anwendung in räumlichen  
Analysen weiterentwickelt. Dieser Ansatz ursprünglich für Binnen- und Küstenhochwasser 
vorgeschlagen wurde. Dennoch beschränkte sich bislang seine Anwendbarkeit nur auf 
Binnenhochwasser. Im Küstenbereich blieb sie jedoch unbestätigt.   

Für die nicht monetäre Bewertung der Auswirkungen auf die psychische Gesundheit wird ein 
neuer Ansatz vorgeschlagen, der auf den Hauptursachen für psychische Störungen der Flutopfer 
und der Exposition gegenüber Überschwemmungen basiert. Es liegen jedoch noch keine Daten 
und Beziehungen zu den Auswirkungen auf die psychische Gesundheit im Zusammenhang mit 
anderen Schäden und Hochwasserbedingungen vor, um den neuen Ansatz zu validieren.   

Für die nicht monetäre Bewertung kultureller Verluste wird ein neues Verfahren entwickelt, 
das sowohl den materiellen Schaden von Kulturgütern als auch deren kulturelle Werte 
berücksichtigt. Da keine spezifischen Methoden zur Abschätzung der Höhe der materiellen 
Schäden an Kulturgütern oder deren kulturellen Werten vorliegen, werden hierzu Methoden 
entwickelt, die auf mehreren Annahmen basieren. Es ist jedoch wichtig, die zukünftige 
Forschung darauf auszurichten, die Unsicherheiten aus den Annahmen des neuen Verfahrens 
abzuschätzen und zu minimieren.  

Für die nicht monetäre Bewertung von Umweltschäden wird der Ansatz der 
Ökosystemdienstleistungen angepasst und eine neue Bewertungstabelle zur 
Schadensbewertung an Ökosystemdienstleistungen (ecosystem services damage assessment 
ESDA) entwickelt, die für die Ermittlung der Höhe der Verluste von 
Ökosystemdienstleistungen auf der Grundlage der Höhe der Schäden an Ökosystemen erstellt 
wird. Diese ESDA-Tabellen können für eine Schadensbewertung der Verluste von 
Ökosystemdienstleistungen angewandt werden, die nicht nur durch eine Naturkatastrophe 
sondern auch durch menschliche Aktivitäten verursacht werden. Diese ESDA-Tabellen sollten 
jedoch weiterentwickelt werden, um die komplexen Ökosysteme und die positiven 
Auswirkungen von Katastrophen in die zukünftige Forschung einzubeziehen.  

Für die monetäre Bewertung intangibler Schäden wird das Prinzip des Life Quality Index für 
eine exemplarische Studie zur Analyse vom Verlust von Menschenleben und körperlichen 
Verletzungen ausgewählt.  

Zur Integration aller Schäden wird im Rahmen einer Multikriterienanalyse (Multi-Criteria 
Analysis MCA) ein hybrider MAUT-AHP (Multi-attribute Utility Theory-Analytic Hierarchy 
Process) Ansatz gewählt, der die Entwicklung von Wertefunktionen beinhaltet. Aufgrund der 
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getroffenen Annahmen und der Bewertung des Autors können große Unsicherheiten bei der 
Entwicklung der Bewertungsfunktionen und Erhebung von Kriterium-Wichtungen entstehen. 
Wegen Ressourceneinschränkungen wurde die Einbeziehung von Experten zur Reduzierung 
der oben genannten Unsicherheiten im Rahmen dieser Studie nicht durchgeführt, sollte jedoch 
eine der künftigen Forschungsaufgaben bleiben. Eine umfassende Sensitivitätsanalyse zum 
Testen der Robustheit der Ergebnisse (integrierte Verluste) für kleine Änderungen der Werte 
und Gewichtungen der Kriterien zeigt, dass kleine Änderungen der Werte einen 
vernachlässigbaren Einfluss auf die integrierten Verluste haben. Geringfügige Änderungen der 
größeren Kriteriengewichtung haben jedoch einen signifikanten Einfluss auf die gesamten 
Verluste. Die Analyse zeigt auch, dass die Sensitivität des letzteren gegenüber geringfügigen 
Änderungen in der Hierarchie der Kriteriengewichtung weiter untersucht werden sollte. 

Die vorgeschlagenen Methoden Ansätze wurden an zwei Pilotstandorten in Deutschland 
angewandt, die im Rahmen des Verbundforschungsprojekts „XtremRisk“ ausgewählt worden 
sind. Für mehrere in XtremRisK entwickelte Überflutungsszenarien werden die 
Hochwasserschäden geschätzt und eine integrierte Analyse des Hochwasserrisikos wird 
durchgeführt. 
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Abstract 

Flood losses might be divided in tangible and intangible losses. Tangible losses are evaluated 
in monetary values and hence commonly incorporated in flood risk analyses. To date, intangible 
losses are not or only partially incorporated in flood risk analysis due to the lack of appropriate 
and generally accepted evaluation and integration methods. This study focuses, therefore on the 
development of suitable methods to evaluate intangible losses and to incorporate them in flood 
risk analyses. For this purpose, five categories of intangible losses are considered: loss of life, 
physical injuries, mental health impacts, cultural losses and environmental losses.  

For the non-monetary evaluation of loss of life and physical injuries, the method of Penning-
Rowsell (2005), initially proposed for river and coastal floods, is selected and further developed 
in this study for application in spatial analysis. As this approach has yet been applied only for 
river floods, more research is needed to explore its applicability to coastal flooding.  

For the non-monetary evaluation of mental health impacts, a novel method based on the main 
causes for mental disorders of flood victims and exposure to flooding is proposed. However, 
no recorded data and relationships on mental health impacts associated with other losses and 
flood conditions are yet available for validation. Therefore, future research might focus on the 
validation of this method and possibly on its further development and adjustments to comply 
with prospective mental health impact data. 

For the non-monetary evaluation of cultural losses, a new method is developed to consider both 
physical damage of cultural assets and their cultural values. As no specific methods are 
available to estimate the level of physical damages of cultural assets or their cultural values, 
methods are developed based on several assumptions. Yet, future research is to be directed 
towards estimating and minimising uncertainties implied by the assumptions behind the 
proposed method.  

For the non-monetary evaluation of environmental losses, the ecosystem services approach is 
adopted and a new ecosystem services damage assessment (ESDA) tables are developed for the 
estimation of the level of losses of ecosystem services based on ecosystem damages. The ESDA 
tables can be incorporated for the estimation of ecosystem services losses induced not only by 
natural disasters but also by human activities. Yet, the ESDA tables should be further developed 
to include the complex ecosystems and the positive impacts of disasters in future research.  

For the monetary evaluation of intangible losses, Life Quality Index principle is selected for 
the analysis of loss of life and injuries for an exemplary study.  

For the integration of losses within a Multi-Criteria Analysis (MCA) framework, a hybrid 
MAUT-AHP (Multi-attribute Utility Theory-Analytic Hierarchy Process) approach is selected, 
which includes the development of value functions. Large uncertainties might result due to the 
assumptions and author’s judgements required for the development of value functions and for 
the elicitation of criterion weights. Due to resource constraints, experts’ involvement to reduce 
these uncertainties is not carried out in this study and should be a task for future research. Yet, 
a comprehensive sensitivity analysis to test the robustness of the results (integrated losses) for 
small changes in the criterion values and criterion weights shows that small changes in criterion 
values have negligible effect on the integrated losses, while slight changes in larger criterion 
weights have a significant effect on the final losses. The analysis also shows that the sensitivity 
of the latter to slight changes in the hierarchy of criterion weights should be tested. 
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The proposed methods are applied in two pilot sites in Germany, which were selected in the 
frame of the Joint Research Project ‘XtremRisK’. For several flooding scenarios developed in 
‘XtremRisK’, flood losses are estimated, and an integrated flood risk analysis is performed. 
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1 Introduction  

1.1 Motivation 

Coastal flood hazards, which are the events that can cause damage to human life, property and 
environment, are constantly increasing due to the effects of sea-level rise and storm surges 
associated with climate change (Oddo et al. 2017, IPCC 2019). Since human settlements are 
more concentrated in coastal zones given their excessive benefits (Neumann et al. 2015), these 
coastal hazards become disasters, resulting in massive destructions to human life and the natural 
and built environment. Oumeraci (2004) mentions that the coastal, river and flash floods result 
in more than 50% of the fatalities and about 30% of the economic losses caused by all natural 
disasters. Moreover, as population density and economic activities in the coastal zone increase, 
pressures on coastal ecosystems increase. Therefore, the development of methods for estimating 
coastal flood risk has become an urgent need for the identification and implementation of proper 
coastal protection measures. 

The North Sea coast of Germany has suffered substantial damages due to extreme storm surges 
in the past. For example, the storm surge that occurred in 1962 caused 315 fatalities and 
considerable economic damage in Hamburg (Figure 1-1). The joint research project 
“XtremRisK” (Extreme storm surges at open coasts and estuarine areas: risk assessment and 
mitigation under climate change aspects) was initiated in October 2008, with the primary 
objective of enhancing the knowledge with respect to the uncertainties of extreme storm surge 
predictions as well as quantifying the overall flood risks (Oumeraci et al. 2009, 2015).  

 
Figure 1-1: North Sea flood of 1962 – heavily damaged Hamburg-Wilhelmsburg area (Photos: Gerhard Pietsch) 

Risk analysis is exemplarily carried out for two pilot sites in Germany: Hamburg and Sylt. 
Hamburg is a typical example of an urban estuarine area, while the island of Sylt at the North 
Sea represents a typical example of an open coast (Figure 1-2). 
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Figure 1-2: Pilot study areas in XtremRisK: (a) Hamburg and Sylt, (b) Study area in Hamburg, (c) Study area on 

the island of Sylt (Oumeraci et al. 2011) 

Flood risk is generally defined as the combination of the probability of a flood event and of the 
potential adverse consequences for human health, the environment, cultural heritage and 
economic activities (De Bruijn and Klijn 2009). In the project ‘XtremRisK’, flood risk (Rf), is 
calculated using the equation Rf = Pf ∙ D, where Pf is the probability of a flood event and D is 
the expected losses and damages associated with the flood event.  

Flood losses might be divided into two categories, namely tangible and intangible, depending 
on whether or not the losses can be assessed in monetary values. Tangible losses are evaluated 
in monetary values and hence commonly incorporated in flood risk analysis. Generally, 
intangible losses are recorded by non-monetary measures such as the number of human lives 
lost or injured and square meters of ecosystems affected (Messner and Meyer 2005). Currently, 
intangible loses are still not or only partially incorporated in flood risk analysis due to the lack 
of appropriate evaluation and integration methods. However, within the project ‘XtremRisK’, 
the importance and necessity of evaluating intangible losses for a comprehensive flood risk 
analysis were underlined. 

Therefore, bearing in mind the importance of intangible losses in flood risk and the lack of 
comprehensive research on this theme, this research focuses on developing suitable methods to 
evaluate the intangible losses. Moreover, the integration methods to incorporate these intangible 
losses with other tangible losses in an overall flood risk analysis will be investigated. Here, the 
possibility of assessing intangible losses in monetary terms will also be examined. 

1.2 Objectives 

The research mainly focuses on the following three main objectives: 

1. To develop methods to evaluate the direct intangible losses due to coastal flooding. 
2. To develop a method to integrate the intangible losses together with the tangible losses in an 

overall flood risk analysis.  
3. To demonstrate the application of the developed methods in case studies 
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Both overall objectives and the specific objectives will be defined more precisely based on the 
results of the analysis of the current knowledge in Chapter 2.  

1.3 Methodology 

First, a comprehensive analysis of the literature is carried out to get a thorough understanding 
of the existing knowledge on evaluation methods for intangible losses. Employing the gained 
knowledge, either new methods are developed, or the existing methods are modified to develop 
the most suitable means to evaluate each type of intangible losses. Here, all the intangible losses 
are categorised into two groups: social losses and environmental losses. Then, the methods to 
integrate these intangible losses with other tangible losses in overall flood risk assessment are 
investigated. Furthermore, the applicability of the new methods, which are developed as a part 
of the current research, is evaluated. Finally, the conclusions are drawn based on the overall 
research work. This methodology will be specified more precisely in the concluding section of 
Chapter 2. 



 
4 Review and Analysis of Current Knowledge 

   

2 Review and Analysis of Current Knowledge  

The first section of this chapter provides an outline of the flood risk analysis framework. It 
includes the commonly used definitions for ‘risk’, the risk-source-pathway-receptor approach 
for flood risk estimation and a brief explanation about tangible and intangible flood losses. The 
second section describes the available knowledge for the evaluation of intangible flood losses. 
In the third section, the methodologies used so far for the integration of tangible and intangible 
losses are discussed. In the last section, the objectives and the methodology for this research 
are specified more precisely. 

2.1 Coastal Flood Risk  

Flooding, despite its positive impacts on the environment (Bubeck et al. 2017), is a major 
natural disaster which accounts for about 34% of all-natural disasters and more than 50% of the 
people affected by natural disasters (Beckmann 2008). Coastal flooding has the most impact 
from all coastal hazards, which include coastal erosion (including unstable cliffs), coastal 
siltation, the movement of sediment within estuaries and the near-shore area (Doornkamp 
1998). Coastal floods are generally caused by windstorms, including hurricanes, cyclones and 
typhoons (Jonkman and Vrijling 2008). The long-term coastal flood risk seems to be mainly 
due to relative sea-level rise during the past and which is expected to be continued (Oddo et al. 
2017, Pirazzoli et al. 2006). In addition, human development and activities, such as the 
destruction of saltmarsh, the construction of artificial barriers and development, are impacting 
the natural behaviour of the coastal zone and changing the risk of flooding (Dawson et al. 2005). 
However, flooding causes loss of life, physical injuries, human anxiety and disruption to normal 
life, as well as direct damage to property and infrastructure. Further, it can also threaten sites 
of valuable conservation, amenity and archaeological interest.  

2.1.1 Flood risk analysis framework 

Since flooding has become a devastating natural disaster, the prediction of flood risk is essential 
to implement effective coastal defence systems and hence, to minimise the undesirable 
consequences. First, it is important to know what “risk” means and how to estimate the risk. 
The definition of risk depends on who defines it and his research background (Kelman 2003). 
Few definitions for risk related to natural hazards are presented in Table 2-1. 

As shown in Table 2-1, the widely used definition for ‘risk’ is, 

Risk = Probability x Consequences   

Using the same definition, flood risk is defined as “the combination of the probability of a flood 
event and of the potential adverse consequences for human health, the environment, cultural 
heritage and economic activity associated with a flood event” (De Bruijn and Klijn 2009). 
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Table 2-1: Definitions of ‘Risk’  
Source Definition 

Kaplan and Garrick 
(1981)  

Risk is a set of scenarios (si), each of which has a probability (pi) and a 
consequence (xi).  

UNDHA (1992) [cited by 
Kelman, 2003] 
 

Risk is “Expected losses (of lives, persons injured, property damaged, and 
economic activity disrupted) due to a particular hazard for a given area and 
reference period. Based on mathematical calculations, risk is the product of hazard 
and vulnerability”. 

Helm (1996)  The level of "Risk" may be calculated as the product of the "Probability" of an 
event or adverse outcome (expressed as occurrences per unit time) and a measure 
of the "Consequences" of the event (expressed numerically as a specific value 
measure such as lives lost or financial damage per event). 

Stenchion (1997) [cited by 
Kelman, 2003] 

“Risk might be defined simply as the probability of the occurrence of an undesired 
event [but] be better described as the probability of a hazard contributing to a 
potential disaster…importantly, it involves consideration of vulnerability to the 
hazard”. 

Granger et al. (1999) Risk is the outcome of the interaction between a hazard phenomenon and the 
vulnerable elements at risk (the people, buildings and infrastructure). 

Crichton (2001)  Risk is a potential loss, which is a combination of the interaction of hazard, 
exposure and vulnerability. 

Sayers et al. (2003) Risk is a combination of the chance of a particular event, with the impact that the 
event would cause if it occurred. Risk therefore has two components – the chance 
(or probability) of an event occurring and the impact (or consequence) associated 
with that event.  

Smith and Petley (2009) Risk is the actual exposure of something of human value to a hazard and is often 
measured as the product of probability and loss. 

Muis et al. (2015) flood risk is defined as the combination of hazard (i.e. the frequency and intensity 
of floods), exposure (i.e. the population and assets located in flood-prone areas) 
and vulnerability (i.e. the susceptibility of the exposed elements to the hazard) 

 

Risk is also defined in terms of hazard and vulnerability. Hazard refers to a source of danger or 
alternatively to something that can cause risk, while vulnerability relates to potential 
consequences in case of an event (Jonkman 2007). In order to obtain a better understanding of 
the relationship between ‘flood risk’ and ‘hazard and vulnerability’, it is useful to consider the 
risk source-pathway-receptor (SPR) approach (see Figure 2-1), which includes the following 
four major steps (Oumeraci 2004): 

1) Prediction of flood risk: It is the product of the predicted flooding probability and the 
predicted potential damages and losses. 

2) Evaluation of the tolerable flood risk: It is the product of the tolerable damages and 
losses and the tolerable probability of their occurrence. 

3) Evaluation of residual risk: It can be obtained by the difference of the predicted risk and 
the tolerable risk. 

4) Management of the residual risk: Structural and non-structural measures before, during 
and after the flood event. 
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Figure 2-1: Integrated probabilistic risk approach for flood risk assessment and management based on the source-

pathway-receptor model (Oumeraci 2004) 
5)  

2.1.2 Prediction of flood risk, tolerable risk, residual risk and risk management. 

Prediction of Flood Risk 

For the prediction of flood risk, the prediction of flooding probability as well as the estimation 
of flood damages and losses are required. 

The prediction of the flooding probability requires knowledge on (i) the morphological, 
topographic, hydraulic and other boundary conditions (Risk sources) and (ii) the performance 
of the entire defence system and its components (Risk pathways) (Oumeraci 2004). For this 
purpose, first, the flood defence scheme, including the foreshore topography and the entire 
chain of flood defence structures, must be described together with the protected areas, facilities 
and infrastructures. Second, the hydraulic boundary conditions must be reliably assessed, which 
include (i) the joint probability of water levels and waves and (ii) transformations of waves 
propagating over the shallow foreshore to obtain the design waves at the defence structures 
(Oumeraci 2000).  

Next, flood losses and damages should be estimated in order to complete the overall flood risk 
assessment. Flood losses can be categorised as tangible and intangible depending on whether 
or not the losses can be assessed in monetary values (Smith and Ward 1998, Merz et al. 2004, 
Hammond et al. 2015). Tangible losses, as previously mentioned, are generally evaluated 
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quantitatively in economic terms, while intangible losses are usually recorded by non-monetary 
measures like a number of lives lost or square meters of ecosystems affected etc. (Messner and 
Meyer 2005).  

For evaluation purposes, tangible losses are further divided into direct and indirect losses (Fig-
ure 2-2). Direct damages occur as a result of the physical contact of the floodwaters, while 
indirect damages are induced by the direct impacts and may occur outside the flood event. 

Intangible losses, which is the main focus of this research, can also be divided as direct and 
indirect, but losses such as mental health impacts may belong to both categories (see Figure 
2-2). Therefore, in this study, intangible losses are mainly classified as social losses and envi-
ronmental losses (Figure 2-2 blue box). Section 2.2 will provide a detailed description on in-
tangible losses. 

 
 

Figure 2-2: Classification of Flood Losses and further classification of intangible losses (blue box) for the current 
study  (modified from Jonkman and Vrijling 2008, Smith and Ward 1998, Merz et al. 2004 and Messner 
et al. 2006). 

Evaluation of Tolerable Flood Risk 

Numerous studies have focused on the assessment of tolerable risk, and the necessity of a 
general framework for risk acceptability has arisen. A widely accepted concept for the 
evaluation of tolerable risk across most disciplines is the ALARP principle (As Low As 
Reasonably Practicable) (Oumeraci 2000, Sayers et al. 2013). This involves the following three 
elements: 

1) an upper-bound on individual or societal risk levels, beyond which risks are deemed 
unacceptable, 

2) a lower-bound on individual or societal risk levels, below which risks are deemed not to 
warrant concern, 

3) an intermediate region between (i) and (ii) above, where further individual and societal risk 
reduction are required to achieve a level deemed ‘as low as reasonably practicable’. 
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Moreover, the tolerable flood risk is assessed using the tolerable probability of the flood hazard 
(Pf

t) and the tolerable vulnerability T(D), as indicated in Figure 2-1. However, it is noteworthy 
that the tolerability of risk may change depending on the nature of the event. For example, high 
frequency - low impact events may be more tolerable than low-frequency catastrophic events, 
although the risk is the same. 

Residual Risk  

Residual risk is evaluated through a comparison of the predicted and the tolerable flood risk. 
Risk scale, which is defined as G = (Rf

c - Rf
t) / Rf

t can be used as a measure for the level of 
residual risk (Kortenhaus and Oumeraci 2001). The optimum risk level is obtained for G = 0. 
Negative G-values mean over-design while positive G-values mean under-design. 

Risk Management 

The risk equation (Risk = Probability x Consequences) points us to the two basic strategies for 
managing risk: minimising the likelihood of an event happening or reducing the consequences 
by putting in place suitable provisions for minimising the worst effects. With natural hazards, 
it is often difficult to do anything to reduce the likelihood of occurrence of the primary event, 
but it is important to consider possible problems from closely coupled systems and to reduce 
the chances of further adverse events being triggered (i.e. secondary events such as flooding 
leading to dam collapse) (Helm 1996). 

According to Sayers et al. (2013), good flood risk management is commonly defined as “the 
process of data and information gathering, risk analysis and evaluation, appraisal of options, 
and making, implementing and reviewing decisions to reduce, control, accept or redistribute 
flood risks.” In order to minimise the flood risk, measures should be taken before, during and 
after the flood event. Werritty et al. (2007) defined a sustainable approach to flood risk man-
agement as that provides: "the maximum possible social and economic resilience against flood-
ing, by protecting and working with the environment, in a way which is fair and affordable both 
now and in the future".  

 

2.2 Intangible Losses due to Coastal Floods: Evaluation Methods 

Intangible losses, sometimes referred to as non-economic, non-monetizable losses, are losses 
without pre-existing monetary values (Hudson et al. 2019). An intangible damage assessment 
is very complicated and difficult to quantify due to the associated subjectivity (Lekuthai and 
Vongvisessomjai 2001). Although there are some methods, which have been developed to 

Flood risk is generally estimated using the product of the probability of the flood event and 
the expected flood losses. The latter may be subdivided into tangible and intangible depend-
ing on whether or not the losses can be assessed in monetary values. Intangible losses are 
further classified as social and environmental.  Under social losses, loss of life, physical 
and psychological health impacts and cultural losses are taken into account, while in envi-
ronmental losses, the damages to ecosystems and their services are considered. Available 
methods for the non-monetary and monetary evaluation of intangible losses and their inte-
gration in flood risk analysis are described in the next sections of this chapter. 



 
Review and Analysis of Current Knowledge  9 

  

assign an economic (monetary) value to the loss of life or ecological damage, these are generally 
not considered in a cost-benefit analysis (Jonkman et al. 2004). However, the evaluation of 
intangible damages is essential as they might be even larger and more important to the house-
holds affected than the direct monetary losses (Green and Penning-Rowsell 1989, Hudson et al. 
2019). In the current study, intangible losses are divided mainly into two categories as shown 
in Figure 2-2 (blue box): (i) social losses, which are experienced by individuals, families and 
the overall society, including loss of life, physical injuries, mental health impacts and cultural 
losses, and (ii) environmental losses, which are the damages occurred to ecosystems and the 
ecosystem services. This section describes the available methods for the evaluation of social 
and environmental losses in non-monetary and monetary terms. 

2.2.1 Social losses 

Most studies on flood risk assessment are subject to considerable uncertainty, with economic 
impacts featuring more prominently than social impacts, which are more difficult to summarize. 
Therefore, there is a growing awareness by flood risk managers that social impacts have been 
under-represented in post-flood appraisals (Werritty et al. 2007).  

The social impacts of floods may be difficult to delineate as they are interconnected and cumu-
lative (Walker et al. 2006). This study mainly focuses on four types of social impacts due to 
coastal floods: loss of human life, physical injuries, mental health impacts and cultural losses, 
which will be discussed below.  

2.2.1.1 Non-monetary evaluation 

Loss of life 

Coastal flooding has caused worldwide catastrophic damages to human life. Hurricane Katrina 
and the subsequent floods in South East Louisiana and other states along the Gulf coast of the 
United States in 2005 caused over 1600 deaths (Kessler et al. 2006). More than 10,000 fatalities 
were reported from the southwestern coastal belt of Bangladesh due to the tropical cyclone Sidr, 
formed in the central Bay of Bengal in 2007 (Hossain et al. 2008). Moreover, the storm surge 
caused by a tropical cyclone in Bangladesh in 1991 resulted in an estimated death toll of 
138,000 (Bern et al. 1993). It can be seen that, although coastal floods do not occur as frequently 
as river floods, they may cause massive devastation to the society once they occur. According 
to the research studies and analyses which have been carried out in order to find out the factors 
that determine loss of life due to these destructive events (Tsuchiya and Kawata 1981, Siddique 
and Eusof 1987,  Bern et al. 1993, Smith and Ward 1998, Gerritsen 2005, Jonkman 2007, Jonk-
man et al. 2009, Haynes et al., 2017),  these factors can be classified in two categories as in 
Table 2-2. 

The fatalities can increase due to unfavourable combinations of these factors. For example, the 
tropical cyclone in Bangladesh in 1991 had high mortality because of a) lack of proper warning, 
b) insufficient shelter, c) poor quality buildings, and d) high population density in affected areas 
(Bern et al. 1993). In addition, depending on the day and time that disastrous event occurs, the 
mortality varies.   
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Table 2-2: Factors affecting loss of life and physical injuries due to floods 

Category Factors 

Societal  
Characteris-
tics 

1. Flood warning: Insufficient time for evacuation after warning, lack of understanding and 
lack of positive response to warning were common causes for past massive disasters. 

2. Presence of shelters: Lack of safe building which can have an important function as evac-
uation shelters. 

3. Quality of houses: Post studies about Bangladesh cyclone in 1991 show that poor quality  
buildings caused a significant amount of fatalities 

4. Age and the gender of individuals exposed to flood:  Children, old people and women 
are more vulnerable for the lack of physical strength and endurance.   

5. Population density: Evacuation and rescue operations are more difficult when the popula-
tion density is high. 

6. Quality of medical facilities: Waterborne diseases spread due to the failure of sewage 
systems and the contamination of drinking water supplies by microbiological pollution 
after flood. Dehydration/heat stroke, heart attack/stroke, or other causes associated with 
lack of sustaining medical supplies. 

Flood  
Characteris-
tics  

1. Flood depth: As water depth increases, possibilities of shelter decrease. In addition, people 
entering floodwaters by vehicle constitutes a major cause of flood fatalities. 

2. Flood velocities and discharges: Fatalities can occur due to people hitting against hard 
surfaces when floating. Further high velocities and discharges may lead to building col-
lapse, dike breaches and collapse of sea walls 

 
The history of the estimation of loss of life due to natural hazards goes far back. Some of the 
main approaches developed for loss of life estimations due to flooding are summarised in Das-
sanayake and Oumeraci (2010). 

Friedman (1975) represents one of the earliest studies, which estimated the number of fatalities 
based on the number of damaged residencies. He has developed a fatality rate per damaged 
residence, which is one casualty per 170 damaged dwellings for normal floods and one casualty 
per 85 dwellings for flash floods (Aboelata and Bowles 2005). 

One of the most comprehensive models is proposed by Penning-Rowsell et al. (2005), which 
allows estimating not only the loss of life but also the number of injured people. This approach 
includes important flood characteristics such as flood depth, velocity and debris factor, area 
characteristics and population characteristics. Therefore, this method will be used as the basis 
for this study. Though this approach was developed for both coastal and river floods, it was 
only applied in a few case studies on river floods. Application of this approach in this PhD 
research study represents the first attempt to apply it in coastal flooding. Therefore, measures 
will be taken to minimise any uncertainties associated with this approach when applying it to 
coastal flooding.  

The approach proposed by Jonkman et al. (2008) includes most of the very important factors 
affecting loss of life during flooding. One main drawback of this method is that the vulnerability 
of people to flood hazards due to age and disability in the flood area is not considered. Since 
elders (>70yrs) and disabled people have less possibility to respond to flood warnings by them-
selves, a considerable level of fatalities may occur within this group (Jonkman et al. 2009).  

In a recent study, flood fatality hazard (FFH) maps were developed to indicate which locations 
are more life-threatening than others during a flood (de Bruijn et al. 2015). FFH is defined here 
as the probability of death at a certain location due to flooding assuming continuous presence, 
but also taking into account the possibilities of evacuation when a flood is imminent.  
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Health impacts 

Floodwaters pose immediate dangers to human health, but also long-term effects resulting from 
displacement and worsened living conditions (Paterson et al. 2018). Health impacts caused by 
floods can be divided into short-term and long-term impacts (see Figure 2-3).  

 
Figure 2-3: Health impacts of flooding and their causes (based on  Few et al. 2004, Du et al. 2010, Alderman et 
al. 2012, Fernandez et al. 2015, Paterson et al. 2018). 

One or more factors in Figure 2-3 might affect one’s health conditions during or after a flood 
event. Most common short-term impacts include injuries, toxic exposure, water-borne diseases 
(such as Gastrointestinal diseases, Hepatitis A and E, Respiratory and skin infections etc.) and 
vector-borne diseases (Alderman et al. 2012). Worsened chronic disease and related conditions 
(CDRCs), disability, mental health disorders and malnutrition, especially in low-resource coun-
tries, are among the most commonly reported long-term health impacts after floods (Sharma et 
al. 2008, Abaya et al. 2009, Du et al. 2010, Johal and Mounsey 2016, Zhong et al. 2018). Yet, 
this study will focus only on two health impacts due to flooding: (a) physical injuries, which 
represent a short-term health impact and (b) mental health impacts, which represent a long-term 
health impact. 

(a) Physical injuries: 

Flood-related injuries may occur before, during or after the flood throughout the clean-up phase 
and finally during repopulation (Abaya et al. 2009). Injuries before and during the event may 
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cause when individuals are attempting to remove themselves, their families or belongings from 
the rising and approaching floodwaters. These injuries may differ from cuts and abrasions to 
fractures and punctures. The serious injuries normally occur by fall, drowning, traffic accidents, 
or crash with large, heavy objects in fast-flowing waters. There is also potential for injuries 
when people return to their homes and businesses and begin the clean-up operation (e.g. from 
unstable buildings and electrical power cables) (Few et al. 2004, Ahern et al. 2005, Bich et al. 
2011). 

Injuries due to floods are not accurately reported in most countries, and therefore, little infor-
mation on injuries due to flood events is available (Few and Matthies 2006, Morgen et al. 2005, 
Owrangi et al. 2015, Saulnier et al. 2017). “The Climate Change and Adaptation Strategies for 
Human Health (CCASHH) project done by World Health Organization in 2002 found no survey 
information on floo-related injuries in Europe” (Few et al. 2004). 

Nevertheless, methods for the evaluation of the number of injuries possible due to flooding are 
not common in previous flood risk studies.  Among the very limited approaches available, the 
method developed by Penning-Rowsell et al. (2005), as mentioned in the previous ‘loss of life’ 
section, is considered for this study. 

(b) Mental health impacts 

Natural disasters, especially floods, take a heavy toll on the mental health of the people in-
volved. A comprehensive literature study by Fernandez et al. (2015) identified the potential 
factors associated with mental health among those affected by floods, such as flood character-
istics (including the severity of exposure and flood losses), personal factors (such as age, gen-
der, socioeconomic characteristics, existing health problems, coping styles etc.) and social fac-
tors (e.g. social support, Masson et al. 2019). 

The main mental health impacts due to natural disasters are post-traumatic stress disorder 
(PTSD), psychological distress, depression and anxiety (World Health Organisation 2001, Ne-
ria et al. 2008, Murray et al. 2011, Paranjothy et al. 2011, Stanke et al. 2012, Bei et al. 2013, 
Warsini et al. 2014, Fernandez et al. 2015). There is also evidence that flooding, via increased 
depression, leads to greater suicide risk (Kessler et al. 2006).  

Numerous studies have been carried out to estimate the number of victims with mental health 
disorders following natural disasters. Dassanayake and Oumeraci (2011a) provide a compre-
hensive literature study on the mental health impacts after flooding. The general method of 
collecting data is to request flood victims to fill out questionnaires. Interviewing the affected 
people is also used in a few studies.  

Prevailing causes for the mental health impacts are the direct exposure to the disaster and the 
incurred damages, including physical injuries, loss of relatives or close friends, property dam-
ages and disruption to business and social affairs (Verger et al. 2003). Displacement from a 
stable home environment can cause continuing stress (Munro et al. 2017, Tong, 2017). The loss 
of loved ones can generate deep impacts (Chan et al. 2011).  The severity of flooding, including 
high water levels and high flood velocities, is also a main stressor of mental disorders such as 
anxiety (Lamond et al. 2015, Paranjothy et al. 2011, Foudi et al. 2017). Research studies state 
that the mental health impacts are made worse by the scale of the flood, the presence of con-
taminants, evacuation, clean up, insurance issues and help received (Dixon 2015).  Moreover, 
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these psychological impacts are further affected by the social support positively and by discrim-
ination negatively (Weems et al. 2007). 

As mentioned before, past research studies have attempted to figure out the mental health im-
pacts after an event. Furthermore, numerous recent studies have been carried out to review past 
research to identify the level of mental health impacts after natural disasters (Warsini et al. 
2014, Fernandez et al. 2015, Johal and Mounsey 2016). However, more research is required to 
estimate in advance the possible health outcomes, including mental health due to a disaster 
(Murray et al. 2011, Saulnier et al. 2017). To the author’s knowledge, still, no methods have 
been developed to forecast the probable level of mental disorders based on the combination of 
the main flood-related factors such as fatalities, injuries, property destruction and exposure to 
flooding. Therefore, it is essential to develop a suitable method for the estimation of mental 
health impacts combining the aforementioned stressors due to flooding. 

Cultural losses 

The cultural resources refer to “any physical and spiritual property associated with past and 
present human use or occupation of the environment, cultural activities and history”, which 
may include sites, structures, places, natural features and material of paleontological, archaeo-
logical, historical, aesthetic, scientific, architectural, religious, symbolic or traditional im-
portance to specific individuals or groups, traditional systems of cultural practice, belief or so-
cial interaction (Miller, 2016).  

Cultural assets differ from other buildings and assets due to their unique cultural values. Even 
thoug cultural values can be defined in different ways, it is common to use a typology, which 
is a framework that breaks down the total value into several constituents (Mason, 2002). Table 
2-3 presents the summary of typologies used in previous studies (classification by authors) for 
the description of cultural values, focusing mainly on heritage values. 

Table 2-3: Classifications of cultural value constituents (modified from Clark 2010, Monteiro et al. 2015) 

Classification Cultural value constituents 

Reigl (1996 [1903]) Age, historical, intentional commemorative, use, art, newness 
Lipe (1984) Economic, aesthetic, associative-symbolic, informational 
English Heritage (1997) Cultural, educational and academic, economic, resource, recreational,   aesthetic 
Mason (2002) Historical, cultural/symbolic, social, spiritual/religious, aesthetic 
Holden (2004) Historical, social, symbolic, aesthetic, spiritual 
Drury and McPherson (2008) Evidential, Historical, Aesthetic, Communal 
The Burra Charter (2013) Aesthetic, historic, scientific, social, spiritual 

 

Cultural assets are classified in different ways by researchers. ECLAC (2003) has identified 
three main categories of cultural assets: public historic buildings (e.g. world heritage, museums 
and archaeological sites), private heritage buildings (e.g. Churches, dwellings located in histor-
ical centres and libraries) and non-heritage public cultural infrastructure (cultural spaces, rec-
reational parks etc.). Based on previous classifications, cultural assets are classified as Table 
2-4 in this study only considering the physically existing cultural properties (immaterial cultural 
assets, such as music, dance, literature etc., are excluded). 
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Table 2-4: Classification of cultural assets 

Category Cultural assets 

Heritage assets Heritage buildings or historic buildings, with their equipment and collections, or 
dwellings located in historic centres 
Museums 
Archaeological sites 
Historical libraries, archives and collections of documents 
Places with religious importance such as Churches 
Moveable goods of historic value that might be located in buildings other than mu-
seums 
Historic landscape 
Monuments 
Cemetery 

Non-heritage assets Cultural spaces, including houses of culture and non-heritage theatres 
Libraries and their equipment 
Recreational parks 
Monuments 

 
Cultural sites are continuously at risk from sea-level rise and coastal flooding (Reeder-Myers 
2015). The physical damage to the building fabric can be severe, as historic structures are most 
commonly composed of absorbent building materials, often compromised by age and condition, 
which are susceptible to decay and damage as a result of moisture ingress (Stephenson and 
D’Ayala 2014). Moreover, new flood and coastal defences in response to rising sea levels can 
cause damage to the archaeology of historic waterfronts, as well as to the character of historic 
quaysides and waterside buildings (Cooper 2009). 

The assessment of damages to cultural and historical sites due to flooding and other hazards 
has been carried out in numerous studies (e.g. Scott Wilson Ltd. 2009, Daire et al. 2012, Shi et 
al. 2012, Daly 2014, Stephenson and D’Ayala 2014, Reeder-Myers 2015, Vojinovic et al. 2016, 
Romão et al. 2016, Vafadari et al. 2017). A qualitative cultural heritage impact assessment due 
to the extension of Town Farm sand and gravel Quarry at Burlescombe, UK, is carried out based 
on the value of the heritage resource and the magnitude of the impact (Scott Wilson Ltd. 2009). 
The value of the cultural heritage resources is defined using a five-point scale from negligible 
value to very high value. The magnitude of the impact is also considered in a five-point scale 
from no change to major change. Finally, the significance of the effects on cultural heritage 
resources are estimated qualitatively, changing from neutral to very large using a significance 
of effects matrix as illustrated in Table 2-5. 

Table 2-5: Significance of effects matrix for a qualitative cultural heritage impact assessment (Scott Wilson Ltd. 
2009) 

Value/ 

Sensitivity 

Magnitude of Impact 

No change Negligible Minor Moderate Major 

Very High Neutral Slight Moderate/ large Large/very large Very large 

High Neutral Slight Moderate/ slight Moderate/large Large/very large 

Medium Neutral Neutral/slight Slight Moderate Moderate/large 

Low Neutral Neutral/slight Neutral/slight Slight Slight/moderate 

Negligible Neutral Neutral Neutral/slight Neutral/slight Slight 
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A similar heritage impact assessment method has been incorporated by ICOMOS (2011) for 
World Heritage properties. Criteria for assessing the magnitude of the impact and the heritage 
value are defined based on the international, national and local importance level of the heritage 
assets. The heritage impact assessment was targeted on four types of heritage assets: archaeol-
ogy, built heritage or historic urban landscape, historical landscape and intangible cultural her-
itage or associations. 

A vulnerability rating (VR) based on seven parameters: age, listed status (Grade), use, footprint, 
number of storeys, construction material and condition, has been introduced for residential com-
mercial as well as historic buildings by Stephenson and D’Ayala (2014). This VR is used for 
the estimation of the vulnerability of each building to flood hazard. Reeder-Myers (2015) cal-
culated cultural resource vulnerability (CRV) for each archaeological site within the study areas 
in the United States according to its position on the landscape (distance to shoreline and eleva-
tion), the degree of vulnerability of the nearest shoreline, and modern land use at the site (i.e., 
urban, agricultural, or industrial development). The cultural resource vulnerability index is pre-
sented as a scale from 1 (low) to 5 (high). Daire et al. (2012) have considered both positive and 
negative impact variables in their vulnerability evaluation forms dedicated to coastal archaeo-
logical sites.  

A qualitative risk analysis framework for cultural heritage assets has been developed by Romão 
et al. (2016) based on the likelihood of the hazard, the vulnerability of the asset to the hazard, 
the consequences of the hazard, and the capacity to recover from the event. In the assessment 
of the level of vulnerability, four questions are addressed: (i) what is the level of damage that 
the cultural asset is expected to suffer, (ii) The damages are expected to be repairable, (iii) The 
function of the cultural asset can be easily restored, and (iv) The loss in value is significant. 
Arrighi et al. (2018a) produced risk maps for the art city, Florence (Italy), based on the 
inundation and vulnerability level of the cultural buildings. 

Moreover, Vojinovic et al. (2016) estimated the vulnerability of cultural properties based on 
the significance and the sensitivity of each property, which is rather similar to the method pro-
posed by Scott Wilson Ltd. (2009). Furthermore, Forino et al. (2016) developed a cultural her-
itage risk index based on hazard, exposure and vulnerability scores.  

Though a number of techniques are recently developed for the evaluation of flood risk to cul-
tural assets, they have overlooked some of the important factors (e.g. only consider flood depth, 
not flood velocity, only consider physical damage, not the level cultural value of assets or only 
study heritage assets but not non-heritage cultural assets) in developing the method, or they do 
not clearly present the steps of the method (e.g. how to measure the level of cultural value of 
assets). A clear and comprehensive approach for the analysis of cultural losses is therefore 
needed to include all the important variables, which can later be integrated into the overall risk 
in the flood-prone area.  

2.2.1.2 Monetary evaluation  

Valuation of intangibles is still a very complicated task, although many different methods have 
been already proposed (Pastor et al. 2016). The practical problem of evaluating social impacts 
is that there are no market prices, which can be observed. Messner et al. (2006) mention that 
there are two generic ways of deriving values for social impacts: to ask people what value they 
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would put on those impacts or to assume those values from what can be observed. A broad 
classification of the valuation techniques of social impacts is shown in Figure 2-4. The main 
approach used for valuating intangible losses is people’s willingness to pay (WTP) for the 
losses. Numerous techniques are available for estimating WTP, which can be broadly divided 
into two categories: stated preference and revealed preference methods.  

Generally, stated preference methods, such as contingent valuation and choice modelling tech-
niques, measure demand by examining the individual’s stated preference for goods or services 
relative to other goods or services, while revealed preference methods, such as travel-cost and 
hedonic price method, determine the demand for goods or services by examining the purchase 
of related goods in the private market place (Zhai 2006). A comprehensive description of each 
technique is provided in Dassanayake and Oumeraci (2010). 

Loss of life 

Loss of human life is paid more attention in risk research, and the researchers have taken few 
attempts to evaluate it in monetary terms using several approaches. The Value of Statistical Life 
(VSL) is a commonly used concept to value the reduction of mortality risk. VSL can be defined 
as “the amount that a group of people is willing to pay for mortality risk reduction in the ex-
pectation of saving one life” (Miller 2000). Most of the previous studies for the estimation of 
VSL are based on the behavioural valuation approaches, mainly the revealed preference meth-
ods: wage risk and consumer market studies, and stated preference methods: contingent valua-
tion method (Dassanayake and Oumeraci 2012a).  

Figure 2-5 illustrates the VSL values estimated in 111 studies for 16 countries within the period 
of 1972-2006. The data includes the values directly extracted from individual studies (Kniesner 
and Leeth 1991, Chestnut et al. 2004, Krupnik et al. 2000, Kind 2011) as well as from meta- 
analyses carried out by several authors (e.g. Miller 2000, Viscusi and Aldy 2003, Chestnut and 
Civita 2009). All the VSL values are converted to US $ (in the same year as estimated in those 
studies) using Penn world table 6.3 (Heston et al. 2009). Then the values are adjusted for infla-
tion based on the US consumer price index (Bureau of Labour Statistics 2011) and calculated 
2010 US$ value. Finally, the 2010 Euro values are calculated using the yearly average exchange 
rate for 2010 (US$ 1 = € 0.755, from OANDA 2011). 
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 Figure 2-4: Economic valuation methods for social losses: classification, brief description, strengths and weaknesses (Dassanayake and Oumeraci 2010) 

A Survey approach, in which WTP is determined by creating an artificial market and the respondents are asked to value the assets.
 CV studies may have several formats: open-ended, dichotomous choice, multiple-bounded dichotomous choice, payment card etc. 
Advantages: enormously flexible in that it can be used to estimate the economic value of virtually anything including non-use values.
 Limitations: Hypothetical bias (referred to the overestimations of the real economic values)

A Survey approach, in which the respondents are asked to rank, rate or choose the most preferred.
 CM have several formats; choice experiment, contingent ranking, contingent rating and paired comparisons. 
Advantages: obtain values for individual attributes of the good, making choices is easier than attaching direct monetary values
 Limitations: less direct, analysis is time consuming, making choices is very tedious and difficult

The price of the marketed good is related to its characteristics.
Application: Cultural heritage good can be valued using the house prices in the neighbourhood. 
Advantages: estimations based on actual and reliable values. 
 Limitations: relatively complex to implement and interpret, mainly depends on the neighbourhood characteristics

Time and travel cost that people spend to visit a site represent the “price” of that site.
Two types: visitation frequency model and site choice model. 
Advantages: based on actual behaviour of people, inexpensive method, results are easy to interpret. 
 Limitations: valid only for the visitors, whose sole objective  of travelling is to visit that site, to value the travel time is difficult, 
people who live nearby because of the value of the site cannot be considered. 

 Based on macro-economic indicators. 
The value of life is assessed in proportion to a person’s contribution to the production of the economy.
Advantages: based on reliable economic indicators.
 Limitations: does not take individual’s quality of life into account.

A social indicator derived to reflect the expected length of life in good health and the quality of life enhanced by wealth. 
 Based on macro-economic indicators; gross domestic product (g), life expectancy (e) and life working fraction (w),   LQI=gwe1-w

Advantages: based on widely acceptable, available and reliable economic and social indicators. 
 Limitations: does not incorporate values such as personal well/being, good family relations, a healthy ecological environment, cultural heritage, 
etc. that influence the life quality apart from wealth and life expectancy.
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Figure 2-5: VSL by the type of study: revealed preference and stated preference (1972-2011) 

As implied from Figure 2-5, considered VSL studies have resulted in values ranging from €0.3 
million to €22.8 million, with a mean of €5 million. If the five exceptionally high values, which 
are more than €15 million, are excluded, the estimated VSL values have a mean value of €4.4 
million. A recent VSL study performed based on previous studies (during the year 2004 - 2012), 
estimated a VSL value of €8.83 million (Moran and Monje 2016), which is in line with the 
upper bound of our estimation. 

Furthermore, VSL has also been estimated incorporating non-behavioural methods such as the 
human capital approach (Weisbrod 1961, Jongejan et al. 2005) in which some lower values 
were estimated (for example. €0.52 million for developed industrial countries), and life quality 
index (LQI) approach (Pandey and Nathwani 2004, Jongejan et al. 2005), which estimated com-
paratively higher values than human capital approach (€1 - 4.2 million for developed industrial 
countries). Moreover, a benefit transfer approach developed by Miller (2000) estimates the VSL 
for a few countries based on the ratio of VSL/GDP per capita from the available data from 
previous studies for some other countries. In this study, a range of the ratio of VSL/GDP per 
capita is estimated for the world as 137-195, for North America as 97-158, for European Union 
as 121-174 and for Germany as 127-188.  

Health impacts 

Apart from the VSL, a significant number of studies have evaluated a value of statistical injury 
(VSI) related to non-fatal risks.  In the case of labour market studies, the same econometric 
approach used for mortality risk has been incorporated for non-fatal risks. However, as Viscusi 
and Aldy (2003) report, the studies which generated fairly large values of statistical life have 
surprisingly estimated comparatively low values of statistical injury. 

Among the past studies mentioned in Viscusi and Aldy (2003), 11 studies have been selected, 
which have estimated both VSL and VSI (Figure 2-6). The main purpose of considering these 
two sets of values is to elicit a general relationship between VSL and VSI for labour market 

0.00

5.00

10.00

15.00

20.00

25.00

1971 1976 1981 1986 1991 1996 2001 2006 2011

V
SL

 (
in

 2
01

0 
€

m
il

li
on

)

Study Year

Revealed Preference: No. of 
Studies = 75, Mean = 5.32

Stated Preference: No. of 
Studies = 36, Mean = 4.50

Revealed Preference Studies

No. of Studies = 75

Mean = 5.32

Stated Preference Studies

No. of Studies = 36

Mean = 4.50

Total no. of studies = 111

Mean = 5.05

Standard deviation = 4.38 

If VSL > €15 m are excluded,

Mean = 4.41

Standard deviation = 3.27Mean = 4.41

All mean and Standard deviation 

values are in 2010 € million



Review and Analysis of Current Knowledge   19 

   

studies. Therefore, in this case, only the quantities are considered, and the values are not con-
verted to 2010 € values (as in the previous analysis on VSL).  

Points are approximated to a linear relationship, which provides a ratio of VSI/VSL = 0.014. 
Here, for the linear approximation, two circled values as shown in Figure 2-6, which seem to 
be far from the trend line, are excluded. These two studies have estimated very high values of 
statistical life whereas relatively very low values of statistical injury. The R-squared value 
amounts to 0.7 for the considered trend line, which can be considered as a reasonable approxi-
mation. Further, a recent research study carried out by Bockarjova et al. (2010) estimated a VSI 
of € 100,000 adopting the “stated choice” experiment method in the context of flood risk. The 
same study estimated a VSL of € 7 million. The VSI/VSL ratio for this study is 0.014, which is 
also in the same range as early labour market studies. 

 
Figure 2-6: Comparison of VSL and VSI for labour market studies 

Moran and Monje (2016) use a standardised method to express the VSI value, scaled in propor-
tion to VSL. These scores are grouped, according to the Maximum Abbreviated Injury Scale 
(MAIS), yielding coefficients that can be applied to VSL to assign each injury class a value 
corresponding to a fraction of a fatality (Table 2-6).  

Table 2-6: Relative disutility factors by injury severity level (MAIS) (Moran and Monje 2016) 
MAIS Level Severity Fraction of VSL 

MAIS 1 Minor 0.003 
MAIS 2 Moderate 0.047 
MAIS 3 Serious 0.105 
MAIS 4 Severe 0.266 
MAIS 5 Critical 0.593 
MAIS 6 Unsurvivable 1.000 

 
According to this method, our estimation of VSI/VSL = 0.014 falls between minor to moderate 
levels, which is a low value compared to the other MAIS injury levels. 

Smith (1974)

Viscusi (1978, 1979)

Viscusi (1981)

Leigh and Folsom 
(1984)

Olson (1981)

Kniesner and Leeth 
(1991)

Martinello and    
Meng (1992)

Shanmugam (2001)
Cousineau, Lacroix 
and Girard (1992)

Lanoie, Pedro and 
Latour (1995)

Garen (1988)
y = 72.855x + 4*106

R² = 0.7014

0

5000000

10000000

15000000

20000000

25000000

0 20000 40000 60000 80000 100000 120000

V
al

u
e 

of
 L

if
e 

(2
00

0 
U

S
$)

Value of Injuries (2000 US$)



20              Review and Analysis of Current Knowledge 

   

Early research studies have been done on quantifying the level of anxiety damage level using 
the reduction of income level due to the anxiety and hence the reduction of the productivity 
(Lekuthai and Vongvisessomjai 2001 and Lekuthai, 2003). The method is “anxiety-productiv-
ity-income interrelationship approach (API)” which includes relationships for a) the variation 
of anxiety with flood depth, b) changes in productivity due to anxiety of the people, c) the 
variation of income with productivity, and d) the relationship between anxiety damage level 
and income. 

Subjective well-being (SWB) is an emerging measure that has been recently incorporated to 
value the negative impacts of flooding on an individual’s happiness and welfare. For example, 
Hudson et al. (2019) investigated SWB using three elements: previous flood experiences, sub-
jective perceptions of current and future flood risk, and household level flood risk management 
strategies. These SWB impacts are then monetised using a “compensating value” (CV) based 
on the trade-off between SWB and income. 

Cultural losses 

An earlier attempt to evaluate the flood damages to historic homes was made by Rodakowski 
(1978). He suggested that the replication cost is suitable for the damage estimation of cultural 
assets. Moreover, Rodakowski (1978) states that in a more practical approach, restoration costs, 
although they may result in lower values due to the utilization of modern construction methods, 
can also be used as an alternative to replication costs. The adoption of restoration costs is further 
suggested by a few other researchers (e.g. Handmer et al. 2002, ECLAC 2003). Handmer et al. 
(2002) suggest that the damages to cultural assets can be assessed by replacement/ restoration 
costs where feasible using experts’ estimates.  

Furthermore, in the assessment of losses to cultural assets, studies that have been conducted on 
valuation of cultural resources using indirect monetary valuation approaches, such as contin-
gent valuation, choice modelling, travel cost method and hedonic price method (e.g. Kuhfuss 
et al. 2016, Melstrom 2015, Lee 2015, Choi et al. 2010, Tuan and Navrud 2007, Ruijgrok 2006, 
Salazar and Marques 2005, Vecvagars 2006) can be useful. 

2.2.1.3 Tools for the evaluation of intangible social losses 

Significant development of simulation tools and software has occurred targeting the estimation 
of intangible losses due to natural disasters. Former research studies have focused only on a 
few types of social losses (e.g. loss of life and number of affected people) by using diverse 
software tools. Some of these tools are briefly presented below. 

Hazards U.S. Multi-Hazard (HAZUS-MH, FEMA 2020) is a GIS-based software, which esti-
mates potential losses from earthquakes, floods, hurricanes, and tsunamis. Although HAZUS-
MH earthquake model estimates the loss of life and injuries based on building damage, 
HAZUS-MH flood model does not estimate the loss of life. It only estimates the sheltering 
needs under the category of social losses.  

LIFESim, a loss of life model developed by Aboelata and Bowles (2005), is a spatially-distrib-
uted, dynamic simulation system for estimating potential life loss from natural and dam failure 
floods.  In LIFSim, a comprehensive model combining the warning and evacuation module and 
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the loss of shelter module is used for the estimation of loss of life. In this model, life loss is 
estimated for the population in buildings, vehicles, and as pedestrians.  

Life Safety Model (LSM) is a simulation tool developed by BC Hydro (in 2006) in Canada, 
which comprises agent-based simulation and models the interaction of the flood wave with 
receptors that can move within the environment (people, vehicles) or are stationary (buildings)  
is successfully implemented in European case studies, although it was developed in Canada. 
More developments of the model are undertaken by HR Wallingford, UK (Lumbroso and Da-
vison 2018). 

HEC-FIA (Flood Impact Analysis) software, which is developed by the United States Army 
Corps of Engineers’ Hydrologic Engineering Center, is capable of estimating flood conse-
quences, including the loss of life. HEC-FIA uses a simplified approach of the LifeSim meth-
odology (Lehman and Light, 2016). 

2.2.2 Environmental losses 

Environmental impacts can be wide-ranging: from destruction to flora and fauna, and damage 
to rare or endangered species, natural recreational resources and scenic resources. So far, only 
limited research has been carried out in order to investigate the flood impacts on the environ-
ment and ecosystems. Until recently, the assessment of environmental losses is not considered 
as important, so that systematic and scientific environmental impact assessment of a flood has 
been rarely performed (Gautam and van der Hoek 2003). However, few studies on environmen-
tal impacts due to flooding have been carried out in the recent past (e.g. Markantonis et al. 2013, 
Rouquette 2013). 

When assessing the losses, it is inconvenient to consider the whole environment at once. There-
fore, the environment should be divided into sections where the losses of each section can be 
evaluated separately. In this context, the ecosystem services approach (Costanza et al. 1997, 
Elliff and Kikuchi, 2015) is suitable.  

Ecosystem services (ES) are the ecological characteristics, functions, or processes that directly 
or indirectly contribute to human wellbeing: that is, the benefits that people derive from func-
tioning ecosystems (Costanza et al. 1997, MEA, 2005, Costanza et al. 2017). In their research 
study on obtaining a monetary value for the world’s ecosystem services, Costanza et al. (1997) 
have classified the entire ecosystem services into 17 major groups. Since then, several authors 
have defined and classified ecosystem services in different ways (see La Notte et al. 2017, 
Dassanayake and Oumeraci 2010). Among these several classifications for the ecosystem ser-
vices, MEA (2005) classification is being widely used in past research studies (e.g. Hattam et 
al. 2015, Turner et al. 2010, Hein et al. 2006). It clearly defined four categories of ecosystem 
services: provisioning, regulating, cultural and supporting (see Figure 2-7). 

Provisioning, regulating and cultural services are somewhat independent. However, supporting 
services are required for the production of all other ecosystem services and therefore intercon-
nected with other services. Further, changes in provisioning, regulating and cultural services 
have relatively direct and short-term impacts on people, whereas those of supporting services 
are either indirect or occur over a very long time (MEA 2005). 
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Figure 2-7: Classification of ecosystem services (modified from MEA 2005) 
 

Coastal and marine areas comprise a variety of ecosystems such as coral reefs, beaches and 
sand dunes, salt marshes, seagrasses and mangroves (Luisetti et al. 2010, Barbier et al. 2011, 
and Spalding et al. 2014). Each ecosystem provides different services grouped under four cat-
egories as described in Figure 2-7. Table 2-7 gives an overview of the ecosystem services pro-
vided by coastal and marine ecosystems. These ecosystems provide both tangible and intangible 
(or less tangible) services/benefits (Small et al. 2017, Ncube et al. 2018). 

Table 2-7: Ecosystem services provided by coastal and marine ecosystems (based on Barbier et al. 2011, Preiß 
2011, Everard et al. 2010, Elliff and Kikuchi 2015, Hanley et al. 2015 and Rodríguez-Revelo et al. 
2018) 

Ecosystem Ecosystem services, examples and whether the services are tangible or intangible 

Coral 
Reefs 

Provisioning  Food provision, Ornamental resources  Tangible 
Regulating  Coastal protection: attenuate and dissipate waves, sediment retention Intangible 

Maintenance of fisheries: provides suitable reproductive habitat and 
nursery grounds, sheltered living space 

Tangible 

Cultural Tourism, recreation, education, and research: provides unique and aes-
thetic reefs capes, suitable habitat for diverse fauna and flora 

Intangible 
 

Supporting   Ecosystem maintenance nutrient cycling, provision of habitat Intangible 
Beaches 
and Dunes 

Provisioning  Fresh water, food provision (e.g. crops, fruit, fish), fibre and fuel (e.g. 
timber, wool, etc.), mineral extraction 

Tangible 

Regulating  

Coastal protection: attenuate dissipate waves and reduce flooding  Intangible 
Erosion control: provide sediment stabilization and soil retention by 
vegetation  

Intangible 

Water storage and purification: store and filter water through sand; 
raises water table 

Tangible 

Maintenance of wildlife: biological productivity and diversity, habitat 
for wild and cultivated animal and plant species 

Tangible 

Carbon sequestration: vegetation cover help to maintain the air quality 
by generating biogeochemical activity, and biological productivity 

Tangible 

Cultural  
Recreation, tourism, education and research: major tourist attraction, 
can be an important educational resource, provide unique and aesthetic 
landscapes, habitat for diverse fauna and flora 

Intangible 
 

Supporting  Soil formation, nutrient cycling, provision of habitat Intangible 

Salt 
marshes 

Provisioning  Raw materials and food Tangible 

Regulating  
Coastal protection: attenuate, dissipate waves, function as a buffer zone Intangible 
Erosion control: provide sediment stabilization and soil retention by 
vegetation  

Intangible 
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Ecosystem Ecosystem services, examples and whether the services are tangible or intangible 

Water storage and purification: provide nutrient and pollution uptake, 
as well as retention, particle deposition 

Tangible 

Maintenance of fisheries: provide suitable reproductive habitat and 
nursery grounds, sheltered living space 

Tangible 

Carbon sequestration:  help to maintain the air quality by generating 
biogeochemical activity, sedimentation, biological productivity 

Tangible 

Cultural 
Tourism, recreation, education, and research:  provide unique and 
aesthetic landscape, suitable habitat for diverse fauna and flora 

Intangible 

Supporting  Ecosystem maintenance nutrient cycling, provision of habitat Intangible 
Mangroves Provisioning Raw material and food Tangible 

Regulating  

Coastal protection: attenuates and dissipates waves and wind energy Intangible 
Erosion control: provides sediment stabilization and soil retention by 
vegetation  

Intangible 

Water purification: provides nutrient and pollution uptake, as well as 
particle retention and deposition 

Tangible 

Maintenance of fisheries: provides suitable reproductive habitat and 
nursery grounds, sheltered living space 

Tangible 

Carbon sequestration: generates biogeochemical activity, 
sedimentation, biological productivity 

Tangible 

Cultural  
Tourism, recreation, education, and research: provides unique and 
aesthetic landscape, suitable habitat for diverse flora and fauna 

Intangible 

Supporting  Ecosystem maintenance nutrient cycling, provision of habitat Intangible 
 

 
As implied by Table 2-7, provisioning services mainly consists of tangible benefits as they have 
a potential market value. Regulating, cultural, and supporting services are mostly non-market-
able, although some regulating services are considered as tangible such as maintenance of fish-
eries and wildlife, water purification and carbon sequestration (Sangha et al. 2017). In some 
cases, the value of intangible services may dominate that of the tangible ecosystem services 
(Vejre et al. 2010). The next sections provide examples of past studies of non-monetary and 
monetary evaluation of coastal ecosystem services. 

2.2.2.1 Non-monetary evaluation 

Research studies have been carried out to assess the damages/ changes to different ecosystems 
due to coastal floods. A few examples for such assessments are discussed below. 

Beach/ dune ecosystems    

Beaches and dunes provide a wide range of ecosystem services, including coastal protection, 
erosion control, water storage and purification, carbon sequestration, and services related to 
tourism, recreation, education, and research. Several physical factors govern the level of change 
in these ecosystems, such as storm characteristics, wind speed, morphology and elevations of 
the ground surface, duration of inundation and grain sizes of transported material (Morton, 
2002). Since beaches act as the protection for dunes, the beach width is also a significant factor 
(Baron et al., 2014). Moreover, the vegetation cover of dunes plays a major role in reducing 
total erosion by providing resistance to waves by stems and leaves and enhancing soil aggrega-
tion by roots (Sigren et al., 2014). Considering the above factors, researchers have developed 
several methods for the estimation/prediction of changes in beaches and dunes due to storms 
and high waves. 
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Several analytical and numerical models have been developed for the estimation of dune ero-
sion by the wave impact during storms. Larson et al. (2004) provide a comprehensive literature 
study on previous analytical models developed for dune erosion.  Furthermore, they have pre-
sented simplified analytical solutions for the estimation of eroded dune volume during severe 
storms.     

Sallenger (2000) defined four scales for assessing storm impact on beaches and dunes, namely 
(i) swash regime, (ii) collision regime, (iii) overwash regime, and (iv) inundation regime, by 
examining the relationship between the elevation of extreme water levels and relevant beach 
morphology. The regimes are described by the maximum wave run-up level, Rhigh, and the wave 
run-down level, Rlow. The dune profile is described using the height of the primary dunes, Dhigh, 
and the height of the base of the dune, Dlow (Figure 2-8). The four impact levels are presented 
in Table 2-8. 

 
Figure 2-8: Dune Profile (Sallenger, 2000) 

Table 2-8: Four impact levels and beach, dune changes (adapted from Sallenger, 2000) 
Impact level 
and Regime 

Definition Beach and dune changes 

1: Swash 
regime 

 

Rhigh/Dhigh = 0 to 
Dlow/Dhigh 

 Runup is confined to the foreshore of the beach. 
 During storms, the foreshore typically erodes and sand is 

transported offshore. 
 Following the storm, sand is trnsported onshore gradually, over 

weeks to months. Hence, the eroded sand is replaced and there is 
little net change to the beach. 

2: Collision 
regime 

 

Rhigh/Dhigh = 

Dlow/Dhigh to 1 

 Runup collides with the base of the foredune ridge. 
 The collision forces sand to be eroded from the dune and 

transported offshore (and/or longshore). 
 Eroded dune sand is not readily returned to the dune, hence there is 

significant net erosion relative to impact level 1. 
3: Overwash 
regime 

 

Rhigh/Dhigh >1 
and Rlow/Dhigh 

<1 

 Runup exceeds the elevation of the ‘first line of defence’. 
 Sand is transported landwards (tens to hundreds of meters) 

contributing to the net migration of the barrier beach landward 
(there is net erosion of the beach foreshore and net deposition 
landward od dune). 

4: Inundation 
regime 

 

Rhigh/Dhigh >1 
and Rlow/Dhigh 

>1 

 Elevation of the base of swash motion, Rlow, exceeds the elevation 
of the first line of defence, Dhigh, hence the entire beach/foredune 
ridge system is continuously  subaqueous, 

 A massive net onshore transport might occur with landward 
migration of sand bodies on the order of 1km. 

 
Laboratory investigations have been continuously carried out in the last few decades to predict 
the dune erosion during storms (e.g. Vellinga, 1986, Van Gent et al., 2008, Van Thiel de Vries, 
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2009). Further, some studies done in the USA have focused on observing and collecting field 
data on dune erosion after storms to develop the erosion prediction methods (e.g. Judge et al., 
2003, Pries et al., 2008). Besides, beach erosion is estimated based on the reduction of beach 
width (Alexandrakis et al. 2015). 

Furthermore, several numerical models have been developed for the estimation of beach/ dune 
erosion due to storms. Table 2-9 summarises such models, which have been used in recent 
research studies. 

Table 2-9: Numerical models available for the assessment of beach and dune erosion 
Numerical Model Description 

XBeach (Roelvink et al., 
2009) 

A numerical model of nearshore processes intended as a tool to compute the 
natural coastal response during time-varying storm and hurricane conditions, 
including dune erosion, overwash and breaching 

SBEACH (Larson and 
Kraus, 1989) 

An empirically based numerical model which predicts the short-term profile 
response to storms. The SBEACH model calculates beach profile changes with 
emphasis on beach and dune erosion and bar formation and movement. 

DUNERULE (van Rijn, 
2008) 

Estimates the dune erosion with respect to a base Reference Case, which 
represents a storm of 5 hours duration with a constant wave height of 7.6 m 
(period of 12 s; normal to coast), bed material diameter of 0.225 mm and storm 
surge level of +5 m (above mean sea level).  

CSHORE (Johnson et al., 
2012) 

A tool to predict wave runup over a broad range of wave and nearshore profile 
situations including coastal structures and beaches 

 
Among these numerical models, the XBeach model can better model the development of the 
dune erosion profile and better predict incipient overwashing and breaching of a dune or barrier 
island (Roelvink et al., 2009). It is an open source software, which is widely and successfully 
employed worldwide. Therefore, XBeach model is selected for the assessment of beach and 
dune ecosystem damages in the current study. 

Saltmarsh ecosystems 

Salt marshes have become a main concern for their capability to protect landwards areas from 
the impacts of storms (Shepard et al., 2011, Howes et al., 2010). The salt marsh vegetation can 
attenuate smaller waves and stabilize shorelines by promoting sediment deposition and reduc-
ing erosion and mitigating flooding in coastal areas by damping flood peaks and storing flood-
waters associated with coastal storms.  

Salt marshes are often threatened by the effects of climate change, including sea-level rise and 
increased storm frequency and intensity (Hansen and Reiss, 2015, Day et al., 2008). They may 
experience a range of damage, including vegetation mortality due to wrack deposition during 
high waters, enhanced wave erosion at the marsh edge or the bulk removal of the vegetation 
mat (Howes et al., 2010).  However, major storms can also have long-term beneficial effects 
on salt marshes, such as increased marsh elevation and enhancing productivity by increasing 
delivery of sediment and nutrients to salt marshes (Hansen and Reiss, 2015). Nevertheless, this 
chapter outlines only the negative impacts of storms on salt marshes. Three main negative im-
pacts are reported in past research:  

1. Sediment and wrack deposits: Wrack, debris and large amounts of sediment deposition 
after flooding events may have significant effects on salt marsh vegetation. Wrack and 
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sediment deposits may leave bare patches, decrease plant density and germination of 
seedlings and reduce plant biodiversity (Peterson and Baldwin, 2004). 

2. Sediment destabilization and lateral erosion: Sediment destabilization and lateral erosion 
may have an important impact on the dynamics and functioning of salt marshes. Salt 
marshes may develop toward a critical state due to the accumulation of sediment at the 
seaward edge. Near this critical state, disturbances may invoke a cascade of vegetation 
collapse, followed by strong erosion and the formation of a cliff, in turn leading to more 
vegetation collapse (Van de Koppel et al., 2005). 

3. Loss of salt marsh area: Loss of marsh area due to sea-level rise and storms may have 
significant negative impacts on salt marshes, such as reduction of carbon sequestration, 
loss of marsh vegetation and provision of habitat for bird species that are dependent on 
marsh vegetation for feeding, nesting, and nursery functions (DeLaune and White, 2012, 
Hughes, 2004). 

Previous studies mainly focused on the assessment of the impact of coastal floods on the 
changes/ losses of the environment as a whole or of specific ecosystems. Yet no study attempted 
to assess the changes in ecosystem services due to coastal floods. It is necessary to investigate 
which ecosystem services could be affected by coastal floods, what are the possible changes 
and whether these changes are permanent or only temporary. Therefore, new research is needed 
to develop methods to assess the changes/losses of ecosystem services due to coastal floods. 

2.2.2.2 Monetary evaluation 

Environmental resources provide a complex set of values to individuals and benefits to society. 
For example, coastal areas offer scenic panoramas and radiant sunsets, beaches are excellent 
recreation areas used for relaxation, exercise or bird watching. Further, fish and other edible 
sea life caught in coastal areas provide a rich and nutritious source of food to consumers. These 
are only the direct benefits of the coastal environments, and they capture only a portion of the 
economic value. There are also values that are not directly consumed, such as climate modula-
tion, physical protection etc. Therefore, it is necessary to consider all these values when calcu-
lating the economic value of any environmental asset.  

Generally, economic valuation methods are used for the valuation of environmental assets and 
benefits based on the assumption that individuals are willing to pay (WTP) for the services and 
are willing to accept (WTA) compensation to forgo that service (Lan et al. 2015, Farber et al. 
2002). Further, WTP can be used when beneficiaries do not own the resources providing the 
service or when service levels are being increased, while WTA is appropriate when beneficiar-
ies own the resource providing the service or when service levels are being reduced (MEA 
2005). Based on these preferences, ecosystem services valuation techniques can be identified 
in two categories; revealed preferences and stated preferences. Revealed preferences, which are 
mainly based on observed behaviour, can be further divided as market-based and surrogate 
markets (Pagiola 2005). Stated preferences are regarded as non-market-based and draw data 
from people’s responses to hypothetical questions. A comprehensive analysis of these valuation 
techniques is provided in Dassanayake and Oumeraci (2010). 

The valuation of coastal ecosystem services has been a major research topic in the recent past 
(Costanza et al. 1997, Barbier et al. 2011, Costanza et al. 2014, Mehvar et al. 2018).  Barbier et 
al. (2011) reviewed key economic value estimates of ecosystem services provided by coastal 
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ecosystems, including marshes, mangroves, nearshore coral reefs, seagrass beds, and sand 
beaches and dunes. Table 2-10 provides successful evidence for the possibility of valuation of 
ecosystem services using environmental valuation techniques. These studies have been per-
formed for specific ecosystem/ ecosystem service in distinct locations at different time periods. 
Therefore, these values are rather case specific and thus cannot be compared, transferred/ ex-
trapolated to other locations/ scales. Hence, the values are presented as they appear in the stud-
ies (not transformed into a common unit of measure). 

Table 2-10: Value estimates for ecosystem services 
Ecosystem Ecosystem Service Ecosystem service value estimations Valuation methods 
Beaches 
and Dunes 

Regulation Services: 
Coastal protection 

US$67,874/ha/yr in Mexico (Mendoza-
González et al., 2012) 

Avoided cost method 

$141.4 million (USD 2013) total annual 
value (Taylor et al. 2015) 

Replacement cost 
method 

Cultural Services: tour-
ism and recreation 

US$1574/visiting household/yr, or about 
$166/trip, USA (Landry and Liu, 2009) 

Joint revealed and 
stated preference rec-
reation demand model 

US$12,585/ha/yr in Mexico (Mendoza-
González et al., 2012) 

Travel cost method 

AU$119.95/person for a day visit, Aus-
tralia (Blackwell, 2007) 

Individual travel cost 
method 

Salt 
marshes 

Regulation Services: 
Coastal protection 

US$8236/ha/yr in 
reduced hurricane damages, USA (Cos-
tanza et al. 2008) 

Avoided damages ap-
proach  

£213/yr to preserve wetlands for their 
sea defence role, UK (Mangi et al., 
2011) 

Contingent valuation 
method 

US$11,748/ha/yr for low marsh and 
US$1,174/ha/yr for high marsh (Feagin 
et al., 2010) 

Avoided cost method 

Regulation Services: 
Carbon sequestration 

US$30.50/ha/yr (Barbier et al., 2011)  Based on Chumra et 
al. (2003) and 2009 
Carbon Emission Re-
duction price  

US$1,204.8/ha/yr for low marsh and 
US$1,140/ha/yr for high marsh in USA 
(Feagin et al., 2010) 

Value transfer method 

Cultural Services: tour-
ism and recreation 

￡31.60/person for otter habitat creation 
and ￡1.20/person for protecting birds, 
UK (Birol and Cox 2007) 

Choice experiment 
method 

US$4,540.2/ha/yr for hunting and bird 
watching (Feagin et al., 2010) 

Value transfer method   

Coral reefs Regulation Services: 
Coastal protection 

US$174/ha/yr for Indian Ocean based 
on impacts from 1998 bleaching event 
on property values (Wilkinson et al. 
1999) 

Avoided damages ap-
proach  

Cultural Services: tour-
ism and recreation 

US$88 000 total consumer surplus for 
40 000 tourists to marine parks, Sey-
chelles (Mathieu et al. 2003) and meta-
analysis  (Brander et al. 2007) 

Revealed preference 
method and meta-
analysis 

Mangroves Regulation Services: 
Coastal protection 

US$8966–10821/ha capitalized value for 
storm protection (Barbier 2007) 

Expected damage 
function approach 

US$7370/ha/yr from meta-analysis (Fan 
and Navarro 2018) 

Meta-analysis 
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Ecosystem Ecosystem Service Ecosystem service value estimations Valuation methods 
Regulation Services: 
Carbon sequestration 

US$30.50/ha/yr (Barbier et al. 2011) – 
Based on Chumra et al. (2003)  

Based on Chumra et 
al. (2003) and 2009 
Carbon Emission 
Reduction price  

Regulation Services: 
Erosion control 

US$3679/ha/yr in Thailand (Sathirathai 
and Barbier 2001) 

Replacement cost 
method 

Cultural Services: 
tourism and recreation 

US$200/ha/yr from meta-analysis (Fan 
and Navarro 2018) 

Meta-analysis 

 
Recent studies have given more attention to the ‘cultural ecosystem services (CES)’, which has 
emerged as a concept around that people can understand ecosystems in terms of their life-en-
riching and life-affirming contributions to human well-being (Fish et al. 2016). CES are wide- 
ranging and numerous methods, mostly participatory approaches, are incorporated for the as-
sessment of their economic value (La Rosa et al. 2016). The coastal areas are among the most 
populated areas on the planet. They are well-assessed regarding their economic importance in 
providing opportunities for recreation and leisure, but are poorly assessed, particularly regard-
ing the CES that arise from cognitive interactions with the environment such as spiritual, sacred 
and/or religious experiences, inspiration for culture, art, and design, sense of place, existence 
and bequest values, and symbolic services (Garcia Rodrigues et al. 2017). The latter identified 
main knowledge gaps in coastal CES assessment with regards to the following issues: (1) inte-
grating valuation assessments; (2) linking the contribution of CES benefits to human well-be-
ing; (3) assessing more subjective and intangible CES classes; (4) identifying the role of open 
ocean and deep-sea areas in providing CES; and (5) understanding the role of non-natural cap-
ital in the co-production of marine and coastal CES. Since then, several studies have been con-
ducted to address these gaps to some extent (Kobryn et al. 2018, Bullock et al. 2018, Ahtiainenet 
al., 2019). 

Though ecologists play a major role in the monetary valuation of ecosystem services, they alone 
would not be able to conduct a proper valuation. Collaborative research, which links experts 
from other disciplines such as economics, social sciences and engineering, will be more appro-
priate for a better valuation process. Many recent research studies have highlighted the im-
portance of such collaborative research on environmental valuation to achieve more reliable 
outcomes. This is for example the case for plural valuation (PV) which aims at the elicitation 
of the diverse values of nature expressed by different stakeholders in order to better support 
decisong-making and to achieve more equitable and sustainable outcomes (Zafra-Calvo et al., 
2020). 

2.2.2.3 Tools for the assessment of ecosystem services 

Several tools and models have been developed for the valuation of ecosystem services. This 
section discusses the modelling tools, which are currently in use in various applications. 

Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) is a spatially explicit inte-
grated modelling tool developed to describe ecosystem services in both biophysical terms (e.g. 
avoided flood volume, site visitation rate, carbon stocks and species richness) and economic 
terms (e.g. avoided flood damage costs, site income, NPV of carbon credits, existence value of 
species) (Tallis and Ricketts, 2010) and successfully employed in many regions across the 
world (Rukundo et al. 2018).  
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Multi-scale Integrated Models of Ecosystem Services (MIMES) is an integrated suite of models 
developed by the Gund Institute for Ecological Economics, University of Vermont, USA. It 
assesses the true value of ecosystem services in a sophisticated and transferable system to allow 
ecosystem managers to quickly understand the dynamics of ecosystem services, how their ser-
vices are linked to human welfare, and how their function and value might change under various 
management scenarios. The Models evaluate how materials are transformed between natural, 
human, built, and social capitals (Boumans et al. 2015). 

Artificial Intelligence for Ecosystem Services (ARIES) is a probabilistic model of advanced 
ecoinformatics to support a more accurate, science-based ecosystem services analysis, devel-
oped by the Gund Institute for Ecological Economics, University of Vermont. It is a web-ac-
cessible application that builds and runs ad-hoc models of ecosystem services provision, use 
and special flow in a given area based on a user-dependent set of goals (Villa et al., 2009).  

2.2.3 Discussion and implications for this study 

Floods have caused massive destruction to people and society. Although coastal floods occur 
very rarely, they are responsible for massive death tolls and other damages once they occur. 
One of the main reasons for such disasters is that, even though extreme flood events are ex-
pected, the severity of their impacts cannot be accurately predicted. Therefore, one of the big-
gest challenges is to assess the possible damages and carry out the complete risk analysis, in-
cluding both tangible and intangible impacts, in order to develop adequate mitigation measures. 
In Section 2.2, an attempt is made to identify the available approaches for the evaluation of 
intangible losses both in non-monetary and monetary terms. 

The threat to human life and health, which attracts more attention from the public, represents 
the main impact of flooding. For the non-monetary assessment of the loss of human life due to 
flooding, numerous studies were carried out, and several models and formulae have been de-
veloped for this purpose. One of the most comprehensive approaches to estimate the number of 
deaths, as well as the number of injuries is proposed by Penning-Rowsell et al. (2005). Moreo-
ver, this approach incorporates not only the flood characteristics such as flood depth and veloc-
ity but also further important information such as area characteristics (availability of flood 
warning, nature of the area, etc.) and the population characteristics (especially the percentage 
of very old and disabled population). Therefore, this model is further developed in this study 
for application in a GIS analysis (see Section 3.1.1).  

For the non-monetary assessment of mental health impacts, post-flood surveys were carried 
out, and the main causes for mental health impacts were identified as losses of close family and 
friends, economic losses, physical injuries and direct exposure to flooding. However, more re-
search is required to predict the possible mental health outcomes due to a disaster. To the au-
thor’s knowledge, still, no methods exist to date to forecast the probable level of mental disor-
ders based on the combination of all the aforementioned flood-related factors. In this respect, it 
is therefore essential to develop a new method for the estimation of mental health impacts due 
to flooding (see Section 3.1.2). 

For the non-monetary assessment of cultural losses, though a number of techniques were re-
cently developed, some of the important factors are overlooked in developing the methods (e.g. 
only consider flood depth, not flood velocity, only consider physical damage, not the level of 
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the cultural value of assets or only study heritage assets but not non-heritage cultural assets), or 
the methods are not clearly presented (e.g. how to measure the level of the cultural value of 
assets). A clear and comprehensive approach for the analysis of cultural losses is therefore 
needed to include all the relevant variables. The approach adopted by Scott Wilson Ltd. (2009), 
which estimates the losses of heritage resources based on the value of the heritage resource and 
the magnitude of the impact on the heritage resource, will be extended to develop a more com-
prehensive method for the qualitative assessment of cultural losses (see Section 3.1.3). 

For the monetary assessment of social losses in the context of flood risk, the main approach 
used for valuating intangible losses is people’s willingness to pay (WTP) for the losses. Nu-
merous techniques are available for estimating WTP, which can be broadly divided into two 
categories: stated preference and revealed preference methods. For social losses, the focus is 
generally on the estimation of the Value of a Statistical Life (VSL) and the Value of Statistical 
Injuries (VSI). The “revealed preference techniques” cannot be used for this study, i.e. con-
sumer market studies are not suitable as it is not possible to spend money for the reduction of 
flood risk at the individual level and the labour market studies are not applicable. Then the only 
possibility to use behavioural methods is to perform a stated preference method, including a 
survey in the expected flooding area. However, conducting a survey is a time-consuming task, 
and the outcome of the survey might not be reliable as the people living in the pilot study area 
have no or only a little experience with floods. Therefore, a non-behavioural method should be 
adopted for the estimation of VSL in this study. Moreover, from the available two non-behav-
ioural approaches, the life quality index (LQI) approach, which was developed to address the 
issues of the human capital approach, uses reliable economic and demographic data, and the 
approach is straightforward and less time-consuming. Therefore, the LQI method is selected 
for this study (see Section 3.2). The analysis of available results on the VSL and VSI indicates 
that the estimated VSL values are ca. 70 times larger than the estimated VSI values (i.e. 
VSI/VSL = 0.014), which will be a useful result for the current study. However, the monetary 
valuation of other social losses cannot be performed within this study due to the data and time 
constraints.  

For the non-monetary assessment of environmental damages and losses, the ecosystem services 
approach is suitable, as it doesn’t treat the environment as a whole; it rather defines its different 
attributes. Approaches for the non-monetary estimation of damages/ changes to ecosystem ser-
vices are lacking in past research. Previous studies mainly focused on the assessment of 
changes/ losses of the environment as whole or specific ecosystems. It is necessary to investi-
gate which ecosystem services could be affected by coastal floods, what are the possible 
changes, and whether these changes are permanent or only temporary. Moreover, apart from 
the losses, there can be benefits of flooding, for example, deposited sediments from floods may 
increase soil nutrients, or an eroded dune may widen the beach. In addition, due to ecological 
resilience, some damages can be recovered over time. Therefore, a good understanding of the 
above-mentioned factors is necessary for the assessment of ecosystem changes. Due to the lack 
of proper methods for the assessment of changes in ecosystem services due to coastal floods, 
new methods should be developed (see Section 4.1).  

For the monetary assessments of ecosystem services, numerous research studies were per-
formed in the past, and a few examples related to the ecosystems considered in this chapter 
were presented. These values cannot be compared, transferred to another location (except all 
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the physical and environmental conditions are similar as for the value transfer method) or ex-
trapolated to a larger scale since these studies have been performed for specific ecosystem/ 
ecosystem service in distinct locations at different time periods. A new approach is needed for 
the monetary evaluation of environmental losses based on the level of damages and the level of 
monetary values of ecosystem services (see Section 4.2).  

 

2.3 Integration of Tangible and Intangible Losses 

In decision-making processes on flood defence schemes, it is common to consider all expected 
costs and benefits of each option. Tangible costs and benefits are generally presented in mone-
tary terms. In order to integrate intangible costs and benefits in the analysis, they can be evalu-
ated either in monetary terms or in non-monetary measures. This section will discuss the multi-
criteria analysis framework and the cost-benefit analysis framework for the integration of tan-
gible and intangible losses, where the former considers intangible losses in non-monetary 
measures and in the latter case, all the losses are in monetary values. 

2.3.1 Multi-criteria analysis framework for integration of intangible losses measured in 
non-monetary values. 

Multi-criteria analysis (MCA) “provides a valuable collection of diverse techniques and proce-
dures for structuring decision problems, and designing, evaluating and prioritizing alternative 
decisions” (Malczewski 2006). Wide-ranging literature on MCA is available, providing a step-
wise procedure of the analysis (e.g. Figueira et al. 2005, Meyer 2007, RPA 2004). In the context 
of flood risk analysis, MCA is an appropriate method of incorporating all relevant types of flood 
consequences without measuring them on one monetary scale (Meyer 2007).  

2.3.1.1 GIS-based multi-criteria analysis 

Geographic information systems (GIS) represent an appropriate tool for processing spatial data 
and analysing spatial decision problems. Cowen (1988) defined GIS “as a decision support 
system involving the integration of spatially referenced data in a problem-solving environ-
ment”. Integrated GIS-MCA studies have been reported since the late 1980s. Wallenius et al. 

Available approaches for the evaluation of intangible losses both in non-monetary and mon-
etary terms are studied. For the non-monetary evaluation of loss of life and physical injuries, 
the method proposed by Penning-Rowsell (2005), which is further developed for applica-
tions in spatial analysis, is selected. A new method is required for the non-monetary evalu-
ation of mental health impacts, which includes all relevant causes for mental disorders of 
flood victims such as loss of family and friends, physical injuries, economic losses and 
exposure to flooding. Moreover, for the non-monetary evaluation of cultural losses, a new 
method should be developed to consider not only the physical damage but also their cultural 
values. The ecosystem services approach can be incorporated for the non-monetary evalu-
ation of environmental losses, and in that case, a new method has to be developed to assess 
the loss of ecosystem services based on the loss of ecosystems. Numerous approaches for 
the monetary evaluation of intangible losses are available, and the life Quality Index (LQI) 
principle is selected to analyse the loss of life and injuries. 
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(2008) say that MCA “offers useful tools and concepts that incorporate preferences into GIS-
based decision making”. A comprehensive GIS-MCA methodology is provided by Malczewski 
(1999) and Malczewski and Rinner (2015). Malczewski (2006) has carried out a survey on GIS-
MCA literature and has found 319 publications within the period 1990-2004. The results 
showed that substantial growth in implementing this technique in research studies within this 
period. Further, 152 articles have reported that they have used a raster-based GIS-MCA ap-
proach. 

The application of spatial MCA in flood risk analysis and management is becoming increas-
ingly popular. de Brito and Evers (2016) provide a comprehensive analysis of available multi-
criteria decision-making methods and their applications in flood risk management. Meyer 
(2007) provides a comprehensive report on the methodology for the GIS-based MCA as deci-
sion support in flood risk analysis, which will build the primary basis for the current research 
study. Spatial MCA of floodplain management alternatives in a raster GIS environment for the 
red river valley region was carried out by Tkach and Simonovic (1997).  Further, Raaijmakers 
(2006) has also developed a GIS-based MCA methodology for the development of sustainable 
flood risk management in the Ebro delta in Spain. Fernández and Lutz (2010) developed a GIS-
aided urban flood hazard zoning methodology of the two cities, yerba Buena and Tucuman in 
Argentina, applying multi-criteria decision analysis. Moreover, a recent study has been suc-
cessfully carried out on the spatial multi-criteria decision analysis of flood risk due to the ageing 
of the existing dams in china, especially in densely populated areas, incorporating economic, 
social and environmental dimensions in decision making (Yang et al. 2011).  

2.3.1.2 Steps of GIS-based MCA approach 

The procedure of MCA can have several steps, as in Figure 2-9 (based on Malczewski 1999, 
Meyer 2007). Each step is briefly described in the following. More details can be found in 
Dassanayake and Oumeraci (2012b).  

Problem definition 

First, like in every other decision-making process, the problem should be identified and clearly 
defined. The decision problem may be defined as “a perceived difference between the desired 
and existing states of a system” (Malczewski 1999). This study focuses on the integration of 
tangible and intangible losses in flood risk analysis. Therefore, the decision problem of the 
MCA in this study is to determine the spatial distribution of flood losses, including both tangible 
and intangible losses. 

Identification of evaluation criteria 

The second step of MCA is the identification of a set of evaluation criteria. In the context of 
MCA in flood risk assessment studies, a wide range of criteria has been taken into account. 
However, most of the studies have selected economic, social and environmental criteria as the 
main evaluation criteria in MCA for flood risk assessment studies (Dassanayake and Oumeraci 
2012b). 
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Figure 2-9: Steps of Multi-criteria analysis (MCA) 

Definition of alternatives 

The third step of MCA is to define the different options to be comparatively analysed. The 
process of generating alternatives should be based on the value structure and be related to the 
set of evaluation criteria (Malczewski 1999). There are two distinct MCA approaches regarding 
the selection of alternatives: multi-objective decision analysis (MODA) and multi-attribute de-
cision analysis (MADA).  

A MADA approach solves a problem by choosing the best alternative among a set of pre-se-
lected alternatives. These alternatives are compared regarding their attributes, and each attribute 
is used to measure performance in relation to an objective (Meyer 2007). However, in this flood 
loss assessment study, the alternatives to be compared are the different spatial units (raster cells, 
in this case). In this case, flood losses will be assessed for each spatial unit (i.e. grid cell), and 
later, the grid cells will be compared for the determination of areas with high flood losses. 

Criteria evaluation/ decision matrices 

Once the evaluation criteria and the alternatives are defined, the performance of each alternative 
in each criterion has to be evaluated (Meyer 2007). Generally, in non-spatial MCA approaches, 
decision matrices are used to summarize the results of the criteria evaluation. A hypothetical 
example for a decision matrix is given in Table 2-11. Here, four criteria with different measur-
ing units and three alternatives are shown.  

Table 2-11: Hypothetical example for a decision matrix 
 Criterion 1  

(no.) 
Criterion 2  
(score 0-3) 

Criterion 3 
(score 1-5) 

Criterion 4 
(€ million) 

Alternative 1 25 2 5 10 
Alternative 2 3 3 1 3 
Alternative 3 10 0 4 2 

 

Nevertheless, such a matrix is not applicable for spatial MCA. In spatial MCA, as previously 
mentioned, the alternatives are the spatial units. In this case, each alternative (e.g. grid cell) is 
evaluated regarding each criterion, and the results for different criteria are represented in dif-
ferent map layers in GIS.  
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Criterion weights 

The purpose of estimating criterion weights is to express the importance of each criterion rela-
tive to the other criteria (Malczewski 1999). According to Meyer (2007) “the weight assigned 
to a criterion determines the degree of influence of that criterion in the overall evaluation”. 
Hence, weighting is generally considered the most crucial and sensitive as well as the most 
time-consuming and controversial part of MCA. 

There are several methods available for the determination of criterion weights, such as ranking, 
rating, pairwise comparison and trade-off analysis method. In all methods, weights are usually 
normalized to a sum of 1 (Σwj = 1, where wj is the weight of jth criterion) (Meyer 2007). A 
detailed description of available methods is provided in Dassanayake and Oumeraci (2012b). 
Among these methods, the pairwise comparison method, which was developed by Saaty (1977) 
in the context of the analytical hierarchy process (AHP), is more promising and briefly de-
scribed in the following. 

The pairwise comparison method is more complex than the other weighting methods, such as 
the ranking and rating method. Each criterion is compared to all the others regarding their rel-
ative importance and allocated an importance scale of 1-9 (Table 2-12).  

The pairwise comparison matrix is developed based on the scales in Table 2-12. A step-by-step 
example for deriving weights using AHP is given in Table 2-13 - Table 2-16. Here, three factors 
are considered when buying a car: cost, comfort and safety (Mu and Pereyra-Rojas, 2017). 
Different people give priorities for different factors. Therefore, the pairwise comparison matrix 
is developed, and the relative importance is allocated for each factor (Table 2-13). Then the 
columns are summed up (Table 2-14). Next, each cell is divided by the total of the column. The 
normalized matrix is shown in Table 2-15. 

Table 2-12: Importance scale of pairwise comparison (Saaty 1977, Saaty 2008) 
Intensity of 

Importance 
Definition Explanation 

1 Equal importance Two activities contribute equally to the  
objective 

2 Equal to moderate importance  
3 Moderate importance Experience and judgement slightly favour 

one activity over another 
4 Moderate to strong importance  

5 Strong importance Experience and judgement strongly favour 
one activity over another 

6 Strong to very strong importance  

7 Very strong or demonstrated importance An activity is favoured very strongly over 
another; its dominance demonstrated in practice 

8 Very, very strong importance  
9 Extreme importance The evidence favouring one activity over an-

other is of the highest possible order of affir-
mation 

Reciprocals 
of above 

If activity i has one of the above non-zero 
numbers assigned to it when compared with 
activity j, then j has the reciprocal value 
when compared with i 

A reasonable assumption 
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Table 2-13: Pairwise comparison matrix with intensity judgments 
Buying a car Cost Comfort Safety 

Cost 1 7 3 
Comfort 1/7 1 1/3 

Safety 1/3 3 1 
 
Table 2-14: Column addition 

Buying a car Cost Comfort Safety 
Cost 1.000 7.000 3.000 

Comfort 0.143 1.000 0.333 
Safety 0.333 3.000 1.000 
Total 1.476 11.000 4.333 

 
Table 2-15: Normalized matrix 

Buying a car Cost Comfort Safety 
Cost 0.677 0.636 0.692 

Comfort 0.097 0.091 0.077 
Safety 0.226 0.273 0.231 

 

From this normalized matrix, the overall or final priorities or weights are obtained (Table 2-16) 
by simply calculating the average value of each row. 

Table 2-16: Calculation of weights: row averages 
Buying a car Cost Comfort Safety Weights 

Cost 0.677 0.636 0.692 0.669 
Comfort 0.097 0.091 0.077 0.088 

Safety 0.226 0.273 0.231 0.243 
 

Table 2-16 illustrates that the cost criterion is given more importance (0.669) when buying a 
car, followed by safety (0.243). The comfort factor has a minimum weight (0.088).  

Once the criterion weights are derived, it is necessary to check whether they are consistent. 
Since the relative importance values are derived from the subjective preferences of individuals, 
it is necessary to avoid any inconsistencies in the final matrix. AHP calculates a consistency 
ratio (CR) comparing the consistency index (CI) of the matrix of judgements versus the con-
sistency index of a random-like matrix (RI) (Mu and Pereyra-Rojas, 2017). RI is the average 
CI of 500 randomly filled in matrices. Saaty (2012) provides the calculated RI value for matri-
ces of different sizes, as shown in Table 2-17. In AHP, the consistency ratio is defined as CR 
where CR = CI/RI. Saaty (2012) has shown that a consistency ratio (CR) of 0.10 or less is 
acceptable to continue the AHP analysis. 

Table 2-17: Consistency indices for a randomly generated matrix (Saaty, 2012) 
n 3 4 5 6 

RI 0.58 0.9 1.12 1.24 
 

To start the calculation of CI, each column of the comparison matrix should be multiplied by 
the respective column weight. For example, each value of the cost column is multiplied by the 
calculated weight 0.669. The resulting table is shown in Table 2-18. Then then each row is 
summed up to obtain a set of values called weighted sum (Table 2-19). 
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Table 2-18: Calculation of weighted columns 
Buying a car Cost Comfort Safety 

Cost 0.669 0.617 0.729 
Comfort 0.096 0.088 0.081 
Safety 0.223 0.265 0.243 

 
Table 2-19: Calculation of weighted sum 

Buying a car Cost Comfort Safety Weighted sum 
Cost 0.669 0.617 0.729 2.015 

Comfort 0.096 0.088 0.081 0.265 
Safety 0.223 0.265 0.243 0.731 

 
Then the elements of the weighted sum vector (obtained in the previous step) are divided by 
the corresponding priority of each criterion as shown in Table 2-20, and the average of the value 
is calculated; this value is called λmax.  

Table 2-20: Calculation of λmax 
Weighted sum Criterion Weight (Priority)  

2.015/ 0.669= 3.014 
0.265/ 0.088= 3.002 
0.731/ 0.243= 3.005 

 Total 9.021 
 Divide total by 3 to obtain λmax 3.007 

 

Then the consistency index (CI) is calculated by; CI = (λmax – n) / (n – 1), where n is the number 
of compared elements (i.e. 3). 

Therefore, CI is calculated as; CI = (3.007 – 3) / (3 – 1) = 0.004. Now the consistency ratio (CR) 
can be calculated as; CR = CI / RI 

 For n=3, RI=0.58 from Table 2-17, therefore, CR = 0.004 / 0.58 = 0.006. 

Since the calculated CR value of 0.006 is less than 0.10, the judgement matrix is assumed to be 
reasonably consistent so that the derived weights can be used for the decision-making process. 
If the consistency ratio is greater than 0.10, it is necessary to revise the judgments to locate the 
cause of the inconsistency and correct it (Saaty, 2012).  

The main advantage of the pairwise comparison approach is that it allows the decision makers 
to express their preference structure among several criteria (Rincón et al. 2018). 

Decision rules 

A decision rule is a procedure that allows for ordering alternatives (Malczewski 1999). It inte-
grates the data and information on alternatives and decision makers’ preferences into an overall 
assessment of the alternatives. For multi-criteria decision analysis (MCDA), more than 50 
methods are available (Watróbski et al. 2019), which can be classified into three groups accord-
ing to their approach: (i) Full aggregation approach (e.g. analytic hierarchy process (AHP), 
multi-attribute utility (or value) theory (MAUT/MAVT)), (ii) Outranking approach (e.g. elim-
ination and choice expressing the reality (ELECTRE), preference ranking organization method 
for enrichment of evaluations (PROMETHEE)) and (iii) Goal, aspiration or reference level 
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approach (goal programming, technique for order preference by similarity to an ideal solution 
(TOPSIS)) (Ishizaka and Nemery 2013). 

Spatial multi-attribute decision rules based on Multi-Attribute Utility (or Value) Theory 
(MAUT) have been widely incorporated in multi-disciplinary decision-making problems 
(Wallenius et al. 2008, Velasquez and Hester 2013, Cegan et al. 2017). Mainly two types of 
additive models in MAUT exist: (i) simple additive weighting (SAW) approach and (ii) single 
attribute value/utility functions. MAUT- SAW have been often used for tackling spatial multi-
attribute decision making (Malczewski 1999). The main assumption underlying this method is 
linearity. In the standardisation process, it is assumed that there is a linear relationship between 
the original criteria value and the utility. This standardisation process is called linear scale trans-
formation. Unlike the SAW approach, the MAUT-value/utility function approach considers 
further functional relationships which are not necessarily based on the linearity assumption be-
tween the criterion score and the value/utility in the standardisation process. A value (utility) 
function, which is a formal representation of a human’s judgment, converts different levels of 
an attribute into relevant and representative value scores (Malczewski, 2010). Several types of 
value functions exist, such as value functions derived by the mid-value approach, exponential 
value functions, piecewise linear single dimensional value functions and Boolean value func-
tions. Detail description of each type of these value functions is provided in Dassanayake and 
Oumeraci (2012b).  

Since the construction of the utility/ value functions needs a considerable effort and/or if utility 
functions cannot be defined, other MCDA methods are recommended (Ishizaka and Nemery, 
2013). AHP (by Saaty 1980) has been widely used in flood-related research (de Brito and Evers 
2016, Danumah et al. 2016). The reason for its popularity might be that the use of pairwise 
comparisons can allow decision-makers to weight coefficients and compare alternatives with 
relative ease, and although it requires enough data to properly perform pairwise comparisons, 
it is not as data-intensive as MAUT (Velasquez and Hester 2013). Furthermore, AHP is widely 
used to elicit criteria weights (which is a relatively easy and flexible method, see the previous 
section ‘criterion weights’) in combination with other MCDA methods (de Brito and Evers 
2016, Zhou et al. 2014). 

Ranking of alternatives 

Finally, depending on the weighted and aggregated attribute values, the alternatives are ranked. 
An example of the general approach for GIS-based multi-criteria analysis for the integration of 
flood losses is shown in Figure 2-10, which illustrates the aforementioned process in four steps: 
1. Standardisation, 2. Weighting, 3. Aggregation and 4. Ranking. 
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Figure 2-10: Steps of MAUT approach for the integration of tangible and intangible flood losses (Dassanayake 

and Oumeraci 2012b). 

2.3.1.3 Selection of MCA approach for the current study 

Figure 2-11 illustrates the selection of a MCA approach for the current study.  

Among the numerous MCA methods available, de Brito and Evers (2016) identified a few ap-
proaches that are frequently applied in flood risk management research, such as AHP, MAUT 
(mostly SAW approach of MAUT), TOPSIS, etc. The two most common methods (AHP and 
MAUT) are selected and compared for the current study. These two methods have their main 
strengths in two stages of the MCA process: the AHP approach is mainly used for the calcula-
tion of criterion weights, and MAUT is generally applied for criteria standardisation. Thus, a 
hybrid approach of AHP-MAUT is selected for the current study. 
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Figure 2-11: Selection of a MCA method for the current study  

In this study, a multi-attribute value function approach based on MAUT with the assumptions 
of certainty of outcomes and mutual preferential independence is selected. The simplest and 
widely used multi-attribute value function is used in this study, which has the following additive 
form (Keeney and Raiffa 1976, Herath and Prato 2006): 

   𝑉(𝑥) = ∑ 𝑤 𝑉 𝑥      (2-1) 

Where 𝑉 worst 𝑥  = 0, 𝑉 best 𝑥  = 1,  j = 1,2,…,n, a = criterion 1, 2,…, n 

0 < 𝑤  < 1 and  ∑ 𝑤 = 1   j = 1,2,…,n 

V(x) represents the multi-attribute value function, Va(xj) represents single-attribute value func-
tions and wj represents the weighting factors. The weighting factors are calculated using the 
pairwise comparison method in the context of the AHP. 

2.3.1.4 Strengths and weaknesses of the MCA approach 

The main strength of MCA in flood-related decision-making process is that the possibility of 
incorporation of all expected impacts in the analysis, especially social and environmental im-
pacts. Several advantages of the MCA approach, which can be found in the previous literature, 
are summarised below (Diakoulaki and Grafakos 2004, Beckmann 2008): 

 MCA is a multi-disciplinary approach amenable to capturing the complex non-economic 
impacts such as environmental impacts. Therefore, objectives and impacts measured in 
different units can be taken into account.  
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 MCA applications can consider a large variety of criteria, whether quantitative or qualita-
tive, independent of the measurement scale. It can include all aspects rather than being 
restricted to marketed goods or monetized costs and benefits.  

 MCA directly involves stakeholders facing a particular decision problem in order to detect 
their preferences and values regarding the decision criteria. For example, MCA collabora-
tive modelling (CM) process “potentially increased the quality of decisions by resolving 
conflicting interests through constructive discussion and by having a common understand-
ing of the problem, current situation and planned alternatives/measures” (Evers et al. 2018). 

 MCA is less prone to biases and distributional problems than WTP or WTA estimates. 
Individuals feel free to express their preferences in the form of scores or weights and decide 
on the necessary trade-offs when they are not restricted by their ability to pay. 

However, there are also some limitations identified in MCA. For instance, MCA works better 
at the micro-scale, where all the stakeholders can be easily individuated and consulted and are 
able to express informed opinions on their priorities. Moreover, it is a time and staff consuming 
process. Further, the result can be significantly affected by the composition of the group, espe-
cially the dominance of individuals within the group (Beria et al. 2012, Beckmann 2008). 

MCA approaches may include a great deal of uncertainty, especially with decision-makers pref-
erences and knowledge. Researchers suggest several methods to deal with uncertainties in com-
plex decision-making problems. In order to address the uncertainties due to behavioural bias of 
decision-maker, multi-disciplinary stakeholder participation is proposed. Furthermore, fuzzy 
set approaches (e.g. Fuzzy AHP in Kubler et al. 2016) and simulation-based approaches (e.g. 
integrated AHP-stochastic multi-criteria acceptability analysis in Durbach et al., 2014) are pro-
posed for the elicitation of criterion weights using pairwise comparison in the analytic hierarchy 
process (AHP). In addition, different tools have been developed to include uncertainty analysis 
in numerous MCA studies (e.g. ELICIT is an imprecise weight elicitation technique developed 
for multi-criteria decision analysis of healthcare by Diaby et al. 2016). Moreover, fuzzy single-
attribute value functions (FSAVF) have been developed to handle the uncertainties associated 
with aggregation functions.  

2.3.2 Cost-benefit analysis (CBA) framework for integration of intangible losses meas-
ured in monetary values. 

Cost-benefit analysis (CBA), a key analytical tool that can provide quantitative information 
regarding the prioritization of risk reduction based on comparing benefits of an actual or 
planned intervention with its costs (Mechler 2016). Recently CBA has been extensively con-
sidered in the Disaster Risk Management (DRM) and Disaster Risk Reduction (DRR) studies 
(Kind et al. 2017, Karanja and Saito, 2017, Poussin et al. 2015, Klijn et al. 2015, Shreve and 
Kelman, 2014). The basic requirement for performing a CBA is that all the costs and benefits 
should be measured in monetary terms (Florec et al. 2017).  

2.3.2.1 Recent applications of CBA in flood risk 

CBA has been widely incorporated in disaster risk management studies during the past few 
decades. However, recent researchers have emphasized the significance of CBA in flood risk 
management. Arrighi et al. (2018b) attempted to perform a CBA with the direct tangible flood 
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losses to several building classes (e.g. residential, industrial, commercial, etc.) and respective 
contents based on the recovery and replacement costs are estimated by using insurance data, 
market values and socio-economic proxies and benefits of the risk mitigation measures. Scusso-
lini et al. (2017) conducted a multidisciplinary analysis for adaptation to sea-level rise in Ho 
Chi Minh City, Vietnam. They carried out a cost-benefit analysis considering the reduction in 
expected damage as the benefit of adaptation, and the realization of investment and the mainte-
nance as the costs.  

Moreover, a social welfare approach of CBA is developed for flood risk management which 
includes two important aspects of social welfare: risk aversion and equity weights (Kind et al. 
2017). If people are risk-averse, then they are willing to pay the price that exceeds the reduction 
of the expected damage. 

Most flood-related CBAs ignore the consideration of intangible costs, especially social losses 
due to their complex nature in valuation (Hawley et al. 2012, Scussolini et al. 2017). Some 
studies attempted to incorporate a few intangibles indirectly in CBA (Burnett et al. 2016). For 
example, Burnett et al. 2016 stated that “for a given set of parameter values, the project should 
be undertaken only if the calculated PV net benefits are not only positive but also exceed the 
perceived costs that are non-monetized”. 

2.3.2.2 Steps of CBA approach 

Figure 2-12 illustrates the steps of a general cost-benefit analysis. First, the problem to be ad-
dressed by the analysis is clearly defined, and the objectives are identified. Then the different 
alternatives to be assessed are selected. In general, the costs and benefits of all ‘do something’ 
options must be compared with the costs and benefits of the ‘do nothing’ option, which provides 
a common baseline against which alternative options can be assessed and compared (DEFRA 
2001).  

 
Figure 2-12: Steps of Cost-Benefit Analysis (CBA) 

Identifying the ‘do nothing’ and ‘do something’ options correctly is vital and needs careful 
consideration. Next, the costs and benefits of each alternative at market values and in real terms 
(usually at the price level at the time of analysis) are estimated. The future costs and benefits 
are discounted to their present values in the base year (usually the year at the time of analysis). 
Finally, the costs and benefits of each alternative are compared, and the alternatives are ranked 
in order to identify the preferred option. 

Definition of the problem and objectives

Identification of alternatives

Identification of costs and benefits of alternatives  

Calculation of discounted costs and benefits

Compare costs and benefits for each alternative

Ranking of Alternatives
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2.3.2.3 Strengths and weaknesses of CBA 

In practice, it is difficult to value all the costs and benefits of options in monetary terms as 
required by CBA. Even though most cost-benefit analyses incorporate some additional items 
which are either not possible to value or not economical to do so (DCLG 2009). However, CBA 
has great attractions as a decision tool for the following reasons: 

 the money values used to weigh the relative importance of the different impacts are based 
on people's preferences, generally using established methods of measurement,  

 the monetary assessment of both costs and benefits for welfare-oriented decision-making 
makes the final decision more transparent and traceable,  

 it considers the gains and losses to all members of the society on whose behalf the CBA is 
being undertaken, 

 it values impacts in terms of a single, familiar measurement scale - money - and can there-
fore in principle, shows that implementing an option is worthwhile relative to doing noth-
ing. 

CBA is sometimes criticised since it incorporates non-market values in monetary terms. It is 
not always practicable to establish money values of all non-market losses since relevant data 
may not be available or perhaps too expensive to collect, or the indirect valuation methods are 
too complex (Scussolini et al. 2017, Hawley et al. 2012). In addition, there are some other 
limitations of CBA, which might be summarised as follows (Smith et al. 2017, DCLG 2009, 
Beckmann 2008):  

 It may not be possible to present some impacts in terms where people are able to make 
reliable trade-offs against money, or there may be impacts which cannot readily be quan-
tified in money, for example, the number of deaths or injuries saved by a safety improve-
ment, or the time saved by a public transport investment. 

 CBA does not generally take account of the interactions between different impacts. For 
example, people might feel more strongly negative about a project that imposes both envi-
ronmental and social costs than would be estimated by adding separate valuations of the 
two effects.  

 In order to satisfy the Kaldor-Hicks Compensation principle (a decision can be more effi-
cient – as long as there is a net gain to society – enabling any potential losers to be com-
pensated from the net gain), the project’s benefits must exceed its costs, whereas compen-
sation can be paid to the losers (Pearce et al. 2006). But, the negative effects may analyse 
insufficiently, actual compensations rarely take place, and more importantly, or the losers 
might be unborn members of the future generations. 

2.3.3 Hybrid framework to reconcile MCA and CBA 

In order to overcome the limitations in MCA and CBA techniques, combined MCA-CBA ap-
proaches are recommended in a wide range of recent research studies (Sugden 2005, Sijtsma et 
al. 2011, Barfod et al. 2011, Beria et al. 2012, Guhnemann et al. 2012, Catrinu-Renström et al. 
2013, Kompas and Liu 2013, Annema et al., 2015, Saarikoski et al. 2016). Sijtsma et al. (2011) 
developed a mixed technique named Multi-Criteria Cost-Benefit Analysis (MCCBA), which 
consists of 8 steps as in Figure 2-13.  
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Figure 2-13: Steps of Multi-Criteria Cost Benefit Analysis (MCCBA) 

The main difference of the MCCBA approach to separate MCA and CBA approaches is the 
aggregation of impacts, which consists of separate monetary and non-monetary aggregations. 
The decision-makers and stakeholders’ involvement is therefore necessary to figure out which 
impacts can be well (and should be) translated into monetary terms and which cannot. This 
explains the “consensus-based” character of the MCCBA approach. In the aggregation process, 
first, a CBA is performed for impacts that can be quantified in monetary terms. Then a consen-
sus-based MCA is performed on the non-monetary impacts. Therefore, the result of the 
MCCBA is an aggregation of the performance matrix, based on a broad consensus among stake-
holders. That implies that in MCCBA, the final result has more than one criterion; for example, 
(i) a net present value, which aggregates all monetary impacts, (ii) health impacts measured in 
DALY’ (Disability Adjusted Life Years), and (iii) biodiversity impacts measured in a nature 
indicator T-EQA (threat weighted - ecological quality area) (Sijtsma et al. 2011). 

Another way of combining MCA and CBA is to integrate CBA components into the MCA 
framework or vice versa (Kompas and Liu 2013, Beria et al. 2012). In this case, the final result 
would be in the same manner as for the dominant framework: a net benefit value for the CBA 
dominant integrated approach (Barfod et al. 2011) or a final score or ranking for the MCA dom-
inant integrated approach (Guhnemann et al 2012). 

A combined MCA-CBA approach can therefore be incorporated to overcome the weaknesses 
that were identified separately in the MCA and CBA approaches. First, in the combined MCA-
CBA approach, the non-monetary/ intangible impacts are not necessarily to be monetised as in 
CBA since they can be directly included as non-monetary impacts along with the monetised 
impacts. Second, the relative importance and priorities of different criteria, which is significant 
though not considered in CBA, can be included in the combined MCA-CBA approach. Third, 
in connection with the second, multi-disciplinary stakeholder participation in decision-making, 
which lacks in CBA, is possible. Moreover, the main drawback of MCA is its applicability 
mostly at micro-scale, yet a combined MCA-CBA approach has been developed for large-scale 
(regional/national) projects. Therefore, the combined approach preserves the strengths of both 

Identify function, project alternatives and scale of the evaluation 

Involve a broad group of stakeholders 

Organise judgement criteria 

Quantify impacts physically 

Aggregate monetary scores consensus based 

Aggregate non-monetary scores consensus based 

Interpret trade-offs 

Perform sensitivity analysis and reconsider project alternatives  
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MCA and CBA in combining tangible and intangible impacts while minimising their specific 
weaknesses.  

2.3.4 Discussion and implications for this study 

In the decision-making process, both cost-benefit analysis (CBA) and multi-criteria analysis 
(MCA) approaches are widely used despite their limitations. CBA results in the best option in 
the sense of economic efficiency, whereas MCA provides a relative ranking of alternatives in-
corporating not only the economic aspects but also other issues 

Relative to CBA, the main strength of MCA is that it provides an explicit method of taking 
account of intangibles impacts, especially social and environmental impacts that account for 
social and ethical concerns of non-monetary valuation (Beria et al. 2012). The other important 
fact of MCA is that it MCA directly involves stakeholders facing a particular decision problem, 
and hence, the extracted values better reflect the concerns and priorities of the people directly 
affected.   

The methodology for the integration of tangible and intangible flood losses will be developed 
within a GIS-based MCA. The different steps of the MCA framework and methodology are 
discussed. Among the diverse methods available, a combined methodology containing analytic 
hierarchy process (AHP) and multi-attribute utility theory (MAUT) approach is proposed for 
the study. MAUT has the capability of aggregating the different losses with properly standard-
ised criterion values and calculated criterion weights. Furthermore, in the standardisation of 
attribute values, it is proposed to adopt the value function approach since it considers non-linear 
relationships between the criterion values and the utility, which might be more suitable for flood 
losses. For the estimation of criterion weights in this study, the pairwise comparison method is 
selected since this comprehensive approach not only ranks the different criteria but also deter-
mines the structure of the preferences among several criteria. 

On the other hand, if all the intangible losses are measured in monetary values (incorporating 
indirect valuation methods), it is possible to integrate them with tangible losses within the CBA 
framework. It might also be possible to develop a combined MCA-CBA approach in a broader 
context of evaluation of monetary and non-monetary flood losses and gains.  

 

Available approaches for the integration of tangible and intangible losses in flood risk are 
analysed. GIS-based MCA is a successfully applied method and can be selected for this 
study. A combined methodology containing the analytic hierarchy process (AHP) and 
multi-attribute utility theory (MAUT) approach is developed within this study. MAUT- 
value function approach is able to aggregate the different losses with properly standardised 
criterion values and calculated criterion weights. The pairwise comparison method in AHP 
is a comprehensive approach, which not only ranks the different criteria but also determines 
the relative importance of each criterion. 
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2.4 Specification of Objectives and Methodology 

Coastal floods cause a wide range of damages to the economy, society and the environment. 
These damages are considered tangible or intangible depending on whether or not the losses 
can be assessed in monetary values. Tangible damages can be evaluated in monetary terms, and 
a large number of studies have been carried out in this area. Moreover, in most flood risk anal-
ysis studies, only tangible losses are incorporated in risk estimations. Intangible losses, on the 
other hand, are difficult to evaluate in monetary terms since no direct market values for these 
damages are available. Although a few methods have been developed to assess intangible losses 
in non-monetary terms and their integration, to the best of the author’s knowledge, no attempts 
have been made to systematically integrate these losses in flood risk analysis. This study is 
focused on the evaluation of intangible damages due to coastal flooding and integration of them 
in risk analysis, which is paid less attention in the previous research studies.    

2.4.1 Specification of objectives 

The objectives of the PhD thesis may be specified as follows: 

1. Development of methods for the evaluation of intangible social losses: Three main cate-
gories of social losses will be considered: (i) loss of life and physical injuries, (ii) mental 
health impacts and (iii) cultural losses. For the evaluation of loss of life and injuries, an 
available method will be extended to apply in the spatial model. New methods will be 
developed (i) for the evaluation of mental health impacts based on the flood-related factors 
causing mental disorders and (ii) for the evaluation of cultural losses based on the physical 
damages to cultural assets and the cultural value of assets. 

2. Development of methods for the evaluation of environmental losses: The ecosystem ser-
vices approach will be used. Methods for evaluation of the changes/ losses of different 
ecosystem services based on the changes/ losses of different ecosystems will be developed. 

3. Development of methods for the integration of tangible and intangible losses in coastal 
flood risk analysis: An integration method within the framework of multi-criteria decision 
analysis will be developed based on the analytic hierarchy process (AHP), and multi-at-
tribute utility theory (MAUT) approaches.  

4. Demonstration of the application of the developed methods in a coastal flood risk anal-
ysis and sensitivity analysis: Case studies will be carried out for the evaluation of flood 
losses, integration of flood losses and the estimation of overall flood risk.   

2.4.2 Specification of methodologies 

The overall methodology for this PhD research is illustrated in Figure 2-14.  
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Figure 2-14: Methodology and steps selected for this research study 

The comprehensive literature study revealed that the intangible losses are not at all or only 
partially incorporated in flood risk analysis due to the lack of appropriate evaluation and inte-
gration methodologies. Therefore, this research study first starts with improving/extending ex-
isting approaches and developing appropriate methods for the evaluation of intangible losses. 
As previously mentioned, this study focuses on two categories of intangible losses: social losses 
(consisting of loss of life, physical and mental health impacts, and cultural losses) and environ-
mental losses (in terms of ecosystem service losses).  

Among the several methods available for the evaluation of loss of life, the approach proposed 
by Penning-Rowsell et al. (2005) is adopted for this study. This methodology can also be used 
for the evaluation of physical injuries. A number of research studies has been carried out to 
assess the psychological impacts after natural disasters, which are limited to analyses of litera-
ture reviews and post-disaster surveys. To the author’s knowledge, still, no methods have been 
developed to forecast the possible population with mental disorders based on the combination 
of main flood-related factors such as fatalities, injuries, property destruction and exposure to 
flooding. Therefore, a new approach will be developed for the estimation of mental health im-
pacts combining the aforementioned stressors due to flooding. 

Furthermore, a systematic approach will be developed for the qualitative assessment of cultural 
losses based on the approach adopted by Scott Wilson Ltd. (2009), which includes physical 
damages to cultural assets as well as the cultural value of the assets. In the case of environmental 
losses, the losses of ecosystem services will be studied. The ecosystems which can be possibly 
affected due to flooding will be identified, and the losses will be assessed. Moreover, an attempt 
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for the monetary valuation of social losses will also be carried out. The concepts of Value of 
Statistical Life (VSL) and the Life Quality Index (LQI) will be critically examined and applied. 

A method will be developed for the integration of intangible losses with tangible losses in order 
to carry out a complete risk analysis. In this case, the integration method for the intangible 
losses evaluated in non-monetary terms is developed within a GIS-based MCA framework. A 
combined methodology containing the analytic hierarchy process (AHP) and multi-attribute 
utility theory (MAUT) approach will be developed for the study. 

The developed methods for the estimation of social losses will be exemplarily implemented in 
the pilot site, Hamburg-Wilhelmsburg, and for the environmental losses in the pilot site Sylt 
using the data and other information from XtremRisK project. Spatial modelling of losses is 
carried out in cell-based GIS. Moreover, the integration of flood losses will be carried out for 
Hamburg-Wilhelmsburg, incorporating the developed MCA approach.  An available CBA ap-
proach is directly used to compare the results of integrated monetary and non-monetary losses. 

Finally, the risk analysis will be performed based on the estimated losses from the developed 
methodologies. Moreover, a sensitivity analysis will be carried out in order to identify the gov-
erning categories of losses. 
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3 Evaluation of Social Losses 

This chapter describes the development/improvement and adoption of methods for the evalua-
tion of social losses as an important part of the intangible losses by distinguishing between non-
monetary evaluation and monetary evaluation. 

3.1 Non-Monetary Evaluation of Social Losses 

The methods developed/improved/adapted for the non-monetary evaluation for the three cate-
gories of intangible social losses: loss of life and physical injuries, mental health impacts, and 
cultural losses are described in this section. For the evaluation of loss of life and physical inju-
ries, a method developed in the UK is improved and adapted. For the evaluation of mental 
health impacts and cultural losses, new methods are proposed.  

3.1.1 Loss of life and physical injuries 

Loss of life due to flooding has become a main concern in flood risk research. Several methods 
have been developed for the estimation of loss of life caused by floods which are mainly based 
on flood characteristics such as flood depth and flow velocity. Therefore, the possibility of 
using a loss of life model among the available models for this study was investigated. Based on 
the results of a comprehensive review and analysis of the current knowledge (Dassanayake and 
Oumeraci, 2010a and Chapter 2 of this Thesis), the loss of life model developed by Penning-
Rowsell et al. (2005), which is briefly described below, was identified as the most appropriate 
for this study. 

Penning-Rowsell et al. (2005) developed a comprehensive model for the estimation of not only 
the loss of life but also physical injuries due to flooding. Furthermore, it incorporates a wide 
range of input data such as flood characteristics (flood depth, flow velocity and debris factor), 
area characteristics (availability of warning systems, speed of onset and nature of the area) and 
population characteristics (total population of the area and percentage of old and disabled pop-
ulation). The entire model can be divided into three main steps (Figure 3-1): 

Step 1: Calculation of hazard rating and area vulnerability 

A parameter, called “hazard rating” (HR), is calculated using the flood characteristics, including 
both flood depth and flow velocity. Moreover, the effect of debris is also considered by intro-
ducing a score for the possibility of the presence of debris based on the distance from the source 
of the flood hazard (river/coast). Then the Hazard rating is calculated using the function d(v + 
1.5) + DF, where d is the flood depth, v is the flow velocity and DF in the debris factor. 

A second parameter, called “area vulnerability”, is calculated based on the availability of flood 
warning system, speed of onset (whether the onset of flooding is gradual or rapid) and the nature 
of the area (type of buildings: multi-storey, two-storey, single-storey etc.) using a scoring sys-
tem. 
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Step 2: Estimation of people vulnerability and exposure  

The two parameters, hazard rating and area vulnerability, are combined together for the calcu-
lation of the percentage of people at risk. Hence, the number of people exposed to flood can be 
calculated once the total population of the area is known. Scores are defined for the available 
percentages of the very old and disabled population, and hence the percentage of people vul-
nerability is estimated. 

Step 3: Quantification of losses 

Then the number of possible physical injuries, including loss of life, is estimated based on the 
number of people exposed to flood and the people vulnerability. Further, a fatality rate is cal-
culated based on the hazard rating, which is then incorporated to calculate the number of pos-
sible loss of life and that of physical injuries.  

 
Figure 3-1: Method for the estimation of loss of life and injuries (based on Penning-Rowsell et al., 2005). 

Based on the model illustrated in Figure 3-1, a spatial loss of life model was developed and 
applied for Hamburg-Wilhelmsburg in the joint project “XtremRisK” (Burzel et al., 2012). 

 

Based on the results of a comprehensive review and analysis of the current knowledge, the 
approach developed by Penning-Rowsell et al. (2005) is adopted for the evaluation of loss 
of life and injuries. Moreover, this model is further developed to a spatial loss of life (GIS) 
model and applied for Hamburg-Wilhelmsburg in the joint project “XtremRisk”, and results 
are presented in Section 6.3.1.2. 
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3.1.2 Mental health impacts  

A spatial mental health impact assessment method is developed (as in Figure 3-2) to estimate 
the level of mental health impact. Here, two main categories of flood-related factors which 
cause mental disorders are identified: (i) flood losses, including economic losses, loss of other 
people and level of physical injuries, which generally relate to Post Traumatic Stress Disorder 
(PTSD) and depression of flood victims (Neria et al. 2008) and (ii) the level of exposure to 
flood (for example water levels inside homes), which may mainly result in psychological dis-
tress and anxiety of the affected people (Paranjothy et al. 2011). The method is developed on a 
GIS platform in order to assess the level of mental health impact in each raster cell area. 

 
Figure 3-2: Proposed new method for the evaluation of mental health impacts  

3.1.2.1 Flood Loss Factor (FLF) 

The main reasons for mental health impacts due to flooding, besides direct exposure, are iden-
tified as loss of family members and friends, physical injuries as well as property damage (Ver-
ger et al. 2003, Neria et al. 2008). FLF scores: FLFLL, FLFPI and FLFEL are defined for the level 
of loss of life, physical injuries and economic losses, respectively.  

Loss of life 

A loss of a close friend or family member due to a flood may cause mental disorders, especially 
when someone is seen drowning or threatened with death. A significant association lies between 
the loss of a family member, friend or a neighbour and mental health impacts, especially PTSD 
(Chan et al. 2011). However, no direct relationship has been found to estimate the number of 
mentally impacted people due to one life lost.  Therefore, it is assumed that if deaths occur due 
to a flood event, then there is a high possibility for mental disorders to be induced in the neigh-
bourhood within the considered area (in this case, raster cells). A hypothetical value for loss of 
life is incorporated to define two levels of mental health impact due to loss of life (FLFLL) per 
cell. Hence, the FLFLL is defined as; 

Loss of life <5% of population  FLFLL level = 1  
Loss of life >5% of population  FLFLL level = 2  
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Physical injuries 

Personal injuries may have a significant effect on mental health due to hospitalisation and the 
inability to work. A level of mental health impact due to physical injuries (FLFPI) of the con-
sidered population is defined based on the number of injured people within the area. Here again, 
an assumed percentage value is used to define two levels of mental health impact. 

No. of physical injuries < 10% of population  FLFPI level = 1  
No. of physical injuries > 10% of population  FLFPI level = 2  

Economic losses 

Mental health impact due to economic losses (FLFEL) can be considered in different ways, such 
as loss (or partial damages) of houses, loss of employment, agricultural land, etc. The economic 
damages are generally reported as a total value of all damages, including damages to residential 
property, industrial property, agricultural land, vehicles etc. This total value is considered here 
as these damages may directly or indirectly affect the mental health of relevant people. To de-
rive two levels of mental health impact due to economic losses, a value is defined based on the 
Gross National Income (GNI) per capita of the country and the population of the considered 
area (raster cell).  

Economic damage < (GNI per capita × Population)  FLFEL level = 1 
Economic damage > (GNI per capita × Population)  FLFEL level = 2  

Then the flood loss factor is calculated as FLF = FLFLL + FLFPI + FLFEL. No data is reported 
on which flood losses impact more on the mental health of flood victims, and therefore, all three 
flood losses are assumed to have similar impacts on one’s mental health. 

3.1.2.2 Direct Exposure Factor (DEF) 

The direct exposure factor considers how people feel the severity of the flood, which is deter-
mined by flood depth and flow velocity. The depth of flooding, especially the water level inside 
homes, is one of the main stressors of mental disorders such as anxiety (Lamond et al. 2015, 
Paranjothy et al. 2011). Flood level in houses directly links with the displacement and time 
taken for cleaning operations, which may lead to higher levels of mental health impacts (Munro 
et al. 2017). Therefore, the direct exposure factor is defined based on the flood depth. Three 
levels of effect of flood depth on mental health effect are defined as: 

Flood depth < 0.5m (≈ knee level)    DEFFD = 1 
 Flood depth = 0.5m -1.5m (≈ below head level) DEFFD = 2  
  Flood depth >1.5m      DEFFD = 3  

Flood velocity is also an important factor to consider, although a direct impact of flow velocity 
on the mental health of flood victims is not yet studied (Foudi et al. 2017). Since flow velocity 
has a significant effect on human, vehicle and building instability in flood flow (Shu et al. 2016, 
Shah et al. 2018), high velocities may cause impacts on mental health. People become unstable 
beyond a flow velocity of 1 m/s with very low water depths of 0.2 – 0.5 m (Jonkman and 
Penning-Rowsell 2008, Xia et al. 2014, Martínez-Gomariz et al. 2016). Two levels of flow 
velocities are defined, which may affect mental health: 
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Flow velocity < 1 m/s   DEFFV = 1 
 Flow velocity ≥ 1 m/s   DEFFV = 2  

Then the Direct Exposure Factor is calculated as DEF  = DEFFD ∙ DEFFV. 

3.1.2.3 Mental health impact assessment 

Flood loss factor (FLF) and direct exposure factor (DEF) are added to estimate the severity 
level of mental health impacts (Table 3-1). Here, three mental health impact severity levels are 
defined: low, medium and high. A mental health impact assessment matrix (Figure 3-3) is con-
structed based on the FLF and DEF values.   

Table 3-1: Mental health impact level based on the values of Flood Loss Factor and Direct Exposure Factor 
Flood Loss Factor (FLF) and 

Direct Exposure Factor (DEF) 
Mental health impact severity level 

1-4 Low 
5-8 Medium 

9-12 High 
 

 
Figure 3-3: Mental health impact assessment  matrix 

  

3.1.3 Cultural losses 

Coastal floods can cause massive damages to cultural properties due to many reasons: negli-
gence of these places in a disaster, placement of the destructible items in a risky area, lack of 
damage prevention strategies, etc. This chapter aims at examining a methodology for the qual-
itative assessment of losses to cultural assets due to coastal flooding. 

A new conceptual approach for the qualitative evaluation of mental health impacts due to 
flood losses (loss of life, physical injuries and economic losses) and exposure to flood water 
(severity of flood depth and flow velocity) is tentatively proposed. Several assumptions 
were made when deriving the relationships between the flood losses and mental health im-
pacts due to lack of research, knowledge and data in this field. Post-flood information on 
mental health impacts and the related losses could be utilised to improve these relationships 
and hence to further develop the proposed methodology. In this case, the mental health 
impact level is characterised as low, medium or high using a mental health impact assess-
ment matrix. The proposed method has been implemented for Hamburg-Wilhelmsburg, 
Germany, as an exemplary case study (see Section 6.3.1.3).  
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3.1.3.1 Proposed method for the evaluation of cultural losses 

In this study, two steps are identified for the evaluation of cultural losses (Figure 3-4): (i) Iden-
tification of cultural sites within the study area, (ii) Qualitative assessment of losses  

 
Figure 3-4: Proposed method for the assessment of cultural losses  (Dassanayake and Oumeraci, 2011b). 

Step 1: Identification of cultural sites within the considered area 

First, the geographical area affected by flooding is identified. The cultural assets within the 
considered area are then identified, and their spatial distribution is determined. The available 
information on the existing conditions (category, age, building material, data on past flood dam-
ages, any renovation information etc.) is also collected.  

Step 2: Qualitative assessment of cultural losses 

Inundation models are used to determine the flood characteristics, water depth, and velocity. 
Depending on the flood characteristics, the level of potential physical damages (mainly the 
damages to the floor/ walls of the buildings and loss of contents) are identified. Further, by 
analysing the cultural value constituents of cultural assets, the level of the cultural value of each 
asset is determined. The qualitative assessment is carried out combining the level of physical 
damage to cultural assets and the level of cultural value of the asset.  

3.1.3.2 Assessment of physical damages to cultural assets 

In the assessment of physical damage to cultural assets, the characteristics which govern the 
damage need first to be identified. Since no studies on physical damages to cultural buildings 
due to floods are available in the literature, previous studies on damage assessments of residen-
tial buildings, with a more focus on masonry buildings, were analysed. The flood damage as-
sessment criteria derived for residential buildings have considered two main flood 
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characteristics: flood depth and velocity. However, the damage with respect to flood depth is 
the most common estimation criterion. For example, USACE (2003, 2006), Middelmann-Fer-
nandes (2010), Pistrika et al. (2014), De Moel et al. (2014), Deniz et al. (2017), Huizinga et al. 
(2017) etc. have developed depth-damage relationships for residential buildings and their con-
tents. The percentage of damages is derived from the percentage of total depreciated repair or 
replacement cost of the structure and the contents. Figure 3-5 presents the depth-damage curves 
developed by USACE (2003, 2006) and Middelmann-Fernandes (2010) for the damage of 
structure and contents of residential buildings. 

The studies considered here have different characteristics, mainly with the type of building 
material. USACE (2003) has developed the depth-damage curves for masonry buildings, while 
Middelmann-Fernandes (2010) has considered brick veneer structures. On the other hand, the 
depth-damage curve by USACE (2006) takes the average of the damage percentages of struc-
tures on pier and slab. Other studies have not specifically considered the type of building ma-
terial. The main finding of Figure 3-5  is that the damage starts to reach a high level beyond 
2.5m of water depth (as shown by the black dotted line and the shaded area in Figure 3-5).  
Furthermore, several studies also suggest that residential content is roughly half of the value of 
the building structure (De Moel et al. 2014, Huizinga et al. 2017).  

 

 
Figure 3-5: Depth-damage curves for residential buildings 

Nadal (2007) has developed vulnerability matrices considering both flood depth (h, in feet) and 
flow velocity (U, in feet per second) for individual concrete structures with five building com-
ponents: 1-reinforced-concrete frames, 2-concrete-block walls, 3-doors, 4-windows and 5-util-
ities and finishes and for three different flood types: river floods, storm surges and Tsunamis. 
Table 3-2  provides the expected flood damage due to storm surges. 
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Table 3-2: Expected flood damage due to surging floods - average (Nadal, 2007) 

 
  
Since Nadal (2007) has developed the vulnerability matrices only for the concrete structures, it 
is difficult to use these results directly for the masonry structures. However, this research work 
is very useful to examine and describe how the flood depth and velocity cause damages to 
individual buildings. For example, the vulnerability matrix for surging flood shows that the 
water depth less than 0.5m causes very low damages to buildings and beyond water depths over 
1.5m cause considerable building damage (more than 20% - for concrete structures) although 
the flow velocities are low, less than 2m/s (Table 3-2). This result is common for all types of 
floods he considered (Nadal, 2007).  

Further, USACE (1985) has developed building collapse curves with respect to flood depth and 
flow velocity. The building collapse curve of “Masonry or concrete load bearing walls” indi-
cates that a single-story masonry building is likely to collapse when the flood velocity is over 
2m/s with a flood depth beyond 3m. On the other hand, for two story buildings, a total collapse 
limit can be identified as flood depth of 6m and flood velocity of 2.5m/s.  

In addition to the consideration of flood depth and velocity separately, the depth-velocity prod-
uct (h∙v), which represent a specific discharge (m3/m), has also been considered in the assess-
ment of building damage. As stated by Kelman and Spence (2004), the following criterion for 
the building damage due to flooding is derived by Clausen (1989) (see Figure 3-6a); 

 v < 2 m/s or h∙v < 3 m3/m∙s   inundation damage 

 v > 2 m/s and 3 m3/m∙s < h∙v < 7 m3/m∙s partial damage 

 v > 2 m/s and h∙v > 7 m3/m∙s   total destruction 

Pistrika and Jonkman (2010) have implemented Clausen’s criterion and concluded that the con-
sideration of both velocity and depth-velocity product leads to inaccurate results. Therefore, 
they proposed the following criterion for building damage, considering only the depth-velocity 
product, which represents the specific discharge in m3/m∙s (Figure 3-6b): 

 h∙v <3 m3/m∙s    inundation damage 

 3 m3/m∙s < h∙v < 7 m3/m∙s   partial damage 

 h∙v > 7 m3/m∙s    total destruction 

(ft/s) 0 2 4 6 8 10 12 14 16 18 20
(ft) (m) (m/s) 0.0 0.6 1.2 1.8 2.4 3.1 3.7 4.3 4.9 5.5 6.1
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 0.3 4.3 4.3 4.3 4.3 4.5 4.7 5.1 5.5 5.9 6.5
2 0.6 9.1 9.4 9.5 10.1 11.1 12.5 15.9 22.0 28.1 33.3
3 0.9 13.5 13.6 14.6 16.5 19.8 28.1 35.3 40.3 43.8 46.3
4 1.2 17.2 17.5 19.9 23.5 33.3 40.0 44.1 46.6 48.3 49.7
5 1.5 20.6 21.3 25.3 32.7 41.4 45.6 47.7 49.1 50.4 51.6
6 1.8 23.9 25.5 30.4 39.2 45.7 48.3 49.7 50.9 52.1 69.4
7 2.1 27.2 29.6 35.1 43.8 48.2 49.9 51.0 52.3 53.6 85.6
8 2.4 30.3 33.4 39.3 47.3 50.5 51.8 52.9 54.1 55.5 100.0
9 2.7 33.4 37.2 43.3 50.1 52.5 53.6 54.7 55.9 57.3 100.0
10 3.1 36.4 41.0 47.1 52.4 54.4 55.3 56.3 57.5 74.9 100.035.7
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Figure 3-6: Building damage assessment criteria by (a) Clausen (1989) and (b) Pistrika and Jonkman (2010) 

Both approaches by Clausen (1989) and Pistrika and Jonkman (2010) give similar results for 
flood velocities greater than 2 m/s. However, for flood velocities less than 2 m/s, flood depth is 
more significant on building damage than flood velocity, as by Clausen’s illustration. There-
fore, the consideration of 2 m/s limit (as in Clausen’s approach) is more suitable for this study. 
Nevertheless, it is not proper to consider that for all flood depths (v < 2 m/s), only a low level 
of damage can occur since the depth-damage curves in Figure 3-5 show a continuous increase 
in damage with increasing water depth. Therefore, the damage levels in Clausen’s approach 
should be modified for velocities v < 2 m/s. 

According to Queensland Government (2002), damage to light structures is possible beyond 
h∙v = 1 m3/m∙s. Moreover, Priest (2009) has also considered flood discharge in the calculation 
of flood risk to people and confirms that the risk is extremely high when h∙v > 7 m3/m∙s due to 
building collapses. From the above studies, it can be seen that not only the flood depth but also 
flood velocity represents a significant flood characteristic, which should be considered in build-
ing damage assessment. Therefore, combining the important findings of previous studies, a 
five-point scale of damage criterion (Table 3-3 and Figure 3-7) is proposed for the qualitative 
assessment of the level of physical damage in cultural buildings.  

Table 3-3: Proposed flood damage criteria for cultural assets 

Damage level 
Damage Criterion 

for flood velocity < 2 m/s 
Damage Criterion  

for flood velocity > 2 m/s 
1 - Very low h < 0.5m - 
2 - Low 0.5 m < h < 1.5 m h∙v < 1 m3/m∙s 
3 - Medium 1.5 m < h < 2.5 m 1 m3/m∙s < h∙v < 3 m3/m∙s 
4 - High 2.5 m < h < 3 m 3 m3/m∙s < h∙v < 7 m3/m∙s 
5 - Very high h > 3 m h > 3 m or h∙v > 7 m3/m∙s 

 

As Figure 3-7 illustrates, for flood velocities v < 2 m/s, the level of physical damages merely 
depends on the flood depth, while for v > 2 m/s, both flood depth and velocity have a significant 
impact on the building damage. Therefore, the depth-velocity product is considered to differ-
entiate the damage levels by referring to a few previous studies. However, beyond 3 m water 
depth, it is assumed that the damages reach their highest possible level. At the boundary points, 
the possible highest damage level is assumed (for example, at the point of v = 2 m/s and h = 1.5 
m, the damage level is “high”). 
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Figure 3-7: Level of physical damage in cultural assets related to flood depth and velocity (damage criteria are 

adopted from USACE, 1985; Clausan, 1989; Queensland Government, 2002; Nadal, 2007; Pistrika 
and Jonkman, 2010 and Figure 3-5).  

The above damage criteria can be used for the estimation of physical damages to cultural build-
ings and their contents, such as historic buildings, museums, libraries, churches etc. These dam-
ages can vary from deposition of debris (level 1, very low damage) to collapse or movement of 
whole or part of the building (level 5, very high damage). However, these damage criteria are 
not applicable for a few cultural assets such as recreational parks, where the damages may be 
limited only to the deposition of debris. Therefore, for these cultural assets, the physical damage 
can be assumed as level 1 (very low damage) for all flood scenarios. 

3.1.3.3 Assessment of cultural values of cultural assets 

The next important variable determining the losses of a cultural asset is its cultural value. Seven 
major cultural value constituents based on Table 2-3 are identified as shown in Table 3-4. Nev-
ertheless, a clear distinction between these components may not be made, as they can be over-
lapping.  

Table 3-4: Modified classification of cultural value constituents 

Type of value Definition 

Historical value a special relationship with the past; a concept resting on particular viewpoints 
of history 

Symbolic value representing an underlying structure/ specific era/ cultural characteristics of a 
social systems 

Social value places or things that tend to make connections between people and to reinforce 
a sense of unity and identity 

Aesthetic value refers to the visual qualities of the assets 
Spiritual value associated with the religious, numinous and, sublime or any other sacred 

meaning 
Educational value acting as a source of information about the ancestors, the evolution of the so-

ciety and characteristics of environments and culture 
Recreational value the places providing the opportunity for people’s recreation and enjoyment 
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Cultural value estimation criteria can be developed according to the above classification. Here, 
a very basic method is proposed to estimate a cultural value for each cultural asset. First, the 
cultural value constituents present in each cultural asset are determined, and they are summed 
up to calculate the total number of cultural value constituents in each asset. Here, weighing 
factors for these constituents are not considered, and hence a simple addition is proposed. 

Then, according to the number of identified cultural value constituents, a score from 1 to 5 (1- 
very low, 2- low, 3- medium, 4- high and 5- very high) is allocated for each asset. Here, non-
heritage assets are allocated a score from 1 to 3 (replaceable because they don’t have a historical 
value), while heritage assets are allocated a score from 3 to 5.  

Table 3-5 presents an example illustration for the determination of cultural values for some 
common cultural assets.  

Table 3-5: Cultural value constituents and cultural values of some common cultural assets  

Cultural assets 

Cultural value constituents 
H

is
to

ri
ca

l 

Sy
m

b
ol

ic
 

So
ci

al
 

A
es

th
et

ic
 

Sp
ir

it
ua

l 

R
ec

re
at

io
n

al
 

E
d

uc
at

io
n

al
 

Heritage 

Historic/ heritage building √ √ √ √ √   
Museum  √ √  √  √ √ 
Archaeological site √ √  √ √ √ √ 
Library/ archive √ √ √  √ √ √ 
Church √ √ √ √ √  √ 
Movable historic goods  √ √ √  √   
Cemetery √ √   √   
Monuments √ √      
Historic landscape √   √  √  

Non-her-
itage 

Cultural space   √ √ √ √ √ 
Library   √  √ √ √ 
Monuments  √ √ √    
Recreational park   √   √  

 

The allocation of the scores for each asset can be presented as a function of the number of 
cultural value constituents as shown in Table 3-6.  

Table 3-6: Determination of cultural value according to the number of cultural value constituents present 

Cultural assets No. of cultural value constituents Cultural value (score) 

Heritage assets 
< 4 3 
= 4 4 
> 4 5 

Non heritage assets 
< 3 1 
= 3 2 
> 3 3 

 

3.1.3.4 Assessment of cultural losses (physical damages and cultural values) 

The losses of the cultural assets, like other building losses, depend mainly on the physical dam-
ages to cultural assets due to the hazard. The level of physical damage merely can provide a 
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first overall picture of the loss. Therefore, the level of physical damage of cultural assets is a 
significant determinant of cultural loss. On the other hand, although the physical damage is the 
same for two cultural assets, the actual loss can be different due to the difference in cultural 
values of the assets. Hence, the level of cultural value of assets can be used to improve the 
overall picture obtained from the level of physical damage to estimate the level of cultural loss. 
Therefore, the level of cultural value is as significant as the level of physical damage in cultural 
loss assessment. Hence, the weighting factor of 0.5 is assumed for the level of physical damage 
and for the level of cultural value in the calculation of the final cultural loss.  

Once the level of physical damage and the level of cultural value of cultural assets are estimated, 
it is possible to integrate them into a single matrix (as in Table 3-7) to determine the level of 
cultural losses. Here again, a scale of 1-5 is used for the levels of cultural loss. Based on the 
above-assumed weighting factors for the physical damage and cultural value, the values for the 
level of cultural loss are calculated and rounded to the nearest (higher) integer. 

Table 3-7: Cultural Loss Assessment Matrix (CLAM) for the integration of physical damages of cultural assets 
and their cultural values 

Level of Cultural 
value 

Level of physical damage 

1 2 3 4 5 

1 
1                 

(very low)                                                
1.5 ~ 2  
(low) 

2                
(low) 

2.5 ~ 3 
(medium) 

3        
(medium) 

2 
1.5 ~ 2 
(low) 

2                 
(low) 

2.5 ~ 3 
(medium) 

3              
(medium) 

3.5 ~ 4 
(high) 

3 
2                 

(low) 
2.5 ~ 3 

(medium) 
3 

(medium) 
3.5 ~ 4 
(high) 

4 
(high) 

4 
2.5 ~3         

(medium) 
3                 

(medium) 
3.5 ~ 4 
(high) 

4 
(high) 

4.5 ~ 5 
(very high) 

5 
3              

(medium) 
3.5 ~ 4 
(high) 

 4 
(high) 

4.5 ~ 5 
(very high) 

5 
(very high) 

 

 

3.2 Monetary Evaluation of Social Losses 

Besides the reduction of other losses, the most governing concern in any risk assessment and 
safety regulations is to prevent fatalities. Such risk and safety assessments are conducted pri-
marily based on a Cost-Benefit- Analysis (CBA) so that a value to the benefit of reducing the 
risk of premature death has to be assigned. Like in other CBA contexts, valuing mortality risk 
reductions in a willingness-to-pay framework requires a measure for the value of life: this is the 
so-called Value of Statistical Life (VSL). As the policies to reduce risks of death are not directed 
towards eliminating certain death for identified individuals, the correct benefit value is society’s 
willingness to pay (SWTP) for the reduction in risk. Therefore, VSL must be defined in an 
SWTP framework. For instance, saving one statistical life will require reducing risk by 1/106 

A new approach for the evaluation of cultural losses due to floods is presented.  A qualitative 
assessment is carried out by combining the level of physical damage to each cultural asset 
and its level of cultural value. The losses are presented in a five-point scale: 1-very low, 2-
low, 3-medium, 4-high and 5-very high. This methodology is to be implemented for Ham-
burg-Wilhelmsburg, Germany, as an exemplary case study (see Section 6.3.1.4). 
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to every person in a population of one million. If the average willingness to pay for that risk 
reduction is 5 Euro per person, then the value of a statistical life is 5 million Euro.  

3.2.1 Derivation of societal willingness to pay from life quality index 

Life Quality Index (LQI) connects the main three components that are related to important hu-
man concerns; wealth, duration of life and the time available to enjoy life (Nathwani et al., 
2007). The first derivation of LQI has the following form (Nathwani et al., 1997):  

wwEGL  1

 
(3-1) 

where, L is the life quality index, G is the real gross domestic product (GDP) per capita, E is 
the life expectancy at birth, and w is a weighting parameter that reflects the proportion of time 
spent in producing G. In other words, life quality index is a weighted product of GDP per capita, 
G, and life expectancy, E, with the weighting exponents w and (1-w) reflecting the fraction of 
time that people allocate to economic and non-economic activities. 

Later, Pandey and Nathwani (2003, 2004) presented a derivation of LQI using the concept of a 
lifetime utility function and improved its technical foundation. In this expression, the LQI (LQ) 
turns out to be (1-w)th root of L in eq. (1): 

where, a parameter q is introduced as q = w/(1-w) to describe the ratio of time for economic 
activities to leisure time. Pandey et al. (2006) suggest that this derivation in eq. (2) provides a 
richer explanation of the underlying concept and is generally comprehensible for practitioners. 
Therefore, eq. (2) can be rewritten as, 

EGL q
Q     where, 
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If a small proportion of GDP, dG, is invested in implementing a project, programme or regula-
tion that affects the public risk and modifies the life expectancy by a small relative amount dE, 
then a relative change in LQI, dLQ due to that implementation can be assessed as, 
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The net benefit requires that dLQ be positive and therefore, 

0
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(3-5)

 
The concept of societal willingness to pay (SWTP) originates from the definition of compen-
sating a possible welfare change by Hicks (1939), which represents the sum received by or from 
the individual, thus allowing him to keep his initial level of welfare despite the change. There-
fore, it can be obtained by setting dL/LQ=0 (considering no change in LQ) and rearranging the 
terms in eq. (5), 

EGLL www
Q

)1/()1/(1  
 

(3-2) 
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In this context, the willingness-to-pay for reductions of risk is estimated based on the assump-
tion that the payment for risk reduction should be balanced by life extension such that the LQI 
remains constant (Rackwitz and Joanni, 2009).  

A revised calibration of LQI (Pandey et al., 2006)  introduces an improved q, which includes 
the share of wages in GDP (β), as: 

  w

w
q




1

1

                       
(3-7)

 

The original calibration was based on a linear relationship between the GDP and the time allo-
cated to economic activities (i.e. β = 1). According to Pandey et al. (2006), the revised calibra-
tion of LQI has removed a systematic bias associated with the estimation of the SWTP. Further 
developments and applications of LQI can be found in Rackwitz (2008), Ditlevsen and Friis-
Hansen (2007) and Straub et al. (2011). 

3.2.2 Calculation of societal willingness to pay for safety in Germany 

The SWTP for safety in Germany is calculated for the year 2010 considering the required data 
from published sources, such as the Federal Statistical Office in Germany, the Organisation for 
Economic Co-operation and Development (OECD) and the U.S. Department of Labour: Bureau 
of Labour Statistics. The required data is obtained from relevant sources, and a value of statis-
tical life (VSL) for Germany for the year 2010 is calculated as follows.  

Gross domestic product (GDP) per capita, G  

The Federal Statistical Office (2011) provides GDP per capita in Germany for the period from 
1950-2010. For this analysis, the GDP per capita for the year 2010, € 30,295 (at current price), 
is adopted. 

Estimation of q using w and β data 

The work-time fraction at the population level, w, is obtained as the total number of hours 
worked divided by the total population. The total number of hours worked per year is the prod-
uct of the number of employed people and the annual number of work hours per employed 
person. Therefore, w can be determined by, 

 
)36524(
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w  

    
(3-8)

 

The data for the wage share in GDP (β) can be obtained from Marquetti and Foley (2011), 
which provides data until 2008. Based on the obtained data for w and β, a value for q is calcu-
lated using Equation 7. The values obtained for w (1991-2010) and for β (1991-2008), as well 
as the calculated values for q are shown in Figure 3-8. 
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Figure 3-8: Estimation of work leisure ratio (q) using work-time fraction (w) and wage share in GDP (β) 

An important observation of Figure 3-8 is that the work-time fraction, w, is nearly constant for 
the past two decades, with a mean of 0.08 and a standard deviation of 0.002. in this context, 
although the wage share, β showed a considerable change throughout the period, the q value 
also remains almost constant with a mean of 0.165 and a standard deviation of 0.005. Therefore, 
the mean value of q can be assumed for years 2009 and 2010, in which the β values are not 
available, and hence q cannot be calculated. 

 

Change in life expectancy, dE 

The German life table (2008-2010) from the Federal Statistical Office (2011) is used for the 
estimation of change in life expectancy, dE. Here, society’s willingness to pay for a safety pro-
gram, which amounts to a fatality risk reduction of 1/100,000 is assumed. From the life table, 
the increase in life expectancy is calculated for the assumed risk reduction, and the results are 
given in Table 3-8. 

Table 3-8: The life expectancy at birth, E and the calculated change in life expectancy, dE for males and females 
in Germany using life table 2008-2010 

 Life Expectancy at birth, E (in 
years) 

Increase in Life Expectancy at 
birth, dE (in hours) 

Male 77.51 27.3 
Female  82.59 30.7 

 
Since a significant difference lies between the life expectancy values of males and females, the 
increase of life expectancy values is calculated separately. For the estimation of VSL for Ger-
many, SWTP values will be calculated separately for men and women, and the average will be 
considered. 
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Population age distribution 

The population age distribution, f(t) is calculated by, 
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(3-9) 

where  S(0,t) is the probability of survival in the interval (0 - t), and e(0) is the life expectancy 
at birth. The estimated population age distribution is illustrated in Figure 3-9 for both males and 
females in Germany using the life table (2008-2010), which can be used to estimate the popu-
lation age average of SWTP. 

  
Figure 3-9: Population age distribution for males and females in Germany using life table 2008-2010 

 

Calculation of Value of Statistical Life (VSL) 

The willingness to pay (WTP) for a fatal risk reduction by 1/100,000 is calculated using Equa-
tion 6 with a GDP per capita, G = € 30,295 (at current price) and the work leisure ratio including 
wage share in GDP, q = 0.165 and the following results are obtained: 

 WTP for change in life expectancy (LE) at birth = € 7.39/person/year for males and 
€ 7.79/person/year for females.  

 WTP for the 35-year group = € 4.35/person/year for males and € 4.70/person/year for 
females.  

 Based on the population age distribution in Figure 3-9, Age averaged WTP = € 4.07/per-
son/year for males and € 4.19/person/year for females is obtained, providing a gender 
averaged WTP = € 4.13/person/year.  

 Assuming that one million people are benefited by the risk reduction measure, a mean 
value of statistical life in Germany, Mean VSL = € 4.13 million would result.  
Further, a maximum VSL value of € 7.6 million can be obtained from the average WTP 
for change in Life Expectancy (LE) at birth. In addition, a lower bound for VSL of 
€ 2.1 million can be estimated from the average WTP for change in LE at 65th age. 
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3.2.3 Estimation of the value of statistical injuries  

For the estimation of the value of statistical injury (VSI), a simple method is tentatively pro-
posed, which incorporates the estimated value of statistical life in Section 3.2.2. In Section 
2.2.1.2 under ‘Physical Injuries’, a ratio of VSL/VSI is estimated from an analysis of the results 
of previous studies on the estimation of VSL and VSI, which amounts to 73 (see Figure 2-6). 
This ratio can be incorporated for the estimation of a VSI for Germany and a value for mean 
VSI can be obtained as € 60,000 with a range € 30,000 - € 100,000. Moreover, a VSI can be 
calculated according to the Maximum Abbreviated Injury Scale (MAIS) by Moran and Monje 
(2016) as in Table 3-9, which is based on the severity level of injuries. 

Table 3-9: VSI according to the Maximum Abbreviated Injury Scale (MAIS) 
MAIS Level Severity Fraction of VSL VSI in € 

MAIS 1 Minor 0.003 12,000 
MAIS 2 Moderate 0.047 194,000 
MAIS 3 Serious 0.105 434,000 
MAIS 4 Severe 0.266 1,100,000 
MAIS 5 Critical 0.593 2,450,000 
MAIS 6 Unsurvivable 1.000 4,130,000 

3.2.4 Monetary valuation of mental health impacts 

For the monetary valuation of mental health impacts, two approaches are considered for further 
investigation.  

First, the applicability of the life quality index (LQI) approach is considered, which includes 
three major components: wealth, duration of life and the time available to enjoy life. Mental 
disorders may directly affect the individual’s wealth and work, leisure time and hence the qual-
ity of life. In the LQI approach, national-level indicators are applied to estimate the willingness 
to pay (WTP) for a fatality risk reduction. Therefore, the LQI approach in its current form can-
not be directly applied for the monetary valuation of mental health impacts. Further research to 
investigate the applicability of this method and the modifications needed is essential. 

Second, the possibility of monetary valuation of mental health impacts by the impacts on Sub-
jective well-being (SWB) of flood victims. Hudson et al. (2017) estimated the monetary value 
of flood impacts on SWB domains (happiness towards home, health, financial situation, etc.) 
as compensation that individuals expect to reach the same SWB level before flooding. This 
method, with modifications, is useful to estimate minor mental health impacts as individuals 
under flood risk should be able to comment on their SWB. However, it is not suitable to mon-
etise severe mental health impacts such as depression and PTSD since the researcher cannot 
merely depend on the responses of flood victims.  

Since more research and development is required for the monetary valuation of mental health 
impacts and due to the knowledge deficiency in this area and time and resource constraints, this 
research study does not monetise mental health impacts related to flooding. Future research 
may focus on the development of a proper method considering the above suggested approaches 
for this purpose. 
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3.2.5     Monetary valuation of cultural losses 

For the evaluation of cultural losses, two factors are considered in this study: physical damage 
of the cultural assets and the cultural value (Section 3.1.3). The monetary valuation method 
proposed here accounts for both factors (Figure 3-10).  

 
Figure 3-10: Proposed approach for a preliminary monetary valuation of cultural losses 

Some previous studies have proposed that the cultural losses can be estimated by the replace-
ment/ restoration cost (see Section 2.2.1.2), although it may result in lower costs due to the 
modern construction materials, equipment and methods. However, the replacement/ restoration 
cost may provide only the cost of physical damages of the assets. The cultural value of the asset 
should also be added for a complete valuation. The cultural value can be estimated by means 
of the indirect valuation methods such as contingent valuation, travel cost method and hedonic 
price method. Since these indirect valuation methods reflect the importance of the cultural as-
sets to society, they may provide an appropriate estimation of the cultural value.  

Therefore, the monetary value of cultural losses can be written as: 

MV(Cultural losses) = MV(Physical damages) + MV(Cultural Values) 

Where MV stands for monetary value and MV(Cultural Values) can be assessed by the addition of 
monetary values of several cultural value constituents. 

However, this proposed monetary valuation process is time consuming due to the two analyses 
to be performed for each and every cultural asset in the study area individually. Therefore, a 
case study for the monetary valuation of cultural assets is not covered within this thesis. 
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3.3 Summary, Discussion and Concluding Remarks 

Chapter 3 attempts to focus on the evaluation of intangible social losses due to flooding, in-
cluding the non-monetary evaluation and monetary evaluation. Four loss categories: loss of life, 
physical injuries, mental health impacts and cultural losses, were selected for the non-monetary 
evaluation of social losses.  

For the evaluation of loss of life due to flooding, several methods are available. The method 
developed by Penning-Rowsell et al. (2005) estimates not only the loss of life but also the phys-
ical injuries. It also includes a wide range of flood characteristics and of the characteristics of 
the flood-prone area and population. This method is therefore selected for the evaluation of loss 
of life and physical injuries in this study.  

In the case of mental health impacts, several research studies have attempted to determine the 
mental health impacts after an event or to identify the level of mental health after natural disas-
ters. However, to the author knowledge, still, no methods have been developed to forecast the 
possible mental health impact due to flooding. Therefore, it is important to develop a suitable 
method for the estimation of health impacts considering the relevant causes such as fatalities, 
injuries and property destruction. 

In developing a method for the evaluation of mental health impacts, first, the main reasons for 
these impacts are identified. Depending on these reasons, flood loss factor, FLF (combination 
of loss of life, physical injuries and economic losses) and direct exposure factor, DEF (which 
depends on the contact of flood depth and flow velocity) were calculated. Three levels (low, 
medium and high) of mental health impacts were estimated based on the mental health impact 
assessment matrix (Figure 3-3). In this study, a method, which includes all these factors, had to 
be developed since individual relationships of these causes to the psychological impacts cannot 
be derived using available information.  

There are several difficulties encountered in the course of this development. The major limita-
tion is that the proposed approach had to be based on several assumptions due to the lack of the 
necessary knowledge and related information. Another limitation of the proposed approach is 
that it suggests estimating the overall mental health impacts due to the disaster, not distinguish-
ing between the types such as Post-traumatic stress disorder (PTSD), depression or anxiety. 

The monetary valuation focuses mainly on two categories of intangible losses: loss of life 
and physical injuries. Here, an existing method: the life quality index (LQI), is adopted for 
the estimation of a value of statistical life (VSL) for a small risk reduction in Germany. 
Based on economic and social data for 2010, a mean VSL of € 4.13 million with a range of 
€ 2.1 - 7.6 million for Germany is estimated. However, the value of statistical injuries (VSI) 
has been derived from a ratio of VSL/VSI and based on the severity of injuries. The mone-
tary valuation of mental health impacts needs a new approach as this area has not been 
addressed in past studies. Therefore, it is difficult to perform within this research study due 
to the lack of knowledge and necessary data. An approach for the tentative monetary valu-
ation of cultural losses is presented; however, a case study will not be performed within this 
study due to its complexity and high data requirements, which are not yet readily available. 
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However, most of the previous post-disaster studies have attempted to estimate the number of 
people with different types of impacts. Therefore, with this methodology, it is difficult to cal-
culate the people with different mental disorders. Nevertheless, this methodology may be fur-
ther developed to satisfy the above need since the first step of determining the causes for the 
psychological impacts is already carried out within this study. That is, the determination of 
FLF, which is mainly related to PTSD and depression and direct exposure factor, DEF, which 
is related to the anxiety of flood survivors.  

This method is developed with the scope of estimating the level of mental health impacts due 
to a flood disaster. The importance of this estimation is that it can help to take decisions on 
conducting mental health counselling programmes after a disaster, which will support the flood 
victims for a speedy recovery from mental disorders. Bearing in mind the importance of this 
estimation, future research should be conducted for further development and verification of this 
methodology. 

A new method is proposed for the estimation of cultural losses based on the level of physical 
damages of cultural assets and the cultural values of the assets. The losses are presented in a 
five-point scale (1-very low, 2-low, 3-medium, 4-high and 5-very high). Since no specific meth-
ods are available for the estimation of the level of physical damages of cultural assets, the anal-
ysis is carried out based on the available methods for the estimation of residential building 
damages. Available methods for the assessment of physical damages of residential buildings 
depending on flood depth and flow velocity have been adopted for the estimation of the physical 
damages of cultural assets based on the assumption that the structural strength of both residen-
tial and cultural buildings has insignificant differences. However, unlike for the other buildings, 
it is not sufficient to consider only the physical damages of cultural assets as a final cultural 
loss since the cultural assets themselves are highly heterogeneous in terms of their cultural val-
ues. Therefore, it is proposed to consider their cultural values, which consist of their historical 
significance. However, the determination of cultural value is a difficult and time-consuming 
task since it should be done for each and every asset separately.  

The level of cultural losses is determined using a cultural loss assessment matrix (CLAM), 
which combines the physical damage level and the cultural value level. The level of cultural 
loss is estimated based on the assumption that the significance of physical damages is the same 
as the significance of cultural value of the asset. This assumption is made merely to emphasize 
the level of significance of these two factors, and there is no theoretical background to support 
this assumption. Hence, it is difficult to verify the accuracy of the weighting factors adopted in 
the study. Therefore, future research should focus on three key limitations when applying this 
method. First, the applicability of damage criteria for residential buildings for the assessment 
of physical damage to cultural buildings should be verified. Second, for the estimation of cul-
tural value, the consideration of the number of cultural value constituents in each asset, which 
is a time-consuming task, should be further studied and improved to define a more concrete 
method for the purpose. Third, the significance levels of physical damages and cultural values 
in determining the cultural loss should be defined based on either case studies or results from 
past research studies.  

The monetary valuation of social losses in this thesis focuses mainly on two intangible loss 
categories: loss of life and physical injuries. Here, an existing method: the life quality index 
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(LQI) method, for the estimation of a reasonable value/ range of value of statistical life (VSL) 
for a small risk reduction in Germany, is considered. Adopting economic and social data for 
2010, the mean VSL for Germany is estimated as € 4.13 million. This estimated value is close 
to the mean VSL of € 4.4 million, estimated for 111 behavioural studies (of USA- 51 studies, 
Canada- 19 studies, UK- 13 studies, Sweden- 6 studies and other countries– 22 during the pe-
riod 1972-2006) as well as to the mean VSL of € 4.6 million, estimated for 26 studies within 
Europe (during 1972-2006). Furthermore, the estimated range of € 2.1 - 7.6 million also com-
plies with the mean range of € 1 – 8 million for the aforementioned 111 behavioural studies. 
This estimation also complies with Miller (2000), which estimated a ratio of VSL/GDP as 127-
188, resulting in a VSL of € 3.8 - 5.7 million. Furthermore, an estimate for the value of statis-
tical injuries (VSI) has been derived from a ratio of VSL/VSI, leading to a mean value of 
€ 60,000 with a value range of € 30,000 - € 100,000. Therefore, the above VSL and VSI esti-
mates can be considered for the application in German cost-benefit analyses related to mortality 
risk. 

The LQI concept appears to be suitable for the valuation of other intangible losses such as 
injuries, cultural and environmental losses. For example, Lentz (2007) has taken the first at-
tempt to develop a criterion to account for human morbidity using LQI by considering life spent 
in good health.  

Further, mental health impacts, cultural and environmental losses may lead directly to a reduc-
tion of the quality of life. However, the LQI in its present form cannot directly consider those 
facts. Therefore, as Rackwitz (2002) and Straub et al. (2011) also state, the LQI principle should 
be extended to account for such intangible losses in order to quantify them in monetary terms. 

An approach for the preliminary monetary valuation of cultural losses based on the level of 
physical damage and the level of cultural value is presented. Yet, the steps of the proposed 
approach should be followed for each cultural asset individually in order to estimate the total 
cultural loss within the area, which demands a great deal of time and data. Therefore, the appli-
cation of the proposed approach for a case study cannot be performed within this study due to 
the constraints which are insurmountable in terms of both time and resources. Though the best 
way to valuate cultural assets is by considering the cultural assets separately due to their heter-
ogeneity, defining a generalized method for the estimation of the range of the monetary value 
based on different levels of physical damages and different levels of cultural value constituents 
might be possible for a similar type of cultural assets using several case studies.  

The proposed new approaches for the non-monetary and monetary evaluation of intangible 
losses in this study are rather conceptual due to the lack of knowledge and data for verification. 
Long term research could focus more on collecting relevant data from actual flood events and 
validating and improving the proposed methods.  

 

Table 3-10 summarises the proposed methods and the recommendations for future research. 
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Table 3-10: Summary of the methods developed/ adopted for the evaluation of intangible losses and recommen-
dations for future research. 

Intangible flood 
loss category 

Developed/ adopted 
methods 

Recommendations 

Loss of life Non-monetary evaluation: 
Adopted a method devel-
oped by Penning-Rowsell 
et al. (2005). 
 

This method was developed for both river and 
coastal floods but validated only for river 
floods. Future research may focus on validating 
the method for coastal floods with real data.          

Monetary evaluation: Es-
timated Value of Statisti-
cal life based on Life 
Quality index 

The Life quality index (LQI) based societal 
willingness to pay approach is suitable for the 
estimation of the Value of Statistical Life 
(VSL).  However, the results are country spe-
cific as LQI adopts demographic and economic 
indicators of a country. Therefore, it is neces-
sary to develop a generalised method to esti-
mate human losses in future research. 
 

Physical injuries Non-monetary evaluation: 
Adopted a method devel-
oped by Penning-Rowsell 
et al. (2005). 

The recommendation given for the non-mone-
tary evaluation of loss of life is applicable here. 
In addition, methods should be developed for 
including other important health impacts such 
as toxic exposure, water borne diseases etc. in 
flood risk apart from physical injuries.  
 

Monetary evaluation: 
Based on the VSI/VSL ra-
tio  

VSI/VSL ratio is derived from past research: 
Nine labour-market studies (from 1974 to 2001) 
and one flood risk study (2010). No recent re-
search studies are available to confirm this ratio 
for the present. Therefore, future research may 
focus on testing this ratio for its applicability for 
the present and future. 
 

Mental health im-
pacts 

Non-monetary evaluation: 
Developed a new method 
based on flood losses and 
exposure to flooding. 

The newly developed method required several 
assumptions due to the lack of research, 
knowledge and data for verification of the 
method. This method can be further developed 
and modified using post-flood data on mental 
health impacts and flood losses. 
 

Monetary evaluation  Possible directions for developing a suitable 
method are provided as the available ap-
proaches cannot be directly applied. More re-
search is required to develop suitable methods 
to monetise different types of mental health im-
pacts based on their effect on quality of life/ 
subjective well-being. 

Cultural losses Non-monetary evaluation: 
Developed a new method 
based on the physical 
damages of cultural assets 
and their cultural values. 

The new method was developed based on sev-
eral assumptions. Therefore, future research 
may focus on: 
1. Verifying the applicability of damage criteria 
for residential buildings for the assessment of 
physical damage to cultural buildings,  
2. Defining a more general but concrete method 
for the derivation of cultural values, and  
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Intangible flood 
loss category 

Developed/ adopted 
methods 

Recommendations 

3. Defining the significance levels of physical 
damages and cultural values in determining the 
cultural loss. 
 

Monetary evaluation: 
Method proposed to esti-
mate physical damages 
and cultural values sepa-
rately using indirect valua-
tion methods. 

A tentative method is proposed in this research 
by considering individual cultural assts. Yet a 
generalised method would be beneficial for the 
estimation of monetary values based on differ-
ent levels of physical damages and different lev-
els of cultural value constituents, which can be 
task for future research. 
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4 Evaluation of Environmental Losses 

This chapter describes the concepts and methods for the evaluation of environmental losses. 
Chapter 4.1 provides the key steps of the proposed approach for the non-monetary evaluation 
of environmental losses based on ecosystem services.  Furthermore, the development of Eco-
system Services Damage Assessment (ESDA) tables for the estimation of the level of ecosys-
tem services losses and hence the total environmental losses is presented. In Chapter 4.2, a 
conceptual approach is proposed for the monetary evaluation of environmental losses. 

4.1 Non-Monetary Evaluation of Environmental Losses  

A new approach is presented for the evaluation of environmental losses. This chapter describes 
the basic concepts of this method and the related steps using an exemplary study, which might 
be useful for future flood risk analysis studies. Within this approach, it is proposed to evaluate 
environmental losses by estimating the changes/ losses of ecosystems and their services (as 
described in Section 2.2.2). The proposed method for the evaluation of environmental losses is 
illustrated in Figure 4-1. 

 
Figure 4-1: Steps of the proposed method for the evaluation of environmental losses 
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The proposed method for the evaluation of environmental losses mainly consists of two steps:  

Step 1: Identification of ecosystems and definition of ecosystem services of each ecosystem 

First, the available ecosystems in the study area should be identified using land-use data. For 
example, coastal areas may comprise beaches, dunes, salt marshes, coral reefs, mangroves, etc. 
The prevailing ecosystem services of each ecosystem are then identified. For example, beaches 
and dunes provide coastal protection as a regulation service and recreation and tourism as a 
cultural service. 

Step 2: Estimation of the changes in ecosystem services.  

Incorporating flood data and inundation models, the changes of each ecosystem are estimated. 
Based on the estimated changes, the level of changes of ecosystem services is determined using 
ecosystem service damage criteria. 

In the next sections, the aforementioned method is described based on two example ecosystems 
and their regulation and cultural services: beach/dune system and salt marshes.  

4.1.1 Identification of ecosystems and their services for the current study  

As an exemplary study for the evaluation of environmental losses based on ecosystems and 
their services, two coastal ecosystems and their main services are selected as indicated in Table 
4-1.  

Table 4-1: Selected ecosystems and their services for the study 
Ecosystem Ecosystem service 

Beaches and Dunes Regulation Service - Coastal protection 
Cultural service - Recreation and tourism 

Salt marshes Regulation Service - Coastal protection and 
Carbon sequestration 
Cultural service - Recreation and tourism 

 
An exemplary qualitative analysis of losses of ecosystem services is performed for beach and 
dune ecosystems, while only a conceptual damage criterion is presented for salt marsh ecosys-
tems. For these ecosystems, the level of losses of ecosystems services is estimated based on the 
changes/ damages of ecosystems. 

4.1.2 Beach and dune ecosystem  

The estimation of damages of beach and dune ecosystem and hence the associated ecosystem 
services losses are presented in this section. 

4.1.2.1 Estimation of damages to beach/dune ecosystems 

Beach and dune ecosystem damages are estimated using XBeach. XBeach is an open-source 
model developed by Deltares, The Netherlands, that can be used for the estimation of sediment 
transport and morphological changes of beaches and dunes during storms. A pre-compiled ex-
ecutable version of the XBeach can be downloaded from the XBeach’s website and can be run 
using the Matlab Toolbox, which can also be downloaded (Elsayed and Oumeraci 2015).  



Evaluation of Environmental Losses   73 

   

Model inputs 

For the estimation of storm surge impacts on beaches and dunes, the following input data are 
required:  

Topography 

Three types of topography files are generally used: bathymetry file (or bed-file) that contains 
the z coordinate of the centres of the grid cells, the x-file that contains the x coordinates of the 
centres of the grid cells, and the y-file that contains the y coordinates of the centres of the grid 
cells. For one-dimensional modelling (i.e. modelling of one profile in the XZ plane), only the 
bed-file and the x-file are required.  

The x-axis is oriented towards the coast, and the y-axis is directed alongshore. The grid is 
positioned relative to the world coordinates through the origin of the grid and the rotation angle 
(de Vet, 2014).  

 
Figure 4-2: Coordinate system and grid definition, adapted from de Vet (2014) 

Wave boundary conditions 

The boundary conditions of the model, such as waves or tide levels, might be assigned to the 
XBeach model as a text file format with the (.txt or .dep) extension. For example, the total water 
level during the simulation time (storm surge period) above the zero point (MSL) might be 
assigned in the XBeach model as an individual notepad file. The time is usually assigned in 
seconds and the water levels in meters (Elsayed and Oumeraci 2015).  

In addition to the above main input parameters, variable wind conditions and sediment sizes 
can also be added to XBeach model. 

Results 

XBeach provides the changes of dune profiles for the given wave conditions. By the comparison 
of the pre-storm and post-storm dune profiles, the beach/dune damages  can be categorised into 
three main levels (Figure 4-3): 

1. Beach erosion only,  
2. Beach and dune erosion, and  
3. Beach erosion and dune overwash and collapse. 
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Figure 4-3: Possible beach and dune damage  

Based on these three levels of beach and dune damages, the loss of ecosystem services provided 
by beach/dune ecosystem can be estimated using an ecosystem services damage assessment 
table, which is developed in the following section. 

4.1.2.2 Ecosystem Services Damage Assessment (ESDA) table for beach/dune ecosystems  

Among the several ecosystem services provided by beaches and dunes, two key services are 
considered for the exemplary illustration of damage criteria:  

1. Coastal protection (regulation service - RS) 
2. Recreation and tourism (cultural service - CS).  

Based on the three levels of beach/dune damages in Figure 4-3, three damage levels are identi-
fied to define the respective ecosystem services changes. Here, the level of the ecosystem ser-
vice changes (no loss, minor and major) and its effective duration (as short-, medium- or long 
term) are expressed (Table 4-2). The highest level of damage among the damages of considered 
ecosystem services is taken as the final ecosystem service damage level (ESDL). 

Table 4-2: Ecosystem services damage assessment (ESDA) table for beach and dune ecosystem services.  
(RS: regulation services, CS: cultural services and ESDL: ecosystem services damage level) 

Level of Ecosystem 
Damage 

Possible Ecosystem Services  
Damages 

Level of 
RS  

Damage 

Level of 
CS  

Damage 
ESDL  

Level I: 
 Beach erosion only  
 no effect on dunes 

 

RS: very slight or no effect on the 
coastal protection service 
CS: Short term loss due to deposition of 
debris. 

Low Low Low 

Level II: 
 Beach erosion 
 Dune erosion  

(eroded sand can be 
deposited onshore or 
offshore) 

 

RS: Although the seaward face of the 
dune is eroded, it still can provide the 
protection service acting as a barrier for 
minor storms once it stabilised. 
CS: Erosion of dune may lead to the mi-
nor change of landscape and hence the 
reduction of CS of dune for medium 
term (the time taken for the eroded dune 
to stabilise). 

Medium Low -  
Medium 

Medium 
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Level of Ecosystem 
Damage 

Possible Ecosystem Services  
Damages 

Level of 
RS  

Damage 

Level of 
CS  

Damage 
ESDL  

Level III: 
 Beach erosion, re-

duction of beach 
width 

 Dune overwash and 
collapse 

 

RS: Loss of the coastal protection ser-
vice for a long term exposing the rear 
dunes/ hinterland to subsequent storms. 
CS: Collapse of dune result in a major 
change of landscape but still provide CS 
hence a medium-term reduction of CS 
(the time taken for the area to stabilise). 
However, a reduction of total 
beach/dune area may lead to a long-term 
CS loss. 

High Medium - 
High 

High 

4.1.3 Salt Marsh Ecosystems 

A conceptual Ecosystem Services Damage Assessment (ESDA) Table will be developed within 
this section based on possible salt marsh damages. 

4.1.3.1 Ecosystem services of salt marshes 

Among the diverse ecosystem services provided by salt marshes, three main services are con-
sidered to illustrate the method of qualitative damage criteria:  

1. Coastal protection (Regulating Service - RS): Marsh vegetation help to reduce wave en-
ergy and wave heights. Further, salt marshes function as a buffer zone (Shepard et al., 
2011, Gedan et al., 2010). 

2. Carbon sequestration (Regulating Service - RS): Salt marshes play a crucial role in the 
global carbon cycle by acting as carbon pools due to their carbon sequestration function 
(Quintana-Alcantara, 2014, DeLaune and White, 2012). 

3. Recreation and tourism (Cultural Service - CS): Saltmarsh vegetation provide habitat for 
bird species (e.g. common redshank, gulls and marsh harrier, Hötker et al., 2010) for 
feeding, roosting and nesting, which creates appropriate sites for tourism. 

Based on the level of salt marsh loss, the level of ecosystem service losses can be estimated. 
For this purpose, an ecosystem services damage assessment table is developed as follows. 

4.1.3.2 Ecosystem Services Damage Assessment (ESDA) table for salt marsh ecosystems  

Three levels of flood impacts on salt marshes are identified: 

1. Sediment and wrack deposits 
2. Sediment destabilization and lateral erosion 
3. Loss of salt marsh area 

Based on the above-mentioned salt marsh changes, a conceptual ESDA table for the ecosystem 
service losses can be developed as indicated in Table 4-3. 

. 
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Table 4-3: Ecosystem services damage assessment (ESDA) table for salt marsh ecosystem services  
(RS: regulation services, CS: cultural services and ESDL: ecosystem services damage level) 

Level of Ecosys-
tem Damages 

Possible Ecosystem Services 
Damage 

Level of RS 
Damage 

Level of CS 
Damage 

ESDL  

Level I:  
Sediment and 
wrack deposits 

RS: Short term loss as marsh veg-
etation can recover in short term  
CS: Short term loss until the 
marsh vegetation is recovered. 

Low Low Low 

Level II:  
Sediment destabi-
lization and lateral 
erosion 

RS: A considerable period of 
time might be taken to re-estab-
lish the marsh and the vegetation 
cover and hence can be consid-
ered as medium-term loss. 
CS: medium term loss until the 
marsh vegetation is re-estab-
lished and become suitable sites 
for birds to re-settle. 

Medium Medium Medium 

Level III: 
Loss of salt marsh 
area 

RS: Total loss of the carbon se-
questration and coastal protection 
functions for long term. 
CS: Loss of marsh vegetation 
leads to loss of habitat for birds 
and hence the total loss of cul-
tural service for long term. 

High High High 

4.1.4 Estimation of level of environmental losses based on ecosystem service loss levels 

When the total environmental losses in an area are to be estimated, all ecosystems present in 
the area and all ecosystem services available should be considered. Within the considered area, 
different ecosystems exist in different locations. For the simplification of the analysis, at each 
location, the major ecosystem is selected. The fictive area illustrated in Figure 4-4a contains 
three major ecosystems: beaches/dunes, salt marshes and coastal forests.    

Based on the ecosystem changes/damages, the level of ecosystem service damages of all eco-
systems can be estimated using ESDA tables of different ecosystems and the ecosystem services 
damage levels (ESDL) can be obtained as shown in Figure 4-4b. Finally, based on ESDL, the 
overall environmental losses can be presented in the area as low, medium or high (Figure 4-4c). 
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Figure 4-4: Estimation of level of environmental losses based on the level of ecosystem service damages 
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4.2 Monetary Evaluation of Environmental Losses 

Existing examples for the monetary valuation of the services of different ecosystems using en-
vironmental valuation techniques are illustrated in section 2.2.2.2 and Table 2-10. Based on 
these examples and the method for the estimation of the level of ecosystem services losses  
(Figure 4-1), a conceptual approach for the monetary valuation of environmental losses is pro-
posed in Figure 4-5. Here provisioning, regulating and cultural services are included in the 
monetary valuation. The supporting services are required for the production of all other ecosys-
tem services and are regarded to be already included in the other services. 

 
Figure 4-5: Proposed conceptual approach for the monetary valuation of environmental losses. 

The proposed conceptual approach contains five steps. Steps 1 and 2 (i.e. identification of eco-
systems and their services and estimation of the ecosystem service damage level - ESDL) are 
carried out as proposed in Figure 4-1 and Section 4.1.  

In step 3, the monetary value of each ecosystem service is determined by adopting a suitable 
environmental valuation technique as in Table 2-10. For example, the monetary value of 
beach/dune ecosystem services consists of the monetary value of provisioning services (MVPS), 
the monetary value of regulating services (MVRS) and monetary value of cultural services 
(MVCS). The provisioning services may include mineral supplies and food (through vegetation), 
which can be valued by their market prices. The regulating services may contain coastal pro-
tection service, erosion control service, water purification service etc., which can be estimated 
by replacement cost method/ avoided cost method. The cultural services may include recreation 
and tourism service (which can be estimated by travel cost method/ contingent valuation), ed-
ucational service (which can be estimated by contingent valuation method), etc. As the ecosys-
tem services are directly or indirectly interconnected with human behaviour and health, the 
involvement of participatory approaches such as contingent valuation, are vital in environmen-
tal valuation (Carnoye and Lopes 2015). However, surveys, polls, public information sessions 
etc., demand excessive time and human resources for the valuation process. Therefore, the site-
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specific data on all the services provided by each ecosystem and the suitable valuation tech-
niques should be considered based on the nature, context, purpose and the available resources 
of the study/project for the monetary valuation of the ecosystem services. 

Based on the ecosystem services damage level (ESDL, as in step 2) and the monetary value of 
ecosystem service (step 3), the monetary value of each ecosystem service loss can be calculated 
in step 4. ESDL is first converted to a representative percentage (assumed) to obtain a relevant 
ecosystem services loss (ESL):  

If ESDL = low, then ESL = 33% 
If ESDL = medium, then ESL = 67% 
If ESDL = high, then ESL = 100% 

Then the total monetary loss (TML) of each ecosystem service loss is calculated by,  
 TML= (ESLPS × MVPS) + (ESLRS × MVRS) + (ESLCS × MVCS)  (4-1) 

Finally, in step 5, the total monetary environmental loss (TMEL) can be determined by aggre-
gating all the estimated monetary losses of ecosystem services of all ecosystems within the 
considered area, e.g. for the fictive area illustrated in Figure 4-4, by: 

  TMEL = TMLBeach/dune + TMLSalt marshes + TMLCoastal Forest     (4-2) 

For a deeper analysis of cultural ecosystem services, MVCS may include the monetary value of 
all constituents in addition to recreation, such as spiritual, educational, cultural heritage etc., 
which are generally assessed by participatory approaches.    

The monetary valuation process requires a great deal of site-specific data on all ecosystem ser-
vices, public participation to enhance the quality of information inputs and the knowledge on 
mutual interactions between ecosystems and their services. For example, for the estimation of 
the total monetary value of beach ecosystem, data related to its provisional, cultural and regu-
lation services, data related to valuation processes such as market prices of goods provided, 
replacement costs of alternatives to provide the regulation services of beach, data for estimate 
its cultural services through stated preference or revealed preference methods etc. are needed. 
Due to these extensive requirements, a case study for the monetary valuation of environmental 
losses could not be performed within the time frame and resources of this PhD study. 

In addition to the immense data requirement, the other main limitation of the proposed method 
is the lack of fundamental knowledge on the mutual interactions between different ecosystems 
and the interactions between ecosystem losses and benefits.  For example, the wrack deposition 
on sandy beaches after storms may reduce the cultural services (recreation and tourism) but 
enhance the regulating service (erosion control and thereby coastal protection). Future research 
may focus on establishing clear relationships which help to estimate the associated costs and 
benefits of ecosystem services.  

4.3 Summary, Discussion and Concluding Remarks 

A novel method is tentatively proposed in Chapter 4 for the qualitative non-monetary assess-
ment of environmental losses by estimating the changes of ecosystem services. The method 
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includes two steps: (i) identification of ecosystems and their services, and (ii) estimation of 
damages to ecosystems and hence the damages to ecosystem services.  

For the exemplary illustration, two major coastal ecosystems are selected, and their main eco-
system services are considered:  

1. Beach/dune systems: coastal protection (regulating service), tourism and recreation (cul-
tural service), and 

2. Salt marshes: coastal protection and carbon sequestration (regulating services) and tour-
ism and recreation (cultural service). 

A stepwise analysis method for the estimation of damages of beach/dune ecosystem services is 
proposed. For the estimation of changes of beach/dune ecosystems, among the several methods 
available, XBeach model is selected for this study. Three levels of beach/dune damage are iden-
tified: (i) beach erosion only, (ii) beach and dune erosion, and (iii) beach erosion and dune 
overwash and collapse. Based on the resultant beach-dune profiles obtained from XBeach sim-
ulations, the loss of regulation and cultural ecosystem services is determined using Ecosystem 
Services Damage Assessment (ESDA) table (Table 4-2).  

Furthermore, three levels of possible flood impacts on salt marsh ecosystems are identified as: 
(i) sediment and wrack deposits (ii) sediment destabilisation and lateral erosion, and (iii) loss 
of salt marsh area. Based on these levels of salt marsh damage, an ESDA Table ( 

 

Table 4-3) for salt marsh ecosystems is proposed. Finally, based on ESDA tables of different 
ecosystems, it is shown how the ecosystem service damages can be obtained and how, based 
on the damage levels, the overall environmental losses can be assessed. 

As stated above, Chapter 4 presents a method for the qualitative assessment of environmental 
losses due to coastal floods. Since risk-based design is generally used to optimise coastal flood 
defence projects for a given life time, it is important to know not only the degree/extent of 
damages at the time of the flood event but also the degree/extent of regeneration of the ecosys-
tems over the considered life time. One of the main limitations of the proposed method is that 
it does not consider the regeneration of ecosystems. Several research studies have been con-
ducted for the evaluation of ecosystem regeneration after natural disasters. For example, esti-
mation of regeneration of beach and dune systems has received greater attention (Burvingt et 
al. 2017, Houser et al. 2015, Suanez et al. 2012). Although the erosion of beaches and dunes 
occurs over hours and days, they may take years to decades to recover to their pre-storm state, 
which delays their important ecosystem services such as coastal protection. However, the time 
taken for recovery is highly site-specific and greatly depends on other environmental parame-
ters, such as sand availability and wind conditions. Therefore, for a coastal flood defence project 
which includes beach/dune protection, it is essential to estimate beach/dune damage as well as 
beach/dune recovery within the project life time. Then the optimum solutions to accelerate 
beach/dune recovery to regain the associated ecosystem services could be selected. This also 
applies accordingly to the impacts of floods on other ecosystems (e.g. flora and fauna) where 
more basic research is needed to quantify the degree of damages and recovery over the life time 
of the flood defence project. 
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The proposed approach has a few other limitations. Ecosystems are complex systems and may 
consist of several types of ecosystems. The functions and services of an overall combined eco-
system may be different from those of its individual constituents. However, to avoid the com-
plexity of the analysis, this approach suggests selecting one major ecosystem and its services 
for each location. Future research may focus on extending this approach to consider several 
ecosystems and their combined services for a specific location. Furthermore, this approach only 
considers the negative impacts of flooding. Yet, there can be positive effects of flooding on the 
environment. For example, a new landscape evolved after flooding (e.g. eroded cliff) may at-
tract wildlife and tourists to the area. However, these conditions are site-specific and proper 
studies should be carried out before including them in the analysis. In that case, the ESDA table 
should be extended to also include the level of benefits.  

Though the ecosystems are defined individually (as in Figure 4-4), they are not isolated but are 
functionally interconnected by exchanging energy, materials and organisms (Gillis et al. 2014). 
Therefore, a loss/ a change of one ecosystem may affect the other connected ecosystems and 
services. These mutual interactions are ambiguous and not yet fully investigated. Therefore, the 
proposed approach does not account for the interdependency of ecosystems. 

As an exemplary study, it only considers two main coastal ecosystems (i.e. beach-dune ecosys-
tem and salt march ecosystem) and their two most common ecosystem services (regulation and 
cultural services). Therefore, only two ESDA tables for the considered two ecosystems are de-
veloped within this study. For a complete analysis, all ecosystems within the study area should 
be considered. A main drawback can be the non-availability of sufficient information on the 
levels of expected damages due to the intensity of flood for all considered ecosystems. How-
ever, based on available data and literature, the relevant ESDA tables should be developed for 
all ecosystems to include their main ecosystem services.  

For the monetary valuation of environmental losses, a conceptual approach based on the mon-
etary valuation of ecosystem services and the expected level of ecosystem services losses is 
proposed (Figure 4-5). For each ecosystem, the associated services should be identified, and 
suitable valuation techniques should be selected. Since the losses of ecosystem services directly 
or indirectly affect the related society, public involvement through participatory approaches is 
essential in ecosystem valuation. 

The proposed monetary valuation method suggests estimating the value of all services of each 
ecosystem and then aggregating them to calculate the total monetary environmental loss (eq. 4-
2). However, the interdependency of losses of ecosystem services is not accounted for in this 
proposed method due to the fundamental knowledge gaps on the processes underlying the effect 
of the mutual interactions of ecosystems. Therefore, the application of the proposed method in 
a case study will not be performed within the time frame of this PhD study due to the extensive 
data/ knowledge and resource requirements, which are not yet available. 
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5 Integration of Flood Losses and Risk Analysis 

In this chapter, the method developed and applied for the integration of tangible and intangible 
losses is briefly described. A detailed description of the application of this method in the pilot 
site is provided in Chapter 6, as it is more easily understandable with a case study. The GIS-
based multi-criteria analysis (MCA) approach (see Section 2.3.1 and Dassanayake and Oume-
raci, 2012b) is applied for the integration of tangible and intangible losses in this study. Here, 
a hybrid approach of analytic hierarchy process and multi-attribute utility theory (AHP-MAUT) 
is selected as in Section 2.3.1.3. The main steps of this MCA approach are discussed in the 
following (see Figure 5-1). 

 
Figure 5-1: Method of GIS-based multi-criteria analysis for integration of flood losses developed and applied in 

this study 

5.1  Problem Definition and Goal Setting 

First, the problem should be identified and clearly defined as in every other decision-making 
process. Floods may cause significant damage, including not only tangible (economic) dam-
ages, but also intangible (social and environmental) losses. In flood risk analysis, it is however 
not common to consider the intangible losses, mainly due to the difficulties in combining tan-
gible and intangible losses within one frame. This study focuses on the integration of both tan-
gible and intangible losses in flood risk analysis. Therefore, the goal of the MCA in this study 
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is to determine the spatial distribution of integrated flood losses, which are needed to perform 
an integrated flood risk analysis.  

5.2 Determination of Evaluation Criteria 

The second step of MCA focuses on the set of evaluation criteria, which includes two steps 
(Malczewski, 1999): 

(i)  Specify a set of objectives that reflects all concerns relevant to the decision problem 
(ii) Specify measures (also called attributes) to achieve these objectives.  

A measurement scale must also be specified for each attribute. In the case of flood risk research, 
these two steps can be expressed more specifically as follows: 

(i) Selection of objectives: identification of areas with high overall flood losses.  
(ii) Specification of measures: flood loss categories considered in this study. Here, the inte-

gration methodology is developed considering five categories of flood losses: loss of 
life (in no. of people), physical injuries (in no. of people), mental health impacts (in a 
scale of 1-3), cultural losses (in a scale of 1-5), environmental losses (in a scale 1-3) and 
economic losses (in monetary unit). Therefore, the considered attributes are these five 
flood loss categories.   

5.3 Definition of Alternatives 

The third step of MCA is to define the different options to be compared. In this flood loss 
assessment study, the alternatives to be compared are the different spatial units (raster cells in 
GIS maps). Figure 5-2 illustrates exemplarily a raster map of an area with different land use 
categories. An identification number is provided for each raster cell, and each identification 
number denotes each alternative of the MCA process.  

 
Figure 5-2: Example raster map of an area with different land use categories for the definition of alternatives 
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5.4 Performance Evaluation of Alternatives Using Evaluation Criteria. 

Once the evaluation criteria and the alternatives are defined, the performance of each alternative 
in each criterion has to be evaluated. The evaluation criteria are represented by applying GIS 
maps, i.e. the above-mentioned categories of flood losses are assessed in raster-based GIS maps, 
and therefore, each attribute is represented by a raster map, and each alternative (i.e. raster cell) 
is evaluated regarding each criterion. Figure 5-3 illustrates raster maps of three categories of 
losses evaluated for each alternative. 

 
Figure 5-3: Example illustration of raster maps with three categories of losses evaluated for each alternative 

5.5 Determination of Criterion Weights 

The purpose of estimating criterion weights is to express the importance of each criterion rela-
tive to other criteria (Malczewski, 1999). There are several methods available for the elicitation 
of criterion weights. Some commonly used techniques are discussed in Dassanayake and Ou-
meraci (2012b).  

For the estimation of criterion weights, the pairwise comparison method in the context of the 
analytical hierarchy process (AHP) is adopted in the current study (see section 2.3.1.3). In this 
method, the importance of each criterion relative to other criteria is considered. The relative 
importance is allocated to each criterion according to Table 2-12.  

The determination of criterion weights is carried out in two steps. First, the criterion weights 
for intangible losses (loss of life, physical injuries, mental health impacts and cultural losses) 
are calculated using the pairwise comparison matrix (Saaty, 1977). Next, the category of eco-
nomic losses is included in the same matrix, and the weights are calculated for all five criteria.  
These two steps are described in the following.  
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5.5.1 Calculation of criterion weights for intangible losses  

The pairwise comparison matrix for the intangible loss criteria is shown in Table 5-1. Among 
all the flood-related losses, loss of life represents the most important criterion (Jonkman et al. 
2003, Zhou et al. 2014) and is therefore allocated higher relative importance values against 
other losses (see Table 2-12). Further, physical injuries and mental health impacts are allocated 
the same relative importance value since mental health is considered to be as important as phys-
ical health by survey respondents of past research (Pons-Vigués et al. 2017, Kwok and Sullivan 
2008) and a higher value against cultural and environmental losses. Cultural and environmental 
losses are assumed to have the least but similar relative importance (Zhou et al. 2014) as they 
were often neglected in the past flood risk research. The reciprocal values are allocated accord-
ingly. Finally, the values in each column are summed up (Total in Table 5-1). 
 
Table 5-1: Pairwise comparison matrix for intangible losses 

Criterion Loss of life 
Physical Inju-

ries 
Mental health 

impact 
Cultural losses 

Environmen-
tal losses 

Loss of life, wLL 1 2 2 5 5 
Physical Injuries, wPI 1/2 1 1 3 3 
Mental health impact, wMH 1/2 1 1 3 3 
Cultural losses, wCL 1/5 1/3 1/3 1 1 
Environ. losses, wEnL 1/5 1/3 1/3 1 1 
TOTAL 2.40 4.67 4.67 13 13 
 

Then, the standardised pairwise comparison matrix and the corresponding criterion weight are 
calculated as shown in Table 5-2. Here, each value is divided by the total of each column and 
averaged across the row, which denotes the criterion weight.   

Table 5-2: Standardised pairwise comparison matrix for intangible losses 

Criterion Loss of life 
Physical in-

juries 
Mental health 

impact 
Cultural 

losses 
Environmen-

tal losses 
Criterion 
Weights 

Loss of life, wLL 0.42 0.43 0.43 0.38 0.38 0.41 
Injuries, wPI 0.21 0.21 0.21 0.23 0.23 0.22 
Mental health imp, wMH 0.21 0.21 0.21 0.23 0.23 0.22 
Cultural losses, wCL 0.08 0.07 0.07 0.08 0.08 0.08 
Environ. losses, wEnL 0.08 0.07 0.07 0.08 0.08 0.08 
 

Since the relative importance of the loss of life criterion is much higher than the other three 
criteria, it has the highest weight, followed by physical injuries and mental health impacts with 
equal weight.  

It is necessary to check the consistency of the judgement matrix by calculating a consistency 
ratio (CR). CR is calculated by CR = CI/RI (Saaty 2013) where CI is the consistency index of 
the matrix of judgements and RI is the consistency index of a random-like matrix (see Table 
2-17). To start the calculation of CI, each column of the comparison matrix should be multiplied 
by the respective column weight. Then the values in each row are summed up to obtain a set of 
values called weighted sum in Table 5-3. 
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Table 5-3: Calculation of weighted columns and weighted sum. 

Criterion Loss of life 
Physical in-

juries 

Mental 
health 
impact 

Cultural 
losses 

Environ. 
losses 

Weighted 
sum 

Loss of life, wLL 0.42 0.43 0.43 0.38 0.38 2.05 
Injuries, wPI 0.21 0.21 0.21 0.23 0.23 1.10 
Mental health imp, wMH 0.21 0.21 0.21 0.23 0.23 1.10 
Cultural losses, wCL 0.08 0.07 0.07 0.08 0.08 0.38 
Environ. losses, wEnL 0.08 0.07 0.07 0.08 0.08 0.38 

 
The elements of the weighted sum vector are then divided by the corresponding priority 
(weights) of each criterion as shown in Table 5-4  and the average value λmax is calculated. 

Table 5-4: Calculation of λmax 
Weighted sum from Table 5-3 Criterion Weights  Table 5-2(Priority)  

2.05/ 0.41= 5.011 
1.10/ 0.22= 5.006 
1.10/ 0.22= 5.006 
0.38/ 0.08= 5.002 
0.38/ 0.08= 5.002 

 Total 25.027 
 Divide total by 5 to obtain λmax 5.005 

 
The consistency index (CI) is calculated by; CI = (λmax – n) / (n – 1) where n is the number of 
compared elements (i.e. 5). 

Therefore, CI is calculated as; CI = (5.005 – 5) / (5 – 1) = 0.0013 

Now the consistency ratio can be calculated as; CR = CI / RI 

For n = 5, RI = 1.12 from Table 2-17, therefore, CR = 0.0013 / 1.12 = 0.0011. 

Since CR<0.10 according to the recommendation of Saaty (2013), the judgement matrix is as-
sumed to be reasonably consistent, so that the derived weights can be used for the decision-
making process. 

5.5.2 Calculation of criterion weights for intangible losses and tangible losses 

The next step is the calculation of all criterion weights, including tangible losses, based on the 
same pairwise comparison matrix used for intangible losses, but extending it to include the 
economic loss criterion (Table 5-5).  As health impacts are generally more significant than 
tangible impacts (Hammond et al., 2015), economic losses are allocated a lower relative im-
portance value than the loss of life and health impacts. 

The standardised pairwise comparison matrix (Table 5-6), including criterion weights, is then 
calculated by the same procedure adopted in section 5.5.1. Further, the onsistency ratio CR is 
calculated as 0.004, which is also less than 0.10 as recommended by Saaty (2013). 



Integration of Flood Losses and Risk Analysis   87 

   

Table 5-5: Pairwise comparison matrix for both tangible and intangible criteria 

Criterion Loss of life 
Physical in-

juries 
Mental health 

impact 
Cultural 

losses 
Environ. 

losses 
Economic 

losses 
Loss of life, wLL 1 2 2 5 5 3 
Physical injuries, wPI 1/2 1 1 3 3 2 
Mental health imp, wMH 1/2 1 1 3 3 2 
Cultural losses, wCL 1/5 1/3 1/3 1 1 1/2 
Environ. Losses, wEnL 1/5 1/3 1/3 1 1 1/2 
Economic losses, wEL 1/3 1/2 1/2 2 2 1 
TOTAL 2.73 5.17 5.17 15 15 9 

 
Table 5-6: Standardised pairwise comparison matrix for both tangible and intangible criteria 

Criterion 
Loss of 

life 
Physical 
injuries 

Mental 
health 
impact 

Cultural 
losses 

Environ. 
losses 

Economic 
losses 

Criterion 
Weights 

Loss of life, wLL 0.37 0.39 0.39 0.33 0.33 0.33 0.36 
Physical injuries, wPI 0.18 0.19 0.19 0.20 0.20 0.22 0.20 
Mental health imp, wMH 0.18 0.19 0.19 0.20 0.20 0.22 0.20 
Cultural losses, wCL 0.07 0.06 0.06 0.07 0.07 0.06 0.07 
Environ. Losses, wEnL 0.07 0.06 0.06 0.07 0.07 0.06 0.07 
Economic losses, wEL 0.12 0.10 0.10 0.13 0.13 0.11 0.12 

 

5.6 Decision Rules 

A decision rule is a procedure that allows for ordering alternatives (Malczewski, 1999). It inte-
grates the data and information on alternatives and decision-maker’s preferences into an overall 
assessment of the alternatives.  

In this study, a multi-attribute value functions approach is selected (see Section 2.3.1.3 and Eq. 
2.1). Single attribute value functions are selected for each category of losses: (i) for loss of life 
- a Boolean function, (ii) for physical injuries and mental health impacts - a linear function (iii) 
for cultural losses – piecewise linear value function, (iv) for environmental losses – a linear 
value function and (v) for economic losses - an exponential value function. The selection crite-
ria of each value function with their underlined assumptions are described in the following.  

In this study, the pairwise comparison method in the context of the analytical hierarchy 
process (AHP) is applied for the derivation of criterion weights. Here, the preferences are 
allocated to criteria based on examples from past studies and the author’s judgements. 
Therefore, the criterion weights are prone to uncertainty due to behavioural bias. The general 
practice to minimise these uncertainties is the incorporation of stakeholders or a group of 
experts for the elicitation of criterion weights, which is impractical in this study due to the 
resource limitations. Moreover, instead of deriving precise weights, some research studies 
focus on alternative imprecise weight elicitation techniques (e.g. Diaby et al. 2016) and de-
rive weight intervals for minimising preferential uncertainties. 
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5.6.1 Value function for loss of life – VLL(x) 

For the value function for loss of life, it is proposed to have a Boolean-type function. The main 
assumption underlying this function is that people are more concerned about whether there is 
any threat to life than about how many people will die, i.e. even a single loss of life due to 
flooding is not acceptable for the community. Therefore, the value VLL(x) becomes 1 when the 
loss life is 1 or more (as in Figure 5-4). Then the value function for loss of life can be written 
as eq. 5-1: 

      nxwhere
x

x
xVLL ,...2,1,0

)1(1

)0(0
)( 








                                         (5-1) 

 
Figure 5-4: Value function for loss of life 

5.6.2 Value function for health impacts: physical injuries - VPI(x) and mental health im-
pacts - VMH(x) 

In the derivation of a value function for health impacts, all individuals are considered to be 
valued equally, whether young or old, employed or unemployed (Keeny 1980). Therefore, the 
value function for health impacts is proposed to have a linear relationship (Figure 5-5). Here, 
xmax can be taken as the average population per grid cell. 

 
Figure 5-5: Value function for physical and mental health impacts 
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5.6.3 Value function for cultural losses – VCL(x) 

A piecewise linear single dimensional value function is adopted in this analysis for the deriva-
tion of values for the cultural losses since the cultural losses are assessed in a score of 0 to 5 as 
described in Chapter 3 and Dassanayake and Oumeraci (2012b). Values are determined by a 
value increment approach (see Figure 5-6) since the losses are from recoverable (score 1) to 
unrecoverable (score 5) as given in Section 3.1.3.  Therefore, the smallest value increment is 
taken as 1/15 (say ∆), and the subsequent value increments are 2/15, 3/15, 4/15 and 5/15, re-
spectively, which can be given by multiples of ∆, i.e. 2∆, 3∆, 4∆ and 5∆. The sum of all value 
increments amounts to 1. 

   
Figure 5-6: Piecewise linear values function for cultural losses. 

5.6.4 Value function for environmental losses – VEnL(x) 

Environmental losses, in terms of ecosystem services losses, are assessed in a score of 0 to 3, 
as described in Chapter 4. The level of loss (1-low, 2-medium and 3-high) are expressed based 
on the physical level of the ecosystem service changes (no or slight loss, minor and major) and 
its effective duration (as a short-, medium- or long term). A linear value function is assumed 
for environmental losses (Figure 5-7) as in Meyer (2007), which adopted a linear scale trans-
formation for environmental risk criteria in his flood risk assessment study. 

 
Figure 5-7: Linear values function for environmental losses. 
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5.6.5 Value function for economic losses – VEL(x) 

S-shaped value function for economic gains and losses was introduced by Kahneman and 
Tversky (1979). Linear, power and exponential value/utility function are widely used in eco-
nomics (Maggi 2004, Köbberling and Wakker 2005, Abdellaoui et al. 2008). Therefore, a mon-
otonically increasing exponential value function is considered, which aligns with the shape of 
the value function introduced by Kahneman and Tversky (1979) for losses. For the derivation 
of the exponential function, it is necessary to define a minimum value for the attribute x (xmin) 
and a maximum (xmax). As flood-prone areas can be flooded without any economic losses, the 
minimum value xmin is therefore taken as zero. Generally, in the standardisation process of 
MCA, the maximum attribute value of the considered dataset is allocated the maximum util-
ity/value, 1 (in this case, it can be the value of the cell with the maximum economic loss). 
However, this method is not suitable for this study, as the maximum economic losses for dif-
ferent flooding scenarios are different. Therefore, it is proposed to have a general maximum 
value for all scenarios, which is independent of the estimated values of economic losses but 
based on the worth of the total economic assets in the area. However, the worth of the economic 
assets is assumed to be dependant on the income of the people and the population of the area. 
Therefore, xmax is calculated based on the gross national income (GNI) per capita and the max-
imum population per grid cell as in eq. (5.1): 

 
                maxmax PGNIx                                (5-2) 

where, GNI = Gross national income per capita and  Pmax = Maximum population per grid cell. 
If the total economic loss is greater than the value derived by the above calculation, then the 
value is taken as V(x) =1. Otherwise, the V(x)-value is taken from the exponential function 
derived below. 

The exponential function for monotonically increasing values is given by eq. (5.2): 
 
for ρ ≠ ∞                                                    (5-3) 

 
where ρ is referred to as the exponential constant (Garvey, 2009).  

The next step is to determine the mid-value for the economic loss criterion for the calculation 
of ρ. Here, it is assumed that when the economic losses increase, the rate of the value increment 
will decrease. Therefore, the mid-value is assumed to be reached at 30% of maximum attribute 
value xmax. Hence, ρ is calculated by, 

                                 (5-4) 

 

Solving eq. (5.3) using spreadsheets, ρ = 55.52. Then the corresponding exponential equation 
would be, 

                        (5-5) 

 





/)(

/)(

minmax

min

1

1
)(

xx

xx

X
e

e
xV 
















/)100(

/)30(

/)0100(

/)030(

1

1

1

1
5.0)30(

















e

e

e

e
VEL











%1001

%100)1(1976.1
)(

52.55/

xfor

xfore
xV

x

EL



Integration of Flood Losses and Risk Analysis   91 

   

Using the eq. (5.4), a value can be obtained for the economic loss of each raster cell considering 
its percentage of the product of GNI per capita and the population per cell (Figure 5-8).  

 
Figure 5-8: Value function for economic losses 

If a flood has net economic benefit rather than a loss, for example, annual Nile River floods 
provide enough nutrients and moisture suitable for growing crops (Failla, 2014), then the value 
function should be modified as eq. (5.5) to obtain a minus value for the economic loss. How-
ever, no economic benefits of flooding are considered in this study. 

                            (5-6) 

 

5.6.6 Standardisation of criterion maps with value functions  

Once the value functions are selected and modified based on the available data by the decision-
maker, they are incorporated for the standardisation of the criterion maps of flood losses, i.e. 
the estimated flood loss in each raster cell of the criterion maps is converted to a value between 
0 and 1, which is assigned according to the decision-maker’s preferences through the related 
value function. An example for the standardisation of criterion maps of flood losses according 
to the selected value function is illustrated in Figure 5-9. In this illustration, only the value 
functions with different shapes are presented (i.e. the value functions for mental health impacts 
and environmental losses are similar to the value function of physical injuries and therefore not 
illustrated in Figure 5-9) 
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Figure 5-9: Example illustration of standardisation of criterion maps of flood losses using value functions: (a) loss 

of life using Boolean value function, (b) physical injuries using linear value function, (c) cultural losses 
using piecewise linear value function and (d) economic losses using exponential value function. 
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Section 5.6 describes the incorporation of single-attribute value functions for the considered 
flood loss categories of this study. In general, for the elicitation of value functions, public/ 
experts/ focused group participation is incorporated (e.g. Ferretti and Comino 2015). How-
ever, as the stakeholder participation is impractical in this study due to time and resource 
constraints, the value functions are elicited mainly based on the author’s judgements, on a 
few previous examples and numerous assumptions.  

A Boolean value function is selected for loss of life based on the assumption that even a 
single loss of life due to flooding is not acceptable for the community. This value function 
may contradict with other research studies that assume linear value function (e.g. Suresh 
2019) for fatality. However, the flood risk management should focus on complete avoid-
ance of mortality due to flooding. Therefore, this study considers that a single death reaches 
the highest value (one) of the value function. The value functions for physical injuries and 
mental health impacts are proposed to have a linear relationship assuming all lives are 
equally valuable, whether young or old, employed or unemployed. Suresh (2019) also used 
a linear value function for injuries and mental health. For the cultural losses, a piecewise 
linear single dimensional value function (with value increment) is adopted, merely based 
on the assumption that the level of recoverability of losses decreases with the increasing 
level of loss. A linear value function is assumed for environmental losses, which is similar 
to Meyer (2007) and Suresh (2019) who adopted a linear value function for environmental 
impacts. Moreover, an exponential value function is selected for economic losses, which 
agrees with the shape of the value function introduced by Kahneman and Tversky (1979) 
for losses and with Suresh (2019). 

As an alternative to deriving several value functions, a simple linear scale transformation 
for all attributes can be employed (as in Meyer 2007, Behanzin et al. 2015). This method is 
the simplest form of value functions and does not require experts’ opinions on their deriva-
tion and therefore, it is easily applicable to any study. However, it does not reflect the peo-
ples’ real judgements of expected flood losses and is hence suitable only for preliminary 
analyses.      

It is common practice to select the minimum and maximum values (0 and 1) for eliciting 
value functions based on the available data set. This method is, however, not appropriate 
for this study since several flooding scenarios with associated losses are considered. There-
fore, a new method to select suitable minimum and maximum values is proposed, based on 
the demographic and social characteristics of the considered region. This new method is 
helpful for the comparison of the integrated loss levels of different flooding scenarios and 
can be incorporated in such comparative analyses in future studies. However, more research 
is needed to further develop and validate of these value functions, especially by incorporat-
ing stakeholder participation to avoid related uncertainties. 
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5.7 Aggregation of Criteria and Ranking/ Scoring of Alternatives 

Once the criterion weights (wi) for all losses are determined, and the standardised criterion maps 
(SCM) are produced, the final loss of each alternative (i.e. each grid cell) is calculated according 
to the multi-attribute value function – weighted sum method in Eq. 2.1 and Figure 2-10 (Step 1 
– Step 3), and the aggregated loss map (ALM) is generated. In the ALM, each grid cell contains 
a value between 0 and 1 to represent the aggregated flood loss. 

This study focuses on the determination of areas with high flood losses. Ranking of grid cells 
(Step 4 in Figure 2-10) in MCA is not necessary in this case. Instead, a scoring method is 
adopted to define the level of flood losses in grid cells. Here, five levels of score (1-very low, 
2-low, 3-medium, 4-high and 5-very high) are defined based on the aggregated flood loss value 
in each grid cell (Table 5-7), and the level of aggregated loss in each cell of aggregated loss 
map is presented for five weighted standardised flood loss categories (Figure 5-10).   

Then the aggregated flood loss in each grid cell is directly combined with the flooding proba-
bility (Pf) of each cell to determine the flood risk level of each cell.  

 
Figure 5-10: Aggregation of the GIS maps for five weighted standardised flood loss categories. 

Table 5-7: Allocation of a score for the final aggregated value. 
Aggregated value Score 

0 0 - no loss 
0.01 – 0.20 1 - very low 
0.21 – 0.40 2 - low 
0.41 – 0.60 3 - medium 
0.61 – 0.80 4 - high 
0.81 – 1.00 5 - very high 
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5.8 Uncertainty Analysis and Sensitivity Analysis 

Uncertainty analysis aims to quantify the overall uncertainty associated with the model re-
sponse as a result of uncertainties in the model input, while sensitivity analysis studies how 
much each individual source of uncertainty contributes to the output variance (Saisana et al. 
2005). This section discusses the suitable methods for the uncertainty and sensitivity analyses 
in relation to multi-criteria decision-making (MCDM) approach of this study. 

5.8.1 Uncertainty analysis 

There is a great deal of uncertainty involved in MCDM. The sources, level and nature of un-
certainty are defined in several ways (Mosadeghi et al. 2012, Wagenaar et al. 2016). Different 
sources of uncertainty in MCDM are illustrated in the literature. These cover uncertainties aris-
ing from (1) problem framing and structuring – which concerns the definition of the decision 
problem and boundary conditions, a stakeholder analysis to establish participation, and the de-
velopment of the system of objectives and a set of alternatives for evaluation, (2) attribute pre-
diction - attribute levels of each decision alternative based on the assessment process, and 
(3) components of the preference model, i.e. (3a) structural uncertainty including the choice of 
hierarchical aggregation functions and the form of the value / utility functions, and (3b) param-
eter uncertainty - uncertainty corresponding to aggregation parameters (weights) (Scholten et 
al. 2014, Broekhuizen et al. 2015). However, most uncertainty analyses focused only on the 
aforementioned third source of uncertainty (performance of attributes and weights). Some ex-
amples of such studies are provided in de Brito and Evers (2016) and Galarza-Molina and 
Torres (2019).  

To deal with uncertainty associated with elicitation of criterion weights using pairwise compar-
ison in the analytic hierarchy process (AHP), many researchers have used interval ratio judg-
ments to elicit the decision-maker’s preferences instead of adhering to precise ratio judgments 
(Ahn, 2016). In this context, fuzzy set approaches (e.g. Fuzzy AHP in Kubler et al. 2016) and 
simulation-based approaches (e.g. integrated AHP-stochastic multi-criteria acceptability anal-
ysis in Durbach et al., 2014) are widely used. Moreover, different tools have been developed to 
include uncertainty analysis in numerous MCDM studies. For example, ELICIT is an imprecise 
weight elicitation technique developed for multi-criteria decision analysis of healthcare by Di-
aby et al. (2016), which includes the rank ordering of evaluation criteria based on decision-
maker’s preferences and the estimation of the criteria weights and their respective standard 
deviations and 95% credibility intervals using the variable interdependent analysis and the 
Monte Carlo method.  

Moreover, numerous methods to handle the uncertainties associated with aggregation functions 
and value functions are also adopted in previous studies. For example, Shakirov (2019) consid-
ers constructing a fuzzy single-attribute value function (FSAVF) and enabling the decision-
maker to describe his preferences by fuzzy numbers. Another method to deal with uncertainty 
of value functions is to include probability distributions, and the shape parameter of the single-
attribute value functions is also probabilistically described (Scholten et al. 2014). 

Therefore, the uncertainty analysis of MCDM should be carried out in several steps. First, to 
address the uncertainties due to behavioural bias of the decision-maker and improve the MCA 
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decisions, stakeholder participation should be included together with selecting the best suitable 
group of stakeholders and providing precise information on the decision problem. Then to deal 
with uncertainty arising from stakeholder preferences in the MCDM process, suitable ap-
proaches should be selected based on the study parameters. However, no uncertainty analysis 
is performed in this study due to the lack of necessary data and resources. 

5.8.2 Sensitivity analysis 

Sensitivity analysis (SA) is carried out to test the robustness of the results for the slight changes 
of input data (Chen et al., 2010). SA provides a way for decision-makers to determine the inputs 
that the outputs are most dependent on. Numerous methods are available for SA (a comprehen-
sive list of SA techniques and literature is provided in Chen et al. 2013), but the most popular 
SA practice in literature is that of “one-factor-at-a-time” (OAT) (Ferretti et al. 2016). OAT is 
methodologically simple, computationally cheap, and easy to develop (Chen et al. 2013, Al-
Mashreki et al. 2011).  

In this study, OAT method is used to measure the sensitivity of input parameters to the final 
output of the MCDM process. SA procedure adopted here consists of two steps:  

1. SA of criterion values: here, the most important criteria are selected, and a slight change 
is introduced to each selected criterion one at a time. After each change of criterion 
values, the output is calculated, and the corresponding sensitivity is quantified (as a 
percentage change from the original output value) 

2. SA of criterion weights: in this case, a small change is introduced to one criterion weight, 
and remaining weights are adjusted without modifying the hierarchy. Then the output 
is calculated, and the level of sensitivity is quantified. The same procedure is repeated 
for the most important criterion weights. 

Moreover, sensitivity analysis can be performed to test the sensitivity of selected grid resolution 
in the raster GIS maps in spatial MCA. In this case, different grid resolutions should be incor-
porated for the criterion maps. 

The results of the SA performed for the case study in Hamburg-Wilhelmsburg carried out for 
the integration of flood losses within a multi-criteria analysis are provided in Section 6.3.2.10. 

5.9 Summary, Discussion and Concluding Remarks 

This chapter focused on developing a methodology for integrating of tangible and intangible 
flood losses, in order to properly include the intangible losses in flood risk analysis. To achieve 
this objective, a combined multi-criteria analysis (MCA) approach is developed based on multi-
attribute utility theory (MAUT) and the analytical hierarchy process (AHP). 

The developed methodology for the integration of tangible and intangible flood losses is a GIS-
based multi-criteria analysis (MCA). Although several MCA approaches are available, the fo-
cus is on the approaches, which can be performed in the GIS environment. Among the diverse 
methods available, MAUT-value functions approach is selected and applied for this study, due 
to its ability to aggregate the different losses with properly standardised criterion values and 
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calculated criterion weights. Here, value functions are developed for each criterion for the 
standardisation of the criterion values. Further, several weighting methods, which were fre-
quently used in previous studies, are briefly summarised. For the estimation of criterion weights 
in this study, the pairwise comparison method of AHP was selected (Section 5.5), since this 
approach not only rank the different criteria, but also determines the relative importance of each 
criterion. For the multi-criteria analysis, direct economic losses and five categories of intangible 
losses (i.e. loss of life, physical injuries, mental health impacts, cultural losses and environmen-
tal losses) are selected as the evaluation criteria.  

The main advancement of this study is the development of value functions for the standardisa-
tion of criterion values (Section 5.6), which enable the calculation of criterion values by incor-
porating more systematically the decision-maker’s estimations, in contrast to most previous 
studies that used linear scale transformation due to its simplicity. For the standardisation of 
economic losses, an exponential value function is selected, which aligns with the shape of the 
value function introduced by Kahneman and Tversky (1979). In defining the exponential value 
functions, a minimum and a maximum value should be allocated the value 0 and 1, respectively. 
Generally, this is carried out by assigning the minimum value of the available data set of crite-
rion values to 0 and the maximum value of the data set to 1. In this study, although the estima-
tion of the value for 0 (VX = 0) is similar to the previous studies on MCA, it is proposed to 
consider a different methodology for selecting of a value for VX = 1. The reason is that this 
methodology should be scenario invariant, and therefore should not be dependent on the data 
of a specific flood case. Thus, it is suggested to assume that the maximum economic loss de-
pends on the total economic assets in the area, which is further assumed to depend on the income 
of the people and the population of the area.   

For the value function for loss of life, it is proposed to have a Boolean-type function. The main 
assumption underlining this function is that people are more concerned about whether there is 
any threat to life rather than how many lives will be lost. That means even a single loss of life 
due to flooding is not acceptable for the community. The value functions for physical injuries 
and mental health impacts are proposed to have a linear relationship. It is assumed that all the 
people are valued equally, whether young or old, employed or unemployed and the severity 
level of the health impacts is not considered. Assuming the population as evenly distributed in 
the area, the maximum attribute value (for VX = 1) is calculated as the average population per 
grid cell. A piecewise linear single dimensional value function (with value increment) is 
adopted in this analysis to  derive of values for the cultural losses since the cultural losses are 
assessed in a score of 0 to 5. Further, a linear function is assumed for the environmental losses, 
which is assessed in a score of 0 - 3. 

Generally, the MCA procedure is carried out to rank the alternatives and select the best option. 
However, in this case the concept and the steps of MCA are adopted to aggregate different flood 
losses, which are measured in different units. Thus, in the final step of the MCA, ranking alter-
natives (in this case, grid cells) is unnecessary, and instead, a scoring of the grid cells based on 
their aggregated value is proposed. Further, the aggregated loss values can be directly combined 
with the flooding probabilities of each cell to determine the flood risk level for each grid cell. 

The selection of the MCA approach as well as the selection of the weighting method mainly 
depends on their strengths and limitations. Yet, once an appropriate MCA approach and a 
weighting method are selected, the decision-maker’s preferences need to be incorporated to 
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proceed further. For example, in the elicitation of weights, the decision-maker has to make 
decisions on the relative importance of each criterion. However, the relative importance of the 
same criteria can be different from one person to another according to the individual main field 
of interest. For instance, an economist may put more weight on tangible losses, while an ar-
chaeologist may think cultural losses are more important. Therefore, the relative importance of 
criteria and weights may differ from one study to another according to the decision-maker’s 
preferences. 

The MAUT value function approach proposed in this study can be incorporated in similar stud-
ies to integrate flood losses. The selected multi-attribute value function – weighted sum method 
with the assumption of mutual preference independence, is applicable when the preference of 
one criterion can be explicitly expressed over another criterion. For example, in this study, 
decision-makers consider the fatality criterion to be more important than economic loss crite-
rion. Other similar studies on flood losses may define sub-criteria within the main criteria, for 
example, physical injuries: children/ adults and types of mental health impacts: anxiety/ post-
traumatic stress disorder - PTSD. Then, one may assign the level of importance as injured chil-
dren with anxiety is more important than injured adults with PTSD. In that case, mutual pref-
erence independence does not exist among these criteria, and therefore, the proposed form of 
multi-attribute value function is not applicable. 

As mentioned above, several conditions are to be fulfilled for the validity of the proposed ap-
proach. Three essential conditions are given in Table 5-8, including the possible implications if 
those conditions are not met and the recommendations for such cases. 

Table 5-8: Conditions to be met for the validity of the proposed multi- attribute value function approach for the 
integration of flood losses 

Conditions to be met for 
the validity 

Implications, if the conditions 
are not met Recommendations 

1. Mutual preference inde-
pendence of criteria 

Multi- attribute value function – 
weighted sum method is not appli-
cable 

Instead of using the additive model, 
other models that do not require mutual 
preference independence should be 
used. E.g. decomposable model / gener-
alized additive independence (GAI) 
model (Grabisch and Labreuche 2016) 

2. Assumed certainty of the 
outcome  

Single-attribute value functions 
are not applicable 

If uncertainty of performance value with 
respect to attribute is considered, utility 
functions should be derived. 

3. Possibility of stakeholder 
participation 

Value functions and weights with 
behavioural bias of the decision-
maker are elicited. 

Suitable groups of stakeholders should 
be involved/ uncertainty analysis 

 

The proposed multi- attribute value function approach has several strengths and limitations as 
shown in Table 5-9. 

Before applying the value functions proposed here in any similar study, extreme care should be 
taken for validating the (i) shape of the value functions, (ii) value ranges (methods of selecting 
minimum-maximum values of the value function), and (iii) the numerous assumptions behind 
each value function. For this purpose, experts’ opinions should be integrated into developing 
of value functions relevant to the study. 
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Table 5-9: Strengths and weaknesses of the proposed multi- attribute value function approach 
Characteristics of the 

approach 
Strengths Weaknesses Implications for future 

research 
Criterion weights by 
pairwise comparison 
method 

Easy to apply, allow de-
cision-makers to weight 
coefficients and compare 
alternatives with relative 
ease, procedure substan-
tially reduces the com-
plexity of decision-mak-
ing since only two com-
ponents are considered at 
any given time. 

Individuals' ability to 
compare is assumed 

Should be validated by 
stakeholder participation 

The shape of the single-
attribute value functions 

Reflects decision-makers 
judgement  

Based on assumptions 
and few previous exam-
ples 

Should be validated by 
stakeholder participation 

Derivation of value lim-
its (max and min values) 
of single-attribute value 
functions 

Scenario invariant Rough estimations based 
on demographic and so-
cio-economic data 

Should be systematically 
derived with field data. 

Multi-attribute value 
function - weighted sum 
method 

Easy calculations Several conditions to be 
met for the application 
(see Table 5-8) 

Suitable for similar stud-
ies 

 
One of the major challenges encountered in this integration methodology is the calculation of 
criterion weights. The criterion weights mainly depend on the decision-maker’s preferences on 
the criteria. In practice, the definition of the relative importance of criteria should be carried out 
by a group of experts from different research fields to minimise the uncertainty around decision-
maker’s judgements. Then, a reasonable set of criterion weights, which incorporates a collective 
effort and ideas, might be defined.  

The other main challenge is to define the maximum attribute values, xmax, in value functions for 
VX = 1. In this study, several assumptions had to be made for simplicity. Future studies may 
focus on adopting more comprehensive methods to define these values. For example, the xmax 

for economic losses was calculated based on the assumption that the worth of the total economic 
assets in the area depends on the income of the people and the population of the area. A future 
study may consider calculating the actual worth of the economic assets in the area. 

This study integrated the tangible and intangible losses in a MCA as the different criteria have 
different measuring units. The other option is the calculation of all the intangible losses in mon-
etary terms (available approaches for the monetary valuation of intangible losses were presented 
in Chapter 2). This will enable the integration of losses in a cost-benefit analysis (CBA) frame-
work. Extending this integration to incorporate environmental losses can also be a main con-
sideration of future research.  

The incorrect use of simplified approaches such as AHP might lead to meaningless results by 
wrong interpretations, as well as to misleading results by defining improper ranking and rela-
tionships. These can be avoided through careful consideration of the fundamentals and implicit 
assumptions underlying such simplifying methods. 

The application of MCA approaches is always associated with uncertainties, especially in de-
cision-makers preferences and knowledge, which affects method selection, identification of 
evaluation criteria, and weights. Studies suggest several methods to include uncertainties in 
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complex decision-making problems: (i) by necessarily incorporating stakeholder participation 
to address the uncertainties due to behavioural bias of decision-maker and (ii) by applying suit-
able approaches such as fuzzy set approaches and simulation-based approaches to deal with 
uncertainty arise from preferences. Due to the lack of the necessary data and resources, this 
study does not perform an uncertainty analysis in the case study. However, a sensitivity analysis 
is carried out to test the robustness of the results for the slight changes of input data (i.e. criterion 
values and weights) using the “one-factor-at-a-time” (OAT) method.  
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6 Application of the Proposed Methods for Two Study Sites in 
Hamburg and Sylt 

This chapter aims at performing case studies to apply the proposed methods for the evaluation 
of intangible losses for the two pilot sites: Hamburg-Wilhelmsburg and Sylt (Figure 1-2) con-
sidered in the XtremRisK project (Oumeraci et al. 2015) and for the integration of tangible and 
intangible losses.  

Hamburg-Wilhelmsburg is selected as the primary pilot site for this study, and all the methods 
proposed for the evaluation of intangible social losses in Chapter 3 are applied for this site. 
Since Hamburg-Wilhelmsburg mainly consists of residential, industrial and agricultural zones, 
the area of the natural environment is insignificant. Therefore, Hörnum - Sylt is selected as the 
secondary pilot site to illustrate the method proposed for the evaluation of environmental losses 
in Chapter 4. Yet, data required for the assessment of social losses are not available in Hörnum. 
Hence, for the application of the integration method proposed in Chapter 5, Hamburg-Wil-
helmsburg is selected. However, no environmental losses are available in this pilot site, and no 
alternative pilot sites with the data for the evaluation of both social and environmental losses 
are available. Accordingly, the exemplary study on integration is limited to the aggregation of 
tangible and intangible social losses, which is the main limitation of this study. An ideal site for 
a complete study for applying all proposed methods, should comprise the required data for the 
evaluation and integration of all flood losses (economic, social and environmental losses) as 
well as post-flood survey results for validation.  

Chapter 6 comprises following sections: Section 6.1 illustrates the storm surge scenarios used 
in the XtremRisK project and flood modelling results using MIKE 21. Section 6.2 presents the 
case study performed for the evaluation of environmental losses in Hörnum – Sylt. In this case, 
only a preliminary application of the proposed method is presented. In Section 6.3, the case 
study carried out in pilot site Hamburg-Wilhelmsburg is presented. First, the proposed methods 
for the non-monetary evaluation of intangible social losses are applied (Section 6.3.1). Then, 
an exemplary analysis for the proposed integration method in Chapter 5 is carried out (Section 
6.3.2). In this analysis, the proposed integration method is modified to exclude environmental 
losses as they are insignificant in the study area and therefore not estimated.  

Moreover, the monetary valuation of two main intangible loss categories (loss of life and phys-
ical injuries) is performed, and the areas with integrated monetary and non-monetary loss levels 
are compared (Section 6.3.3). The monetary valuation of other intangible loss categories (men-
tal health impacts, cultural and environmental losses) is not performed within this case study 
due to the time and resource constraints and lack of appropriate methods and knowledge. Fi-
nally, based on the major intangible loss categories in Hamburg-Wilhelmsburg, the flood risk 
is analysed and presented for different storm surge scenarios (Section 6.3.4), followed by the 
concluding remarks (Section 6.3.5). 
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6.1 Storm Surge Scenarios and Flood Modelling for Both Study Sites 

This section first briefly presents the development of storm surge scenarios based on past storm 
surge events in the North Sea. Next, the key results of flood depths and flow velocities were 
computed by using the flood model MIKE 21 for two basic storm surge scenarios and two pilot 
sites, which were both considered in the XtremRisK Project (Oumeraci et al. 2015) are pro-
vided. 

6.1.1 Storm surge scenarios based on past storm surge events 

The extreme storm surge is calculated by adding the highest observed values of each storm 
surge component in due consideration of their non-linear interaction investigated in this study 
and adding the resulting value to the mean high tide (Gönnert and Sossidi, 2011). Several ex-
treme storm surge scenarios for the two pilot sites of XtremRisK: Hamburg and Island of Sylt, 
under current and future climate change conditions were determined within Sub-project 1 of 
XtremRisK. The flooding scenarios for Hamburg were developed based on the previous storm 
surges, which occurred in 1976 and 1990.  

The storm surge scenario HH_XR2010A was developed based on the storm surge on 
03.01.1976 with a wind surge of 370 cm at high tide. This basic data was superposed with the 
highest components of the event at Cuxhaven, a maximum external surge (external surges are 
generated in the North-eastern Atlantic due to of air pressure variations that are generated by 
fast passing cyclones, Gönnert and Sossidi, 2011) of 77 cm and a maximum spring tide eleva-
tion of 61 cm, which has an effective height of 10 cm. The resultant storm surge led to peak 
water levels of +6.10mNN at Cuxhaven and +8 mNN in St. Pauli, Hamburg (considering a 
water inflow of the Elbe as Q=3600m3).  

The basis for the storm surge scenario HH_XR2010B is the storm surge of 27./28.02.1990, 
which had three or more storm surge peaks immediately after each other. Taking into account 
the high tides, the peak water level for Hamburg was estimated as +7.08mNN for the scenario. 
To calculate the storm surge scenario HH_XR2010C, the 1976 storm surge was considered with 
a wind surge of 616 cm and a chain tide with three storm surge peaks. Then the water levels in 
Cuxhaven were estimated as +4.05mNN, +6.50mNN and +4.19mNN and in St. Pauli as 
+5.71mNN, +8.64mNN and +5.51mNN. Furthermore, flooding probabilities were estimated 
subprojects 1 and 2 of XtremRisK project (Wahl et al. 2015 and Naulin et al. 2015). Table 6-1 
summarises the main storm surge scenarios developed for Hamburg, which were used in this 
project (Oumeraci et al. 2012, Gönnert et al. 2012). 

The storm surge scenarios for the Island of SyltTable 6-2 were developed based on the storm 
surges that occurred in 1981, 1990 and 1976 (Table 6-2). The scenario SY_XR2010A was de-
veloped based on the North Frisian Flood on 24.11.1981, which had three storm surge peaks 
that occurred immediately after one another. The storm surge scenario SY_XR2010B was de-
veloped based on the storm event of 26.02.1990 and SY_XR2010C on the event of 03.01.1976. 
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Table 6-1: Storm surge scenarios for Hamburg-Wilhelmsburg 

 HH_XR2010A HH_XR2010B HH_XR2010C 

Peak water level at the 
gauge Hamburg St. Pauli  

NN + 8.00 m NN + 7.08 m NN + 8.64 m 

Maximum overtopping 
rate [l/(s∙m)] 

660 2 2,260 

Total overtopping 
volume [m³] 

~ 7.2 million ~ 7300 ~ 120 million 

Flooding probability     
(Pf, in 1/year) 

7.72 ∙ 10-6 8.09 ∙ 10-8 5.30 ∙ 10-8 

 
Table 6-2: Storm surge scenarios for the Island of Sylt 

 SY_XR2010A SY_XR2010B SY_XR2010C 

Peak water level  NN + 5.13 m NN + 4.47 m NN + 4.89 m 
Total overtopping  
volume [m³] 

~ 2000  ~ 300 ~ 800 

Flooding probability     
(Pf, in 1/year) 

5.38 ∙ 10-6 7.09 ∙ 10-5 3.06 ∙ 10-4 

6.1.2 Key results of flood modeling using MIKE21  

Based on the storm surge scenarios developed in the XtremRisK project, probable floods in the 
project area are modelled in the present study. The flood depths and flow velocities serve as 
input parameters for the modelling of tangible and intangible damage. For this purpose, 
MIKE 21 Hydrodynamic Model (DHI 2017) is adopted.  

Hamburg-Wilhelmsburg 

Figure 6-1 and Figure 6-2 illustrate the computed flood depths and flow velocities in Hamburg-
Wilhelmsburg for two significant storm surge scenarios identified from Table 6-1: 
HH_XR2010A and HH_XR2010C. The storm surge scenario HH_XR2010B is omitted as it 
comprises lower storm surge parameters than those of the other two scenarios. 

Figure 6-1 shows a maximum flood depth of 4.61m and a maximum flow velocity of 3.69 m/s 
for the scenario HH_XR2010A. Flood depth is less than 1.5m for the majority of the Hamburg-
Wilhelmsburg area. Only a very few places experience the flood depths of more than 3.0m. 
Flood velocities for this flooding scenario are less than 2 m/s for almost all the flooded areas. 

Figure 6-2 shows a maximum flood depth of 8.44 m and a maximum flow velocity of 3.80 m/s 
for the scenario HH_XR2010C. Flood depth is more than 4m for the majority of the Hamburg-
Wilhelmsburg area. Flood velocities for this flooding scenario are less than 2 m/s for most of 
the area, similar to HH_XR2010A. However, the flooded area is clearly more in HH_XR2010C 
than HH_XR2010A. 
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Figure 6-1: Computed (a) flood depths and (b) flow velocities in Hamburg-Wilhelmsburg using MIKE21 for sce-

nario HH_XR2010A. 

 
Figure 6-2: Computed (a) flood depths and (b) flow velocities in Hamburg-Wilhelmsburg using MIKE21 for sce-

nario HH_XR2010C. 

Hörnum, Sylt 

Figure 6-3 exemplarily illustrates the computed flood depths and flow velocities in Hörnum, 
Sylt for the severest storm surge scenario identified from  

Table 6-2.  

Table 6-1

 

Figure 6-3: Computed (a) flood depths and (b) flow velocities in Hörnum, Sylt using MIKE21 for scenario 
SY_XR2010A. 
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As shown by Figure 6-3, the flood depth may rise up to 7.5m and the flow velocity may increase 
up to 1 m/s for the scenario SY_XR2010A. The results of the flood modelling can be incorpo-
rated for the damage estimations within the flooded area.  

 

6.2 Case Study Hörnum, Sylt: Implementation of the New Method for the 
Evaluation of Environmental Losses  

The method proposed in Chapter 4 (Figure 4-1) for estimating environmental losses based on 
losses of ecosystem services is applied in this section. The proposed method consists of two 
main steps. First, the ecosystems and their services in the considered area are identified. Based 
on storm surge data, damages of ecosystems and the associated ecosystem services losses are 
then estimated. An exemplary analysis of the damages of beach and dune ecosystems and the 
level of losses of coastal protection (regulation service) and tourism (cultural service) is per-
formed in the pilot site Hörnum, Sylt. 

6.2.1 Study area - Hörnum, Sylt 

Despite few small settlement areas, Hörnum consists of a large area with diverse ecosystems 
such as beaches, dunes, heathland and sparsely vegetated areas. Among the ecosystems in Hör-
num, beaches and dunes provide the most critical ecosystem services for the region. Sandy 
beaches and high dunes provide coastal protection services for the inhabitants as well as recre-
ation and tourism services for a large number of visitors. Figure 6-4 illustrates few example 
beach and dune profiles along the coastline of Hörnum from the data obtained from LKN-SH 
(Landesbetrieb für Küstenschutz, Nationalpark und Meeresschutz - Schleswig-Holstein). The 
data shows that the area contains dunes up to 23m (from MSL) high. 

As beaches and dunes play a significant role in the regulation ecosystem service, an exemplary 
study for the evaluation of losses of these services of beach and dune ecosystems is carried out 
in this section. 

Case studies are carried out in two pilot sites: Hamburg- Wilhelmsburg and the Island of 
Sylt, which were considered in the ‘XtremRisK’ project. Using two storm surge scenarios 
developed in the XtremRisK project (based on past storm surge events in the North Sea), the 
storm surge-induced flood in both pilot sites is modelled based on the hydrodynamic code 
MIKE 21. As a result, maps of the flood depths and flow velocities for both sites and sce-
narios are obtained, which are required to determine the associated flood losses and flood 
risk.  
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Figure 6-4: Beach and dune profiles in Hörnum, Sylt (Source: LKN-SH). 

6.2.2 Estimation of damages to beach/dune ecosystems using XBeach 

Beach/ dune ecosystem damages along the coastline of Hörnum, Sylt is carried out using 
XBeach model.  The storm surge scenarios SY_XR2010A and SY_XR2010B with a peak water 
level of 5.13mNN and 4.47mNN respectively at Hörnum is selected for the estimation of 
beach/dune ecosystem damages under extreme conditions in this study. The recorded wave 
heights at the west coast of Sylt are obtained from Tayel (2015) for the period from 1987-2008, 
and the maximum significant wave height (Hm0) value and corresponding peak wave period 
(Tp) value are selected for the analysis. Moreover, according to Tayel (2015), the most frequent 
recorded wind direction for strong winds (speed ≥ 17.2m/s) is 270° (where 0°=360° in the north) 
for the period 1970-2000 near Sylt. Wind speed is assumed as 20m/s and grain size is consid-
ered as D50 = 0.2mm (assumed based on Payo et al. (2006) who considered D50 = 0.19mm in 
Sylt) and D90 = 0.35mm (assumed value). Results of XBeach simulations performed for four 
considered dune profiles (in Figure 6-4) for two storm surge scenarios for a three-hour storm 
are illustrated in Figure 6-5 and Figure 6-6.  
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Figure 6-5: Beach/ dune ecosystem damage results of dune profiles 1-4 for storm surge scenario SY_XR2010A 
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Figure 6-6: Beach/ dune ecosystem damage results of dune profiles 1-4 for storm surge scenario SY_XR2010B 

For XBeach simulations of dune profiles 1 and 2 (Figure 6-5a,b and Figure 6-6a,b), they are 
regarded as dune cliffs since the available data of these profiles end at the peak height of the 
dune. Then the results show that dune profiles 1 and 2 undergo dune erosion, which leads to the 
ecosystem damage level 2 for both storm surge scenarios. Dune profile 3 in both scenarios 
(Figure 6-5c and Figure 6-6c) shows only erosion of the fore-dune, which also has the damage 
level 2. However, the fore-dune of profile 4 is completely damaged for the storm surge scenario 
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SY_XR2010A (Figure 6-5d) and significantly damaged (considerable reduction of dune height) 
for the storm surge scenario SY_XR2010B (Figure 6-6d).  Therefore, the dune of profile 4 has 
an ecosystem damage level 3 for both scenarios. 

6.2.3 Level of ecosystem services damage in beach/dune ecosystems  

The ecosystem services damage level is estimated using the ecosystem services damage assess-
ment (ESDA) table developed for beaches and dunes in Section 4.2.2.  Results of the damages 
of ecosystem services can be illustrated as in Table 6-3 based on the beach/dune ecosystem 
damages in Figure 6-5 and Figure 6-6, which show the same damage levels in both scenarios.  

Table 6-3: Ecosystem service damages based on beach/dune damages in Hörnum, Sylt (RS: regulation service, 
CS: cultural service and ESDL: ecosystem services damage level) 

Dune  
Profiles 

Ecosystem damage 
(by XBeach) 

Ecosystem dam-
age level 

Level of RS 
damage 

Level of CS 
damage 

ESDL 

1 Dune erosion 2 Medium Low-medium Medium 
2 Dune erosion 2 Medium Low-medium  Medium 
3 Dune erosion 2 Medium Low-medium  Medium 
4 Dune damage 3 High Medium  High 

 

The erosion significantly affects the coastal protection service (regulation service) as it desta-
bilises the dunes, which might lead to dune collapse, exposing the rear-dunes/hinterland to sub-
sequent storms. After a storm event, recreation and tourism services might reduce during the 
time taken for clean-ups and the dunes to stabilise for the short to medium term. However, 
major landscape changes due to erosion may not significantly reduce the cultural services unless 
the beach/dune area is completely lost. 

6.2.4 Summary, discussion and concluding remarks 

The new approach for evaluating environmental losses proposed in Chapter 4 is applied exem-
plarily for the estimation of ecosystem services damages of beaches and dunes in Hörnum, Sylt. 
Two main ecosystem services provided by beach/dune ecosystems: coastal protection and tour-
ism, are considered. Storm surge scenarios and the XBeach 1D model are used model beach 
and dune erosion (ecosystem damage levels). 

XBeach model is successfully applied to estimate the beach/ dune erosion levels and obtain the 
erosion profiles. However, several assumptions were drawn during the application, mainly due 
to the lack of data. First, the sediment size of dunes (D50 and D90) was assumed based on the 
values used in past research studies carried out in the neighbourhood. Second, the dune 
characteristicts (whether they are vegetated or manually reinforced) were not considered in 
modelling. Third, the dune profiles 1 and 2 (Figure 6-5a,b and Figure 6-6a,b) were assumed as 
dune cliffs since the available data of these profiles ends at the peak height of the dune. 

Based on the resultant dune profiles of XBeach modelling and the ecosystem services damage 
assessment (ESDA) table developed for beaches and dunes in Section 4.2.2, the ecosystem ser-
vices damage level is estimated. The results indicate that the dune erosion and damage may 
considerably affect the coastal protection service. Still, the change of dune landscape may not 
significantly affect tourism in the long term. In that case, the overall ecosystem services damage 
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level mainly depends on the loss of the regulation services (from the two services considered 
in this study). Yet, in practice, it is essential to consider all ecosystem services provided by the 
ecosystem and then identify the most dominant type of ecosystem service loss due to the 
changes of ecosystem, in order to get the overall environmental damage. 

The case study carried out for the estimation of environmental losses in the present study is 
preliminary and limited to a partial implementation of the approach proposed in Chapter 4 due 
to the lack of the necessary information. The information related to other ecosystems existing 
in the pilot area is not readily available, and therefore, a complete estimation of environmental 
losses in the area based on ecosystem services damages as illustrated by Figure 4-4 could not 
be performed. Furthermore, the application of XBeach is limited to one-dimensional modelling 
due to the time and resource constraints, which hinders the determination of the spatial distri-
bution of beach-dune damages in the pilot site. In addition, the development of ESDA tables is 
limited only to ecosystems available in the pilot site, and only the losses are considered. Future 
research may focus on developing ESDA tables for all ecosystems considering the losses/ dam-
ages, benefits due to ecosystems changes and mutual interactions between ecosystems, and the 
time taken for regeneration of ecosystems. 

The monetary valuation of environmental losses as proposed in Section 4.2 is completely omit-
ted in the case study for two main reasons. First, due to the lack of necessary knowledge and 
information, complete loss analysis is not performed for the pilot site, which is one step of 
monetary valuation of losses. Then, as mentioned in Section 4.2, the monetary valuation eco-
system services requires a considerable amount of site-specific data on each ecosystem and 
each of its services based on specific well-selected ecosystem valuation technique. For exam-
ple, the monetary valuation of selected beach/ dune ecosystem includes the value of coastal 
protection service (which can be estimated by replacement cost method or avoided cost method) 
and the value of cultural service (which can be estimated by travel cost method). Therefore, a 
complete valuation requires collecting all related site-specific information, which is not feasible 
within the time frame and with the resources of this study. More fundamental and transdiscipli-
nary research is needed to further develop the proposed method and avoid its limitations due to 
knowledge gaps. 

6.3 Case Study Hamburg-Wilhelmsburg: Implementation of the Proposed 
Methods for the Evaluation of Social Losses and for their Integration in 
Flood Risk Analysis. 

The methods proposed in Chapter 3 for the evaluation of intangible social losses are imple-
mented in Hamburg-Wilhelmsburg. For the assessment of flood losses, the cell-based risk as-
sessment (CRA) methodology (Burzel and Oumeraci 2012 and Burzel et al. 2015) is applied. 
First, the exemplary results of the estimated tangible economic losses in the area by Ujeyl et al. 
(2012) are presented (in Section 6.3.1.1), followed by loss of life and injuries (Section 6.3.1.2) 
as they will be employed for the estimation of mental health impacts in Section 6.3.1.3 and the 
integration of losses in Section 6.3.2. The details for the application of methods and the results 
of the evaluation of loss of life, physical injuries, mental health impacts and cultural losses are 
then provided for two flooding scenarios HH_XR2010A and HH_XR2010C, the two critical 
scenarios identified from Table 6-1. 
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GIS raster maps are produced for different flood losses, integrated losses and flood risk. Tan-
gible losses, loss of life and injuries are estimated for three grid resolutions within the 
XtremRisK project: 10 m, 50 m and 100 m.  

One of the main focuses of this research study is to assess cultural losses in the pilot area (Sec-
tion 6.3.1.4), which includes two distinct analyses. In the first analysis, the cultural assets are 
mapped as area polygons and then converted into a raster map, while in the second analysis, 
the cultural assets are considered as points on the geographical map using its physical address 
and then they are converted into raster representation. Not only the cultural assets with an area 
less than 500 m2 (for example Wilhelmsburger Windmühle Johanna, Museum Elbinsel Wil-
helmsburg etc.), but also few cultural assets with an area more than 10,000 m2 (such as Friedhof 
Finkenriek) are located within the pilot site. Therefore, in the abovementioned second analysis, 
for a better representation of all cultural assets in the area, a 50 m grid resolution is selected. 
Coarser resolutions may lead to overestimations, and smaller grids will not reflect the accurate 
locations of some assets. Therefore, for all loss and risk assessments within this research study, 
50 m grid resolution maps are used.    

Moreover, previous flood damage and risk mapping studies generally used grid resolutions 
from 10m – 100m (see Table 6-4). In their study on the sensitivity of flood damage estimation 
to spatial resolution, Komolafe et al. (2015) showed that by adopting high resolution (50 m) 
land use maps, estimated flood damages can be close to actual losses. Therefore, the selection 
of 50 m resolution for this study is acceptable and within the typical range of past studies. 

Table 6-4: Past research studies on flood damage and risk mapping and their grid resolutions 
Reference Purpose of the study Study parameters Grid resolution  

Su et al. (2005) Flood damage assessment and 
flood risk analysis 

Economic flood damages  40 m 

Bouwer et al. (2009) Flood damage assessment Economic flood damages for 
different inundation scenar-
ios 

25 m and 100 m 

Meyer et al. (2009) Flood Risk mapping Economic, environmental 
and social risk 

10 m 

Bubeck et al. (2011) Flood damage estimation Economic flood damage 100 m 
de Bruijn et al. 
(2015) 

Development of flood hazard 
maps and flood fatality maps 

Flood characteristics, dam-
age and mortality functions  

25 m 

Asare-Kyei et al. 
(2015) 

Development of flood hazard 
maps 

Flood causal factors (rainfall, 
elevation, runoff, land use) 

30 m 

Komolafe et al. 
(2015) 

Study the sensitivity of flood dam-
age estimation to spatial resolution 

Economic flood damages  50, 100, 500, 
1000, 2000 m 

6.3.1 Implementation of the proposed methods for the non-monetary evaluation of social 
losses 

The proposed methods for the non-monetary evaluation of social losses in Section 3.1 are ex-
emplarily applied in the following for the pilot site Hamburg-Wilhelmsburg. 

 

6.3.1.1 Tangible economic losses 

Economic losses (in Euro) are calculated by sub-project 3 of XtremRisK project (Ujeyl et al. 
2012, Ujeyl and Rose 2015). Under economic losses, direct losses, including damage to 
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residential and non-residential buildings, industries, infrastructure and agriculture and indirect 
losses due to the interruption of production processes, are estimated for Hamburg-Wilhelms-
burg by incorporating hydrodynamic and damage models. Total economic losses are calculated 
for three grid resolutions (10 m, 50 m and 100 m), and the values for the two critical flooding 
scenarios HH_XR2010A and HH_XR2010C are provided in Table 6-5. The calculated total 
economic loss for flooding scenario HH_XR2010A is €1,069 million, and for flooding scenario, 
HH_XR2010C is €6,371 million. The total economic loss values do not show a significant dif-
ference for different grid resolutions (the maximum difference is less than 0.01%). Therefore, 
the selection of 50 m resolution map of economic losses for this study is considered appropriate. 

Table 6-5: Total economic losses in Hamburg-Wilhelmsburg for two flooding scenarios (HH_XR2010A and 
HH_XR2010C)  and for three grid resolutions (10 m, 50 m and 100 m) 

Grid Resolution Total economic losses for flooding 
scenario HH_XR2010A   

Total economic losses for flooding 
scenario HH_XR2010C  

10 m € 1,069,136,655 € 6,371,204,616 
50 m € 1,069,133,601 € 6,371,145,029 

100 m € 1,069,128,495 € 6,371,023,942 

 
Figure 6-7 and Figure 6-8 illustrate 50 m raster maps for the total economic losses in Hamburg-
Wilhelmsburg for flooding scenarios HH_XR2010A and HH_XR2010C.  

 
Figure 6-7: Economic losses (Euro) in Hamburg-Wilhelmsburg for flooding scenario HH_XR2010A (Ujeyl et al. 

2012) 
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Figure 6-8: Economic losses (Euro) in Hamburg-Wilhelmsburg for flooding scenario HH_XR2010C (Ujeyl et al. 

2012) 

For the flooding scenario HH_XR2010A, the maximum estimated economic loss per 50m grid 
cell is €76 million (Figure 6-7). No economic losses occur in 31% of the area. 52% of the area 
has economic losses of less than 500,000 Euros. 15% of the area has economic losses between 
500,000 to 1 million Euro. Only 2% of the grid cells have losses of more than one million euros.  

For the flooding scenario HH_XR2010C, the maximum estimated economic loss per 50m grid 
cell is €362 million (Figure 6-8). No economic losses occur in 27% of the area. Out of the area 
with economic losses, 82% of the area has economic losses of less than €1 million. 17% of the 
area has economic losses between €1 - 10 million. Only 1% of the area has losses of more than 
€10 million. More economic losses are visible in the residential and industrial areas of Wil-
helmsburg. 

6.3.1.2 Loss of life and physical injuries 

For evaluating loss of life and physical injuries, the method developed by Penning-Rowsell et 
al. (2005) was adopted and extended to apply in spatial analysis. The method calculates three 
factors: (i) hazard rating, which combines flood characteristics: flood depth and flow velocity, 
(ii) area vulnerability based on the availability of flood warning system, speed of onset and the 
nature of the area, and (iii) people vulnerability based on the available percentages of the very 
old and disabled population. Combining these three factors, the number of injuries and loss of 
life are calculated (see the method in Figure 3-1 and Section 3.1.1).  

Based on this method, a spatial loss of life model was developed for Hamburg-Wilhelmsburg, 
and a detailed description of the spatial model development within the “XtremRisK” project is 
provided in Burzel et al. (2012). Loss of life and injuries are calculated for two critical flooding 
scenarios (HH_XR2010A and HH_XR2010C) and for three different grid resolutions (10 m, 
50 m and 100 m). The estimated total loss of life and injuries values are presented in Table 6-6. 
Due to the unavailability of data at the required level, several estimations based on existing 
studies had to be made. For example, the population distribution by age (especially the percent-
age of old people in each grid cell) is required for the analysis of people vulnerability in the 
loss of life model, which is not readily available. Therefore, the percentage of old people was 



114              Application of the Proposed Methods for Two Study Sites in Hamburg and Sylt 

   

assumed based on the population distribution given in Knieling et al. (2009) on the percentage 
of young people within the area.  

Furthermore, the percentage of long-term sick and disabled people is assumed based on the 
locations of hospitals and nursing homes. These assumptions may result in the overestimation 
of loss of life and injuries values. Moreover, this study is purely an academic exercise based on 
pessimistic assumptions (e.g. flooding scenario HH_XR2010C includes extremely high flood 
characteristics; flood depth of 8.44 m and flow velocity of 3.8 m/s with a very low flooding 
probability of 5.30×10-8), which tends to estimate very high loss of life and injuries values. 

Table 6-6: Total number of loss of life and injuries in Hamburg-Wilhelmsburg for two flooding scenarios 
(HH_XR2010A and HH_XR2010C)  and for three grid resolutions (10 m, 50 m and 100 m) 

Grid Resolu-
tion 

Total economic losses for flooding sce-
nario HH_XR2010A   

Total economic losses for flooding sce-
nario HH_XR2010C  

 Loss of life Injuries Loss of life Injuries 
10 m 0 123 4101 13981 
50 m 2 914 5826 19396 

100 m 9 1171 5970 19684 
 

Resultant values in 10 m grid resolution are significantly below than those in other resolutions. 
Since the number of residents per grid cell is relatively low in 10 m resolution map, most grid 
cells have calculated loss of life and injuries values below 0.5 which are rounded to 0. Such 
grid cells in the neighbourhood may add up to 1 in larger resolutions. Therefore, 50 m and 
100 m resolutions are more reasonable for estimating the loss of life and injuries as they pro-
duce closer results. Based on the previous selection of grid resolution for economic and cultural 
loss assessments, 50 m resolution maps are selected to apply in the assessments of loss of life, 
physical injuries, mental health impacts and integrated flood losses.      

The exemplary results for the estimated loss of life and injuries are presented for both flooding 
scenarios HH_XR2010A and HH_XR2010C (See Figure 6-9 to Figure 6-12) in 50m resolution 
maps.  

 
Figure 6-9: Estimated loss of life in Hamburg-Wilhelmsburg for HH_XR2010A 
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Figure 6-10: Estimated physical injuries in Hamburg-Wilhelmsburg for HH_XR2010A 

For the flooding scenario HH_XR2010A, two fatalities are estimated in the north-western part 
of Wilhelmsburg (Figure 6-9). Moreover, 914 injuries are estimated, with a maximum of 11 
injuries per cell (Figure 6-10). However, most grid cells that contain physical injuries (c.a. 88%) 
have 1 to 2 injuries. 10% of the grid cells contain 3-5 physical injuries, while only 10 grid cells 
have more than 6 injuries. 

 
Figure 6-11: Estimated loss of life in Hamburg-Wilhelmsburg for HH_XR2010C 

For the flooding scenario HH_XR2010C, the total estimated loss of life in Hamburg-Wilhelms-
burg is 5826, with a maximum of 32 per grid cell. 18% of the total area is estimated with a loss 
of life, with 90 grid cells having a loss of life of more than 10 per cell (Figure 6-11). Moreover, 
19396 physical injuries are estimated with a maximum of 95 injuries per cell (Figure 6-12). 
However, most grid cells that contain physical injuries (c.a. 70%) have less than 10 injuries 
while only 1.5% have injuries more than 50. 
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Figure 6-12: Estimated physical injuries in Hamburg-Wilhelmsburg for HH_XR2010C 

 
 
6.3.1.3 Mental health impacts 

This section is dedicated to the application of the new mental health impact assessment method 
developed in Section 3.1.2 and Figure 3-2. Two main causes for mental impacts are identified:  

(i) flood losses, which determine the flood loss factor (FLF) based on economic losses, 
loss of other people and level of physical injuries and  

(ii) direct experience (or contact) with floodwater, which determines the direct exposure 
factor (DEF) based on flood depth and flow velocity.  

Based on these two factors (FLF and DEF), the mental health vulnerability matrix is developed, 
and the level of mental health impacts is determined (See Section 3.1.2). The method is applied 

The method proposed in Section 3.1.1 is adopted for the spatial modelling of loss of life and 
injuries in Hamburg-Wilhelmsburg.   

Loss of life and injuries were estimated for three grid resolutions (10 m, 50 m and 100 m) 
within the XtremRisK project. 10 m resolution maps produce significantly lower estimations 
than the other resolutions due to the low number of residents per grid cell resulting in loss 
of life and injuries values below 0.5 (rounded up to 0). Thus, very high grid resolutions such 
as 10 m are not suitable for this spatial loss of life model. Therefore, 50 m grid resolution is 
selected for the assessment of loss of life and injuries based on the suitability of this grid 
resolution for other flood loss assessments in this study, especially for the cultural loss as-
sessment. 

This spatial model demands an extensive dataset to estimate factors such as people vulner-
ability and nature of the area. Due to the unavailability of data at the required level, several 
estimations based on existing studies had to be made, which may result in overestimation of 
loss of life and injuries values. Moreover, this study is purely an academic exercise based 
on pessimistic assumptions to illustrate the proposed approaches, which estimate very high 
flood loss values. 
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in ArcGIS spatial modelling of mental health impacts in Hamburg-Wilhelmsburg with 50 m 
resolution maps (using the previously selected 50 m resolution flood loss maps of economic 
losses, loss of life and physical injuries). The results are presented for both flooding scenarios 
HH_XR2010A and HH_XR2010C. However, the steps of applying the new method are exem-
plarily presented below only for flooding scenario HH_XR2010C.  

Flood loss factor (FLF) 

Three major flood losses are identified as the reasons for mental health impacts. For each cate-
gory of flood losses, a GIS map is produced. 

Loss of life - FLFLL: 
The death of a member in the family or in the neighbourhood due to flooding can cause mental 
disorders in survivors. Therefore, it is assumed that when fatalities occur in the area (here in a 
raster cell), there is a possibility for neighbours within that area to experience mental health 
impacts. To define two levels of impact, a hypothetical value for loss of life is incorporated 
(Section 3.1.2.1).  GIS map of flooding scenario HH_XR2010C for FLFLL is presented in Figure 
6-13. 

No Loss of life    FLFLL level = 0  
Loss of life <5% of population  FLFLL level = 1  
Loss of life >5% of population  FLFLL level = 2  

 
Figure 6-13: Mental health impact level due to loss of life for flooding scenario HH_XR2010C 

As discussed in section 6.2.3, 5826 fatalities are estimated for the flooding scenario 
HH_XR2010C, and most of the grid cells have a loss of life >5% of the population. Therefore, 
the mental health impact level 2 is mostly present on the map. 
 
Physical injuries - FLFPI 

A level of mental health impact due to physical injuries (FLFPI) of the considered population is 
defined based on the number of injured population within the area. An assumed percentage 
value is incorporated to define two levels of mental health impact. 



118              Application of the Proposed Methods for Two Study Sites in Hamburg and Sylt 

   

Zero physical injuries     FLFPI level = 0 
No. of physical injuries < 10% of population  FLFPI level = 1  
No. of physical injuries > 10% of population  FLFPI level = 2  

GIS map of flooding scenario HH_XR2010C for the mental health impact level due to physical 
injuries is illustrated in Figure 6-14. 19396 injuries were estimated for this flooding scenario as 
in section 6.2.3. Since the estimated number of physical injuries > 10% of the population of 
each grid cell, most of the area has FLFPI level of 2. 

 
Figure 6-14: Mental health impact level due to physical injuries for flooding scenario HH_XR2010C 

Economic losses - FLFEL 

The assessment of economic losses as performed in the XtremRisK project is based on the 
direct damages to residential and commercial buildings and equipment and indirect impacts due 
to the interruption of production processes (Figure 6-8 and Ujeyl and Rose, 2015). Figure 6-15 
presents two levels of economic losses for the flooding scenario HH_XR2010C based on GNI 
per capita in Germany and the population of each raster cell. 

No Economic loss     FLFEL level = 0 
Economic loss < (GNI per capita × Population) FLFEL level = 1                                                      
Economic loss > (GNI per capita × Population) FLFEL level = 2  
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Figure 6-15: Mental health impact level due to economic losses for flooding scenario HH_XR2010C 

The maximum estimated economic loss per 50m grid cell is €362 million for this storm surge 
scenario. Only 83% of the total area is estimated with an economic loss. However, 79% out of 
that has a loss more than GNI per capita × Population indicating a loss level of 2. 

Then the flood loss factor, FLF is calculated by, FLF = FLFLL + FLFPI + FLFEL as in Figure 
6-16. 

 
Figure 6-16: Flood loss factor (FLF) resulting from the levels of loss of life (FLFLL), physical injuries (FLFPI) and 

economic losses (FLFEL) for flooding scenario HH_XR2010C (FLF = FLFLL + FLFPI + FLFEL) 

Direct Exposure Factor, DEF 

The direct exposure factor (DEF) is determined by the flood depth and flow velocity as de-
scribed in Section 3.1.2.  
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Direct exposure factor due to flood depth - DEFFD 

DEFFD is defined based on the flood depth:  
No flooding      DEFFD = 0 
Flood depth < 0.5m (below knee level)   DEFFD = 1 

 Flood depth = 0.5m -1.5m (below head level) DEFFD = 2  
  Flood depth >1.5m      DEFFD = 3  

The estimated DEFFD for flooding scenario HH_XR2010C are presented in Figure 6-17. As 
indicated by the red colour, for nearly 97% of the area, the flood depth is more than 1.5m with 
a DEFFD of 3. 

 
Figure 6-17: Direct exposure factor due to flood depth - DEFFD for flooding scenario HH_XR2010C 

Direct exposure factor due to flow velocity - DEFFV 

Two levels for DEFFV are defined as: 

No flooding    DEFFV = 0 
Flow velocity < 1 m/s   DEFFV = 1 

 Flow velocity ≥ 1 m/s   DEFFV = 2  

The estimated DEFFV for flooding scenario HH_XR2010C are presented in Figure 6-18 show-
ing that only 21% of the area experiences a flow velocity > 1 m/s. Then the Direct Exposure 
Factor is calculated as DEF = DEFFD ∙ DEFFV. The resultant map for direct exposure factor is 
illustrated in Figure 6-19.  
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Figure 6-18: Direct exposure factor due to flow velocity - DEFFV for flooding scenario HH_XR2010C 

 
Figure 6-19: Direct exposure factor – DEF resulting from the levels of flood depth (DEFFD) and flow velocity 

(DEFFV) for flooding scenario HH_XR2010C (DEF = DEFFD ∙ DEFFV) 

The mental health impact assessment model developed in ArcGIS Modelbuilder, as illustrated 
in Figure 6-20 comprises three stages: 1. Calculation of DEF, 2. Calculation of FLF and 3. 
Calculation of mental health impact level. The blue ellipses represent the input data for the first 
two independent stages. The yellow rectangles indicate the processes within the model, and the 
output data from each process is indicated by green ellipses.  

Once FLF and DEF are known, mental health impact levels are determined according to the 
mental health impact assessment matrix (Figure 3-3) and implemented in GIS maps for both 
flooding scenarios.  The resultant map for the probable mental health impacts in Hamburg-
Wilhelmsburg for flooding scenario HH_XR2010C is illustrated in Figure 6-21. For compari-
son, resultant map for HH_XR2010A is presented in Figure 6-22.  
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Figure 6-20: Three - stage model developed in ArcGIS Modelbuilder for mental health impact assessment 
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Figure 6-21: Mental health impact assessment for flooding scenario HH_XR2010C. 

 
Figure 6-22: Mental health impact assessment for flooding scenario HH_XR2010A. 

The results of the assessment from Figure 6-21 and Figure 6-22 provide the percentage of area 
with the associated mental health impact level (Table 6-7) 

Table 6-7: Percentage of area with mental health impact level obtained from Figure 6 21 and Figure 6 22 for both 
flooding scenarios HH_XR2010A and  HH_XR2010C 

Mental health impact level 
HH_XR2010A 

Percentage of total area 
HH_XR2010C 

Percentage of total area 
No impact 29% 16% 

Low 38% 0.9% 
Medium 31% 68% 

High 1.2% 15% 

 
Flooding scenario HH_XR2010A mainly consists of low and medium levels (38% and 31%) of 
mental health impacts (Table 6-7) due to the estimated low levels of loss of life and injuries 
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(Figure 6-9 and Figure 6-10) and a considerable level of economic losses (Figure 6-7) and 
flooding (Figure 6-1).  

For flooding scenario HH_XR2010C, most of the considered area has medium and high levels 
of mental health impacts (68% and 15% in Table 6-7). This is due to the estimated high levels 
of flood losses as well as flood levels. These results provide an excellent overall image of the 
mental health vulnerability of the area due to estimated flood levels and losses.  

 

6.3.1.4 Cultural losses 

This section describes the assessment of cultural losses in the pilot site Hamburg-Wilhelmsburg 
based on the method proposed in Section 3.1.3 and Figure 3-4. First, the cultural assets within 
the pilot site are identified. The level of potential physical damages to each cultural asset is 
determined based on flood depth and flow velocity. Furthermore, the level of cultural value of 
each asset is estimated by analysing the cultural value constituents of cultural assets.  In the 
following sections, two distinct analyses are performed: (i) assessment of cultural losses based 
on physical damages to cultural assets, and (ii) assessment of cultural losses based on the phys-
ical damages and the cultural value of assets. 

(a) Assessment of cultural losses based on physical damages to cultural assets 

In this analysis, only the physical damages to cultural assets are considered. This is basically 
carried out for the comparison of the cultural losses with the second analysis, which is per-
formed based on both physical damages to cultural assets and their cultural values. 

Cultural assets in Hamburg-Wilhelmsburg 

Data on cultural assets were collected from the relevant documents and archives on cultural 
assets in the area. For example, the city of Hamburg has published a list of all cultural assets 
within Hamburg (City of Hamburg 2010), which include the postal address of each asset, the 
year of construction and the type of asset (e.g. a residential building, a public building, and 
infrastructure). 

The cultural assets are digitised in ArcGIS using aerial photographs and satellite images (about 
15 m per pixel resolution). First, the exact location of the cultural asset is identified in Google 
maps and satellite images using its physical address (Figure 6-23a). Next, the same cultural 
asset is located in the aerial photographs (provided by State Office for geoinformation), which 
are imported to GIS. Then, the asset is digitised as an area polygon using ArcEditor software 
(which is later referred as ArcGIS for Desktop Standard) (Figure 6-23b). After digitisation of 
all cultural assets in Hamburg-Wilhelmsburg as area polygons, the GIS map can be seen as in 
Figure 6-23c. The total area of each cultural asset is represented by an area polygon. Here, the 
adjoining cultural assets (e.g. cultural buildings located next to each other) are digitised as one 

The novel method developed in Section 3.1.2 for the evaluation of mental health impacts 
due to floods is applied for Hamburg-Wilhelmsburg. However, no recorded data in the re-
quired formats on mental health impacts associated with other losses and flood conditions 
are yet available for the verification of the results of this method. Therefore, future research 
might focus on further development and adjustment of this method to comply with prospec-
tive mental health impact data. 
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area polygon, and each cultural asset is not separately outlined. Therefore, the neighbouring 
assets are not identified separately, i.e. it is not specified whether it is a church, museum or any 
other asset. 

 
Figure 6-23: Cultural assets in Hamburg-Wilhelmsburg a) Identification of cultural assets (e.g. Holy Cross Church 

and the cemetery), b) digitisation of cultural assets as area polygons, c) all cultural assets after digitisa-
tion. 

Cultural loss assessment ArcGIS model based only on physical damages to cultural assets 

Here, the cultural losses are assessed based on the physical damage of the cultural assets. The 
physical damage due to flood depth and flow velocity is estimated using scoring: 1-very low, 
2-low, 3-medium, 4-high and 5-very high. For the analysis of cultural losses, cell-based risk 
assessment (CRA) methodology (Burzel and Oumeraci 2012) is applied. In this analysis, GIS 
maps of 50m x 50m cell size are used. The model is developed for flooding scenario 
HH_XR2010A. 

The cultural loss assessment model was developed in ArcGIS Modelbuilder software, as shown 
in Figure 6-24. The blue ovals represent the input data (maps of cultural assets, flood depths 
and velocities, in this case). The yellow rectangles indicate the processes within the model, and 
the output data from each process is indicated by green ovals. The black arrows show the di-
rection of data flow. The letter “P” indicates the model parameters. The numbers in red colour 
are not a part of the GIS model but are included here for the illustration of the steps of the 
process.  
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Figure 6-24: Two-stage model in ArcGIS Modelbuilder for cultural loss assessment based only on physical dam-

ages to cultural assets. 

The model is developed based on the method proposed for the assessment of physical damages 
to cultural assets in Section 3.1.3.2. Two main stages of the cultural loss assessment model can 
be identified. The first stage is to combine flood depth and flow velocity to estimate the possible 
physical damage levels in the area, which is carried out in Steps 1-3 of the GIS model. In Step 
1, the raster maps of flood depth and velocity are intersected. In Step 2, the flood depth field is 
multiplied by the velocity field to calculate the depth-velocity product (h∙v), which is incorpo-
rated in the proposed damage criteria (Table 3-3). In Step 3, the flood damage level is estimated 
in a five-point scale according to Table 3-3 and Figure 3-7. 

In the second stage (Steps 4-9), the physical damage level of cultural assets is determined by 
combining the damage levels with the cultural assets. First, the resultant shape file of physical 
damage levels within Hamburg-Wilhelmsburg area is intersected with the shape file of the cul-
tural assets (Step 4). At this stage, the vector data (or area polygons) of cultural assets should 
be converted to raster data for a better presentation of cultural losses and especially, for com-
patibility with other categories of losses in integration in a later stage of this research study. For 
this purpose, first, the tool “summary statistics” is used (Step 5), and an output table is produced 
with the maximum damage value allocated for each cell containing a cultural asset. Then, this 
attribute table is joined (Step 6) with the flood-velocity layer using the common field “ID Fish-
net”. Then the tool “copy features” (Step 7) is used to store the results of the join. The join is 
then removed (Step 8) by introducing a precondition that Step 8 should be executed after Step 
7. Finally, the extra fields in the attribute table, which are repeated or not important, will be 
deleted (Step 9). 
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Assessment results based only on physical damages to cultural assets 

The area polygons of cultural assets are converted to raster cells, which contain one or more 
cultural assets or a part of a cultural asset. Figure 6-25 shows an example of how the cultural 
assets are symbolized by raster cells after the conversion. Although these raster cells are not an 
actual representation of the area of the cultural assets, they are merely used for the representa-
tion of the possible level of cultural loss within each cell.  

 
Figure 6-25: Illustrative example for the conversion of vector data to raster data (50 m) 

Figure 6-26 illustrates the levels of the cultural losses in the Hamburg-Wilhelmsburg obtained 
from the assessment based only on physical damages to cultural assets for flooding scenario 
HH_XR2010A. 

 
Figure 6-26: Level of cultural losses based only on physical damages to cultural assets in Hamburg-Wilhelmsburg 

area for flooding scenario HH_XR2010A. 

The value 0 (dark green) indicates the raster cells of cultural assets which are not affected by 
the considered flooding scenario, i.e. 17% of grid cells containing cultural assets are not af-
fected by flooding scenario HH_XR2010A. Moreover, 63% of grid cells have a loss level 1, 
16% have a loss level 2, 3% have a loss level 3, and only 0.3% have a loss level 4, i.e. nearly 
97% of the grid cell have loss level 2 (low) or less for the considered flooding scenario.  
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Incorporating the same ArcGIS model, cultural loss assessment based only on physical damages 
to cultural assets for flooding scenario HH_XR2010C is carried, out and the results are illus-
trated in Figure 6-27.  

 
Figure 6-27: Level of cultural losses based only on physical damages to cultural assets in Hamburg-Wilhelmsburg 

area for flooding scenario HH_XR2010C. 

In contrast to flooding scenario HH_XR2010A, which causes mainly very low and low loss 
levels (97% of the area of cultural assets), scenario HH_XR2010C affects the cultural assets 
with high loss levels. Only 0.3% of the cultural asset area undergo a loss level of 2 (low), and 
the rest of the area experiences loss levels of 3 (medium – 10%), 4 (high – 5.2%) and 5 (very 
high – 84.5%). 

(b) Assessment of cultural losses based on physical damages to cultural assets and their cultural 
values 

This section attempts to evaluate the cultural losses by considering both the physical damages 
of the cultural assets and the losses of their cultural values. Unlike in the previous section, the 
cultural assets are represented by point data in the GIS map, and the types of the cultural assets 
are specifically considered.  

Identification of Cultural Assets 

The same data set collected in Section 6.3.4.1 is used in this analysis.  However, the digitisation 
of data is different as the assets are marked as points instead of area polygons using geocoding. 

Geocoding is the process of finding associated geographic coordinates (i.e. latitude and longi-
tude) from other geographic data, such as street addresses or zip codes (postal codes). In this 
study, the coordinates were found using the addresses of cultural assets. A freely available 
webtool (or Geocoder) called “GPS Visualizer” was adopted to transform the addresses to co-
ordinates (http://www.gpsvisualizer.com/geocoder). Here, the addresses are converted to geo-
graphic coordinates and the geographical coordinates are displayed in Latitude-Longitude for-
mat. The output from the geocoder can be linked with the Excel spreadsheet. The final data set, 
therefore, contains the information on latitude, longitude, address, the type of building and the 
categorization of each cultural asset. 
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For the digitisation of data, the final Excel data table with geographic coordinates should be 
imported ArcGIS. This is done via “Tools > Add XY Data”. In order to ensure the assignment 
of geographical coordinates correctly, the column headers should be named as Longitude (for 
X value) and Latitude (for Y value). As the coordinate system, “Geographic Coordinate System 
> World > WGS 1984” was selected. After importing the coordinates into ArcGIS and the 
resulting transformation associated to a point feature, the correct coordinate system must be 
selected for the layer “Predefined> Projected Coordinate System> National Grid> Germany 
Zone 3”. Finally, the point data can be exported to a shape file by right-clicking the layer and 
selecting “Data > Export Data”.  

Figure 6-28 represents the Hamburg-Wilhelmsburg area, including cultural assets mapped as 
point data.  

 
Figure 6-28: Digitized cultural assets in Hamburg-Wilhelmsburg as point data. 

 

Classification of cultural assets and estimation of their cultural values 

For the GIS analysis, all the cultural assets are classified, allocating a 3-digit identification 
number. The first digit indicates whether the cultural asset is non-heritage (allocated number: 
1) or heritage (allocated number: 2). The other two digits are arbitrarily allocated for the type 
of the asset (in this analysis, seven types of heritage assets and three types of non-heritage assets 
are identified). The allocated GIS classes are illustrated in Table 6-8. These classes of cultural 
assets are used for the analysis of the cultural value of assets in this analysis. 
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Table 6-8: Classification of cultural assets and their assumed cultural values 

Cultural Assets 
Class  

number 
Assumed  

Cultural value 
Heritage assets   
Heritage buildings or historic buildings, with their equipment and 
collections, or dwellings located in historic centres 

207 5 

Museums 206 5 
Archaeological sites 205 5 
Libraries, archives and collections of documents 204 5 
Churches 203 5 
Moveable goods of historic value that might be located in buildings 
other than museums 

202 4 

Historic landscape, monuments and cemetery 201 3 
Non-heritage assets   
Cultural spaces, including houses of culture and non-heritage 
theatres, Libraries and their equipment 

103 3 

Monuments 102 2 
Recreational parks 101 1 

 
Cultural loss assessment ArcGIS model based on both physical damages to cultural assets and 
their cultural values 

Within this analysis, both physical damages of cultural assets due to flooding and the cultural 
value of the assets are considered. The level of physical damages of cultural assets is assessed 
based on flood depth and flow velocity in a score. Here, the same exemplary flooding scenario 
HH_XR2010A in 50m resolution was employed. Further, the digitised maps of heritage and 
non-heritage cultural assets separately are also employed in the model as input data. The 
ArcGIS model developed for the assessment of cultural losses based on both physical damages 
to cultural assets and their cultural values is shown in Figure 6-29.  

 
Figure 6-29: Three-stage model in ArcGIS for the assessment of cultural losses based on both physical damages 

to cultural assets and their cultural values. 
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The model consists of three main stages. First, the maps of heritage and non-heritage assets, 
which are digitised as point data in separate maps, are brought together, the level of cultural 
values of the assets are determined, and the results are converted to a raster representation (Steps 
1-9).   (Steps 13-15). These three stages are indicated in Figure 6-29 and will be described in 
detail below. 

Since the heritage and non-heritage cultural assets are mapped in different layers, first, they 
were brought together in one map (Step 1). The level of the cultural value of each class of asset 
is then allocated by adding a new field to the attribute table and calculating the field as illus-
trated in Figure 6-30 (Step 2). 

 
Figure 6-30: Allocation of cultural value based on the class of cultural assets. 

In order to convert point data to raster data, the same procedure used in Section 6.3.4.1 (Steps 
4-8 in Figure 6-24) was adopted in this analysis: i.e. intersect with a raster layer (Step 3), sum-
mary statistics (step 4), add join (Step 5), copy features (Step 6) and remove join (Step 7). When 
more than one cultural asset is located in one cell, the maximum cultural value from all assets 
is selected for the output table produced from ‘summary statistics’ in Step 4. Then the additional 
fields created during the process are deleted at Step 8. A copy of the resultant map (a raster map 
of the level of cultural values of assets) is made (Step 9) as an intermediate result of this model.  

In the second stage, the flood depth map and the velocity map are intersected first (Step 10), 
and then the depth-velocity product is calculated (Step 11). The possible level of physical dam-
age of each raster cell was calculated (in Step 12) like in Step 3 in Figure 6-24.  

The map of the level of cultural losses is then intersected with the map of physical damages 
(Step 13), and the level of cultural loss is calculated (Step 14) using the weighting factor of 0.5 
for both physical damage and cultural value. Finally, the additional or repeated fields are de-
leted at Step 15. 

Assessment results based on both physical damages to cultural assets and their cultural values 

The results for the assessment of the level of cultural losses for flooding scenario 
HH_XR2010A are illustrated in Figure 6-31. When there is more than one cultural asset in one 
grid cell, the maximum damage level, which is estimated by the cultural value of assets, is 
considered for that cell. The results show that 24% of the raster cells consisting of cultural assets 
are not affected (dark green) by this flooding scenario, 3% have the loss level of 2 (low – light 
green), 54% have 3 (medium – yellow), and 18% have the level 4 (high – orange colour), which 
means most of the cultural assets undergo a loss level medium or high (72% of the cells con-
taining cultural assets).  
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Figure 6-31: Level of cultural losses in Hamburg-Wilhelmsburg for flooding scenario HH_XR2010A based on 

both physical damages to cultural assets and their cultural values 

Although the physical damage is less for this flooding scenario as from the analysis of the level 
of physical damages (nearly 97% of the grid cells containing cultural assets have a physical 
damage level of 2 or less, see Section 6.3.1.4a), the cultural values are considerably high for 
the considered assets. Therefore, this analysis based on both physical damages and cultural 
values of each cultural asset, provides comparatively higher loss values (only 27% of cultural 
asset area has loss level 2 or less) than those of the analysis based only on the physical damages 
of cultural assets for flooding scenario HH_XR2010A (Figure 6-26 and Figure 6-31). 

Furthermore, results of the cultural loss assessment for flooding scenario HH_XR2010C are 
illustrated in Figure 6-32. Due to the high flood levels in scenario XR2010C, all cultural assets 
are estimated with high or very high loss. 

 
Figure 6-32: The level of cultural losses in Hamburg-Wilhelmsburg for XR2010C 
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6.3.2 Implementation of the Proposed Methods for the Integration of Flood Losses in 
Hamburg-Wilhelmsburg 

In this section, the methodological framework of GIS-based MCA developed in Chapter 5 for 
the integration of tangible and intangible flood losses is exemplarily implemented for the pilot 
site, Hamburg-Wilhelmsburg. 

6.3.2.1 Problem definition 

For this study, the problem is defined as the identification of the areas with high aggregated 
flood losses. Multi-criteria flood loss assessment and mapping is carried out for the pilot study 
area, Hamburg-Wilhelmsburg. Within Hamburg-Wilhelmsburg, three main land use categories 
can be identified: residential, industrial and agricultural areas. Figure 6-33 represents the dif-
ferent areas within the pilot site and the population distribution in residential areas. Within these 
areas, the flood losses may differ, for example, highly populated areas where social losses may 
govern and industrial and agricultural areas where economic losses may be high. Therefore, it 
is important to find out the areas with high integrated losses to implement effective flood man-
agement plans. 

The proposed approach in Chapter 3.1.3 is applied exemplarily to assess cultural losses in 
the Hamburg-Wilhelmsburg area. Two analyses are carried out, based on (i) physical dam-
ages of cultural assets, and (ii) both physical damages of cultural assets and their cultural 
values. The first analysis considers the total area of all cultural assets, which are mapped as 
area polygons in ArcGIS. Here, the type of the asset is not considered and the adjoining 
assets are represented by a single polygon. Conversely, in the second analysis, the cultural 
assets are considered individually and mapped as point data using their postal address in 
order to estimate their cultural value. From the results of these analyses, the following re-
marks can be drawn: 
 A generic method to assess the level of cultural losses of all assets is hardly possible due 

to the high diversity and heterogeneity of cultural assets in terms of their cultural values 
 The first analysis (based on the physical damages of cultural assets) can be used as a 

basic approach for the assessment of cultural losses to provide an overall picture of the 
losses. The second analysis (based on both physical damages of cultural assets and cul-
tural values) can then be used as a detailed study to provide more complete results of 
cultural losses. However, the second analysis requires other types of data and much more 
resources for its efficient implementation.  

 For the cultural assets which have an area more than the size of a spatial unit, it is im-
portant to consider the total area of the asset with area polygons. The consideration of 
point data is appropriate if the area of cultural assets is smaller than a spatial unit. There-
fore, the grid resolution should carefully be selected based on the available cultural assets 
in the pilot site to reflect the accurate area of cultural assets. In this study, 50 m resolution 
was selected since the pilot site consists of both smaller and larger cultural assets than 
50m x 50m. 
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Figure 6-33: Pilot site Hamburg-Wilhelmsburg: (a) different land use categories and (b) population distribution. 

 

6.3.2.2 Identification of losses and evaluation criteria 

This study aims to identify areas with high overall flood losses, integrating both tangible and 
intangible losses. For the multi-criteria loss assessment in Hamburg-Wilhelmsburg area, the 
following loss criteria are selected: 

 Economic losses: estimated economic damage in monetary value 
 Intangible social losses: estimated number of loss of life, number of physical injuries, 

level of mental health impacts and the level of cultural losses 

In this analysis, the environmental losses in Hamburg-Wilhelmsburg are omitted. In fact, within 
the selected pilot site of ca. 26 km2, only ca. 0.3 km2 of nature reserves (for example, the largest 
nature reserve located within the pilot site is Rhee of 0.18 km2) are available, which is nearly 
1.2% of the considered area.  Therefore, only social losses, which represent the category of 
governing intangible losses in the considered area, are selected for the evaluation of intangible 
flood losses in this case study.  

6.3.2.3 Definition of alternatives 

The alternatives to be compared within the multi-criteria analysis are different spatial units. 
Raster GIS maps of 50m×50m grid cells are used. The flood inundation modelling and flood 
loss assessment are performed for each raster cell. Therefore, the number of alternatives, in this 
case, is relatively high. 

6.3.2.4 Criteria evaluation 

The purpose of criteria evaluation is to evaluate the performance of each criterion for each 
alternative. In the case of GIS-based MCA, the losses are calculated for each raster cell and 
criterion maps for each type of losses are produced. Within this study, the criterion maps for 
Hamburg-Wilhelmsburg for the storm surge scenarios HH_XR2010A and HH_XR2010C are 
selected. The criterion maps of 50 m grid resolution are used for this exemplary study for a fair 
estimation with all estimated flood losses (as selected at the beginning of Section 6.3). 
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The following criterion maps are selected for the integration process: 
 Economic losses: Section 6.3.1.1 (Figure 6-7 and Figure 6-8),  
 Loss of life: Section 6.3.1.2 (Figure 6-9 and Figure 6-11)  
 Physical injuries: Section 6.3.1.2 (Figure 6-10 and Figure 6-12)  
 Mental health impacts: Section 6.3.1.3 (Figure 6-21 and Figure 6-22)  
 Cultural losses: Section 6.3.1.4 (Figure 6-31 and Figure 6-32 – evaluated cultural losses 

based on both physical damages and cultural values) 

6.3.2.5 Criteria weights 

The method of calculating criterion weights presented in Section 5.5.2 is incorporated 
in this exemplary study. Here, the importance of each criterion relative to other criteria 
is considered. The relative importance is allocated to each criterion according to  
The pairwise comparison matrix is developed based on the scales in Table 2-12. A step-
by-step example for deriving weights using AHP is given in Table 2-13 - Table 2-16. 
Here, three factors are considered when buying a car: cost, comfort and safety (Mu and 
Pereyra-Rojas, 2017). Different people give priorities for different factors. Therefore, 
the pairwise comparison matrix is developed, and the relative importance is allocated 
for each factor (Table 2-13). Then the columns are summed up (Table 2-14). Next, each 
cell is divided by the total of the column. The normalized matrix is shown in Table 2-15. 

Table 2-12. The standardised pairwise comparison matrix and the corresponding criterion 
weight for Intangible losses (in Table 6-9) and for all losses (in Table 6-10) are provided. 

Table 6-9: Standardised pairwise comparison matrix for intangible criteria 

Criterion Loss of life 
Physical 
injuries 

Mental health 
impact 

Cultural losses 
Criterion 
Weights 

Loss of life, wLL 0.45 0.46 0.46 0.42 0.45 
Injuries, wPI 0.23 0.23 0.23 0.25 0.23 
Mental health impact, wMH 0.23 0.23 0.23 0.25 0.23 
Cultural losses, wCL 0.09 0.08 0.08 0.08 0.08 

 
Table 6-10: Standardised pairwise comparison matrix for both tangible and intangible criteria 

Criterion 
Loss of 

life 
Physical in-

juries 

Mental 
health 
impact 

Cultural 
losses 

Economic 
losses 

Criterion 
Weights 

Loss of life, wLL 0.39 0.41 0.41 0.436 0.35 0.39 
Physical injuries, wPI 0.20 0.21 0.21 0.21 0.24 0.21 
Mental health impact, wMH 0.20 0.21 0.21 0.21 0.24 0.21 
Cultural losses, wCL 0.08 0.07 0.07 0.07 0.06 0.07 
Economic losses, wEL 0.13 0.10 0.10 0.14 0.12 0.12 

 

6.3.2.6 Decision rules –value functions 

Single attribute value functions defined in Section 5.6 are incorporated for each category of 
losses: for economic losses - an exponential value function, for loss of life - a Boolean function, 
for physical injuries - a linear function and for cultural losses – piecewise linear value function. 

6.3.2.7 Aggregation and ranking/ scoring of alternatives 

The aggregation of all flood losses is performed based on the following equation:   
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 DTOT  =  DLL∙wLL + DPI∙wPI + DMH∙wMH + DCL∙wCL + DEL∙wEL  (6.1) 

Where,  DTOT, DLL, DPI, DCL and DEL denote total loss, loss of life, physical injuries, cultural 
losses and economic losses, respectively while, wLL, wPI, wCL and wEL mean the criterion 
weights for loss of life, physical injuries, cultural losses and economic losses respectively. As 
stated in Section 5.7, ranking of grid cells in the final step of MCA is not necessary in this case 
since this study focuses on the determination of areas with high flood losses. Therefore, a scor-
ing method is adopted to define the level of flood losses, as illustrated in Table 5-7. 

6.3.2.8 ArcGIS model of multi-criteria analysis 

The development of the integration model, including all social losses in ArcGIS Modelbuilder 
is shown in Figure 6-34. The blue ovals represent the input data (criterion maps in this case). 
The yellow rectangles indicate the processes within the model, and the output data from each 
process is indicated by green ovals. The black arrows show the direction of data flow. 

The model mainly consists of four stages: (i) standardisation (ii) weighting (iii) aggregation and 
(iv) scoring. In Stage 1, the input criterion maps of losses of life, physical injuries, mental health 
impacts, cultural losses and economic losses are standardised using the value function described 
in Section 5.6. In Stage 2, each standardised criterion map is multiplied by the relevant criterion 
weights. The ‘union’ functions are performed in order to bring all the standardised maps into a 
single map in Stage 3. Stage 4 is carried out to calculate the score of the final loss level of each 
cell 
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Figure 6-34: Four-stage model for the integration of tangible and intangible flood losses in ArcGIS Modelbuilder 
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6.3.2.9 Integrated flood loss maps 

Integrated flood loss maps are produced for (i) total intangible losses and (ii) total losses, in-
cluding both tangible and intangible losses. Results for the flooding scenarios HH_XR2010A 
and HH_XR2010C are illustrated in the following section. 

(a) Integrated Intangible losses 

All estimated intangible losses are integrated using criterion maps of intangible losses (loss of 
life, physical injuries, mental health impacts and cultural losses) and criterion weights presented 
in Table 6-9. The levels of total intangible losses estimated for the flooding scenarios 
HH_XR2010A and HH_XR2010C are illustrated in Figure 6-35 and Figure 6-36, respectively. 

 
Figure 6-35: Total intangible flood loss map for flooding scenario HH_XR2010A 

 
Figure 6-36: Total intangible flood loss map for flooding scenario HH_XR2010C 
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(b) Integrated total (tangible and intangible) losses 

All the intangible losses and the tangible (economic) losses are integrated using the criterion 
weights calculated in Table 6-10. The total loss levels estimated for the flooding scenarios 
HH_XR2010A and HH_XR2010C are illustrated in Figure 6-37 and Figure 6-38, respectively 
and the percentage area of the level of integrated flood losses calculated by the number of 50 m 
grid cells is shown in Table 6-11.  

 
Figure 6-37: Integrated (tangible and intangible) flood loss map for flooding scenario HH_XR2010A 

 
Figure 6-38: Integrated (tangible and intangible) flood loss map for flooding scenario HH_XR2010C 

For the flooding scenario HH_XR2010A, mainly very low and low loss levels are estimated 
(ca. 70% of the area), while for HH_XR2010C, residential areas of Hamburg-Wilhelmsburg 
have significant regions with high and very high flood losses (ca. 18% of the area). Furthermore, 
the results show that estimated tangible losses have a very slight effect on the integrated total 
loss (the change of integrated intangible loss area to integrated total loss area ≤ 2%) compared 
to integrated intangible losses for this case study. This is mainly due to the (calculated) high 
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criterion weights for social losses, especially human - health losses (see Table 6-10) compared 
to economic losses. Therefore, for this study, the dominant categories of flood losses are related 
to human losses, as in fact reflected by their criterion weights. 

Table 6-11: Percentage area (by the number of grid cells) of integrated intangible losses and Integrated total (tan-
gible and intangible) losses for flooding scenarios HH_XR2010A and HH_XR2010C 

Loss Level 

HH_XR2010A HH_XR2010C 

Integrated intangi-
ble losses 

Integrated total 
(tangible + intangi-

ble) losses 

Integrated intangi-
ble losses 

Integrated total 
(tangible + intangi-

ble) losses 
0 - No loss 29.6% (2677) 29.6% (2677) 16.5% (1490) 16.5% (1490) 
1 – Very low 68.8% (6224) 69.0% (6234) 51.2% (4628) 50.7% (4582) 
2 - Low 1.5% (137) 1.4% (127) 14.3% (1294) 14.8% (1340) 
3 - Medium 0 0.01% (1) 0 0.08% (7) 
4 – High 0.02% (2) 0.01% (1) 12.2% (1101) 14.2% (1285) 
5 – Very high 0 0 5.8% (527) 3.7% (336) 

 

6.3.2.10 Uncertainty analysis and sensitivity analysis 

As described in Section 5.8.1, a great deal of uncertainty may involve in each step of the multi-
criteria analysis. However, due to the lack of data and resources, an uncertainty analysis is not 
performed in this study. 

A sensitivity analysis (SA) is carried out in order to test the robustness of the integrated flood 
losses for small changes of criterion values and criterion weights of flood losses. For the SA in 
criterion values, a 10% increment of values is introduced for three categories of flood losses: 
loss of life, physical injuries and economic losses. Since the other two categories of flood losses 
are assessed in a score (cultural losses in a 5-point score and mental health impacts in a 3-point 
score), the term 10% increase of criterion value is meaningless, thus not considered for the SA.  

For the SA in criterion weights, defining a single percentage increment for all criterion weights 
is not suitable as the criteria with lower weights have no effect from that change. For example, 
20% increment of criterion weights will change the criterion weight of loss of life, wLL (Table 
6-10) from 0.39 to 0.47, but the criterion weight of cultural losses, wCL from 0.07 to 0.08, which 
is negligible. As a solution, either different percentages can be used for different criteria (as in 
Chen et al. 2010) or the same weight increment value can be introduced to all criteria (as in 
Meyer 2007). In this study, a small weight increment value (0.1) for all criteria is used.  

(a) Changes in criterion values 

Criterion values generally vary over different ranges depending on their assessment methods 
and scale. For example, flooding scenario HH_XR2010A resulted per grid cell: loss of life - 0 
to 32 people, physical injuries - 0 to 95 people and economic losses - 0 to €362 million. The 
study incorporates the ‘on at a time’ (OAT) method for sensitivity analysis, where one pertur-
bation is applied for criterion value/ criterion weight at a time. 

The sensitivity of the integrated losses to changes in the criterion values is performed for three 
criteria: loss of life, injuries and economic losses, introducing +10% perturbation for each cri-
terion, keeping the criterion weights unchanged. Sensitivity analysis is carried out for the flood-
ing scenario HH_XR2010C, since the estimated losses are relatively large than the other sce-
narios; thus the sensitivity of the integrated losses are visible.  
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Loss of life criterion has the highest impact on the integrated loss as it owns the highest weight 
among the other criteria.  The results of the sensitivity analysis, however, show no changes for 
a 10% perturbation in the loss of life criterion. The reason is due to the shape of the value 
function used in this study. If any fatality occurs, the value reaches 1 in the value function, 
therefore fatality increments don’t result in any changes of the total loss levels. 

Physical injuries criterion has the second-highest contribution on the integrated loss. With the 
10% increase of criterion values, only a slight (0.4%) change occurs in areas with integrated 
losses of ‘high’(reduction of 0.4% of the area) and ‘very high’ (increment of 0.4% of the area) 
loss levels, while other areas remain unchanged (Figure 6-39b).  

For economic losses, like in sensitivity analysis in injuries, an insignificant change (only 0.1%) 
of areas with ‘high’ and ‘very high’ loss levels occurs for the +10% perturbation of criterion 
value (Figure 6-39c).  

Therefore, the sensitivity analysis of criterion values shows that the 10% increase of values of 
considered criteria has a negligible effect on the total losses.  

 
Figure 6-39: Total flood loss maps with sensitivity analysis of criterion values of physical injuries and economic 

losses criteria for flooding scenario HH_XR2010C 

(b) Changes in criterion weight  

Criterion weights are often uncertain due to the behavioural bias of decision-makers. Therefore, 
it is vital to conduct a sensitivity analysis to check how small changes in criterion weights affect 
the total losses. In addition, the sensitivity analysis will contribute to identify criteria that are 
especially sensitive to changes in criterion weights. 

In this analysis, a small increment of 0.1 of criterion weights is selected for the weight sensi-
tivity analysis. Once a change of 0.1 is assigned for one criterion weight, the other four criterion 
weights are adjusted, introducing equal 0.025 perturbations to keep the sum of all weights to 1. 
Table 6-12 presents the changes introduced for each criterion in five Weight Sensitivity Anal-
ysis (WSA) cases. The maps of total losses corresponding to WSA cases for Hamburg-Wil-
helmsburg for flooding scenario HH_XR2010C are provided in Figure 6-40.  
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Table 6-12: Perturbations introduced for criterion weights in each criterion for the five Weight Sensitivity Analysis 
(WSA) cases. 

Criterion 
Case 

Loss of Life 
LL 

Physical 
Injuries  

PI 

Mental 
Impacts       

MHI 

Economic 
Losses  

EL 

Cultural 
Losses 

CL 
Criterion weight 0.39 0.21 0.21 0.12 0.07 
WSA 1 (LL: +0.1) 0.49 0.185 0.185 0.095 0.045 
WSA 2 (PI: +0.1) 0.365 0.31 0.185 0.095 0.045 
WSA 3 (MHI: +0.1) 0.365 0.185 0.31 0.095 0.045 
WSA 4 (EL: +0.1) 0.365 0.185 0.185 0.22 0.045 
WSA 5 (CL: +0.1) 0.365 0.185 0.185 0.095 0.17 

 

 
Figure 6-40: Integrated (tangible and intangible) flood loss maps with sensitivity analysis of criterion weights for 

five weight sensitivity analysis (WSA) cases for flooding scenario HH_XR2010C 

Loss of life criterion has the highest criterion weight mainly contributes to ‘high’ and ‘very 
high’ loss levels. +0.1 change of criterion weight of loss of life results in a 2.1% reduction of 
the area with ‘high’ loss level and a 2.1% increase of the area with ‘very high’ loss level (Figure 
6-40b). At the same time, a 13.3% reduction of the area with ‘low’ loss level and a 13.3% 
increase of the area with ‘very low’ loss level occur due to the reduction of criterion weights 
(by 0.025) of all other criteria. 

The change of +0.1 of criterion weight of physical injuries results in a 0.3% increment of the 
area with ‘very high’ loss level, a 2.5% reduction of the area with ‘high’ loss level and a 2.3% 
increment of the area with ‘medium’ loss level (Figure 6-40c). The reduction of criterion 
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weights of loss of life and other criteria (due to the increment of criterion weight of physical 
injuries) collectively affect this change of ‘high’ and ‘medium’ loss levels. 

The change of +0.1 of criterion weight of mental health impacts mainly affects the results on 
‘very low’ and ‘low’ loss levels. 50.4% of the area with ‘very low’ loss levels are converted to 
‘low’ loss levels by this criterion weight change (Figure 6-40d). Moreover, a 2% reduction of 
the area with a ‘high’ loss level and a 2% increase of the area with a ‘very high’ loss level also 
occur due to this change.  

For the economic loss criterion, the change of +0.1 of criterion weight largely affects ‘very low’ 
(12.3% increase of area) and ‘low’ (12.4% reduction of area) loss levels (Figure 6-40e). Addi-
tionally, slight reductions of ‘high’ (1%) and ‘very high’ (1.3%) loss levels and an increase in 
‘medium’ (2.4%) loss level are noticeable. 

The increase of criterion weight by 0.1 for cultural losses shows a similar result as economic 
losses (Figure 6-40f): a 13% increase of ‘very low’ with a 13% reduction of ‘low’ and a 2.8% 
and 1.8% reductions in ‘very high’ and ‘high’ with a 4.6% increase in ‘medium’ loss levels.  

The results show that the applied increment of criterion weight of loss of life (largest criterion 
weight) has a considerable effect on the total losses. Though the criterion weights of physical 
injuries and mental impacts are similar and higher (than economic losses and cultural losses), 
the effect of the criterion weight increment is slightly different due to the difference in the level 
of criterion values. The weight increment of physical injuries causes a change in ‘high’ to ‘me-
dium’ total loss level, while that of mental health impacts causes a change in ‘high’ to ‘very 
high’ total loss level due to higher levels of criterion values of mental health impacts than phys-
ical injuries. This implies that the criteria with large weights have more effect on the total losses, 
if they are assessed with higher criterion values. However, the overall areas with ‘very high’ 
and ‘high’ flood losses are unchanged since they consist of mainly loss of life, physical injuries 
and mental impacts, which are estimated with higher flood losses.  

(c) Discussion on sensitivity analysis 

The current study performed the sensitivity analysis by applying +10% perturbation to criterion 
values and +0.1 perturbation to criterion weights. The main limitation of this analysis is the 
impossibility of considering all categories of flood losses in the sensitivity analysis due to their 
assessment approach. Out of five categories of flood losses assessed in this study, only three 
categories of losses (i.e. loss of life, physical injuries and economic losses) were selected to 
measure the sensitivity of total losses to criterion values. Since mental health impacts and cul-
tural losses are assessed in a score, 10% change is not applicable for those categories of flood 
losses. Moreover, a 10% change can be applied to the category loss of life, yet due to the Bool-
ean value function used for standardisation of criterion values, the change doesn’t make any 
difference to standardised criterion value. Thus, the total loss levels are not sensitive for any 
change in criterion value of loss of life.  

The results of the sensitivity analysis carried out for physical injuries, and economic losses are 
given in Figure 6-39. A 10% increment in criterion values of physical injuries and economic 
losses has a negligible effect on the total loss levels. For the flooding scenario HH_XR2010C, 
in most areas that contain physical injuries (c.a. 70%) have less than 10 injuries (Figure 6-12), 
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which only result in a slight change of criterion value with 10% perturbation. Therefore, the 
reason for unaffected total loss levels is that the estimated lower levels of criterion values, 
though the criterion weight is relatively high for physical injuries. 

On the other hand, though a considerable level (more than €1 million) of economic losses in 
18% of the area with economic losses, a 10% perturbation of criterion values results in a negli-
gible change in the total losses due to the calculated low criterion weight of economic losses. 
Therefore, a significant change in total losses due to the small changes in criterion values can 
be expected for criteria with high criterion weights. 

The main challenge of the sensitivity analysis considering changes in criterion weights is that 
a selection of a suitable perturbation for the ‘one at a time’ method. Some studies suggest se-
lecting one percentage change to all criterion weights, or different percentage changes to dif-
ferent criterion weights, while other studies recommend criterion weight increments by a se-
lected number. For this study, a percentage change is not suitable since for smaller criterion 
weights, a high percentage is needed to change the criterion weight (for example, criterion 
weight for cultural losses is 0.07, if a +20% change is applied, criterion weight becomes 0.08 
and for +40% change criterion weight becomes 0.1, which can be considered as insignificant). 
Therefore, in this study +0.1 change is selected for all criterion weights. 

The analysis shows that when a small perturbation is introduced to a criterion weight, which 
has a larger weight, the total loss values are affected, provided that the criterion is assessed with 
a considerable level of criterion values. Moreover, the results show that the slight changes in 
the hierarchy of criterion weights have little effect on the total losses. For example, with a +0.1 
perturbation, the economic losses criterion gets the 2nd highest criterion weight (case WSA 4 in 
Table 6-12). Similarly, in case WSA 5, the criterion weight of cultural losses is more than that 
of economic losses. However, the overall areas with ‘very high’ and ‘high’ flood losses are 
unchanged since they consist of mainly loss of life, physical injuries and mental impacts, which 
are estimated with higher criterion values and criterion weights. Therefore, in this study, slight 
changes in hierarchy of criterion weights do not affect the integrated loss level. Thus, an im-
portant recommendation can be drawn for future researchers when conducting sensitivity anal-
ysis considering changes in criterion weights, to include testing the sensitivity of outcome to 
slight changes in the hierarchy of criterion weights, since the importance levels of criterion 
weights always include the behavioural bias of the decision-maker.   

6.3.2.11 Comparison of the proposed multi-attribute value functions (MAVF) approach with 
the simple additive weighting (SAW) approach 

In this study, the criterion values are standardised using several value functions proposed in 
Section 5.6. In many previous studies, simple linear scale transformation with the maximum 
score approach (the maximum criterion value is considered to have the standardised maximum 
score of 1) is applied for this purpose. The simple additive weighting approach (SAW) uses 
linear scale transformation for the standardisation process. This section aims at integrating the 
assessed tangible and intangible flood losses with SAW approach and mapping the total losses 
for flooding scenarios HH_XR2010A and HH_XR2010C. In this case, the same criterion 
weights calculated in Section 6.3.2.5 and Table 6-10 are used. The resultant total flood loss 
maps are presented in Figure 6-41, and the percentage area of integrated losses for two ap-
proaches are given in Table 6-13. 



Application of the Proposed Methods for Two Study Sites in Hamburg and Sylt 145 

   

Integrated total flood losses using the SAW approach in Figure 6-41 are compared for both 
flooding scenarios with the integrated flood losses (estimated using the MAVF approach) in 
Figure 6-37 and Figure 6-38 (see Table 6-13). For flooding scenario HH_XR2010A, two ap-
proaches resulted in similar levels of losses (mostly ‘very low’), due to lower levels of individ-
ual flood losses (e.g. estimated no. of fatalities amounts to only 2, even though the category of 
loss of life has the highest criterion weight).  

 
Figure 6-41: Integrated (tangible and intangible) flood loss maps with simple additive weighting approach for 

flooding scenarios (a) HH_XR2010A and (b) HH_XR2010C 

Meanwhile, the integrated loss maps for flooding scenario HH_XR2010C by two approaches 
show a significant difference. The areas estimated with ‘high’ and ‘very high’ loss levels 
(17.8%) with MAVF approach are estimated with the loss level ‘low’ by SAW. In MAVF ap-
proach, ‘high’ and ‘very high’ loss levels are mainly caused by the category of loss of life, 
which is the major flood loss category to be avoided/minimised during a flood. On the other 
hand, the SAW approach does not give priority to loss of life but estimates only ‘very low’ and 
‘low’ loss levels in almost entire area. Therefore, the MAVF approach helps to identify the 
most significant areas (especially the residential areas) that need more attention in flood man-
agement decisions. Thus, the importance of deriving value functions over widely used linear 
scale transformation is emphasised by this study. 

 
Table 6-13: Percentage area (by the number of grid cells) of integrated total (tangible and intangible) losses by 

SAW and MAVF approaches for flooding scenarios HH_XR2010A and HH_XR2010C 
Loss Level Flooding scenario HH_XR2010A Flooding scenario HH_XR2010C 

Simple additive 
weighting (SAW) 

Multi-attribute value 
functions (MAVT)  

Simple additive 
weighting (SAW) 

Multi-attribute value 
functions (MAVT) 

0 - No loss 29.6% (2677) 29.6% (2677) 16.5% (1490) 16.5% (1490) 
1 – Very low 67.8% (6209) 69.0% (6234) 51.3% (4638) 50.7% (4582) 
2 - Low 1.7% (152) 1.4% (127) 30.9% (2790) 14.8% (1340) 
3 - Medium 0 0.01% (1) 1.2% (110) 0.08% (7) 
4 – High 0.02% (2) 0.01% (1) 0.1% (11) 14.2% (1285) 
5 – Very high 0 0 0.01% (1) 3.7% (336) 
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6.3.3 Monetary valuation of flood losses in Hamburg-Wilhelmsburg 

This section attempts to assess the intangible flood losses in monetary terms and aggregate them 
with economic losses within a cost-benefit analysis (CBA) framework. Among the four intan-
gible loss categories considered in this study (loss of life, physical injuries, mental health im-
pacts and cultural losses), only loss of life and injuries are selected for the monetary valuation 
in this section. The monetary valuation of mental health impacts still needs a new approach to 
include the causes for mental disorders systematically and is not performed within this study 
due to knowledge and resource scarcity. Similarly, the monetary valuation of cultural losses is 
difficult to perform in this case study due to its complexity and high data requirements, though 
a tentative approach is presented in Section 3.2.45. Furthermore, the monetary flood losses are 
mapped in ArcGIS, and the integrated monetary loss map is compared with the integrated non-
monetary loss map.  

6.3.3.1 Monetary valuation of loss of life and physical injuries 

The monetary assessment of loss of life and physical injuries is performed as in Section 3.2. the 
monetary value of loss of life, in the context of the value of statistical life (VSL), is estimated 
by the life quality index (LQI) as €4.13 million with a range of €2.1 million - €7.6 million 

The integrated flood losses are estimated considering possible tangible and intangible losses 
within the area based on multi-criteria analysis (MCA). For the calculation of criterion 
weights, the pairwise comparison matrix is employed according to Section 5.5. For flooding 
scenario HH_XR2010A (with a max. flood depth of 4.01 m and a max. flow velocity of 3.69 
m/s), mainly ‘very low’ and ‘low’ loss levels are estimated. In comparison, for 
HH_XR2010C (with a max. flood depth of 8.44 m and a max. flow velocity of 3.80 m/s), 
‘high’ and ‘very high’ loss levels are estimated. The results show that estimated economic 
losses have a negligible effect on the total loss compared to intangible losses (mainly human-
health losses).  

The main limitation of this analysis is that the value functions and criterion weights are 
derived based on several assumptions and the author’s judgements. Due to time and resource 
constraints, experts’ involvement from different research fields to avoid any bias in deriving 
the above was not carried out within this study. 

The sensitivity analysis considering changes in criterion values reveals that a small pertur-
bation of criterion values does not affect the final integrated loss. However, the sensitivity 
analysis considering changes in criterion weights shows that a small perturbation of larger 
criterion weights considerably affects the final loss levels. Moreover, the results of the study 
suggest that it is recommended to test the sensitivity of the outcome to slight changes in the 
hierarchy of criterion weights by using a sensitivity analysis considering changes in criterion 
weights. 

The proposed multi-attribute value function (MAVF) approach is compared with the widely 
used simple additive weighting (SAW) approach. The MAVF approach provides better re-
sults for the identification of areas with the most important flood losses (especially loss of 
life) than the SAW approach.  
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(Section 3.2.2). For the estimation of the value of physical injuries, a value of statistical injuries 
(VSI) is calculated based on a ratio of VSI/VSL=0.014 (Section 2.2.1.2), which estimates VSI 
= €60,000 with a range €30,000 - €100,000 (Section 3.2.3).  

In this case, flooding scenario HH_XR2010C is selected for graphical illustration of different 
categories of monetary losses and aggregated losses due to its estimated high flood losses (es-
pecially loss of life and physical injuries) and hence the ability of clear visual presentation of 
areas with different flood loss levels. For flooding scenario HH_XR2010A, however, only the 
total monetary loss map will be presented. To better represent of the level of loss, the same 
monetary scale is used in each loss map. 

The estimated monetary value for loss of life (€4.13 million/person) and injuries (€60,000/per-
son) in Hamburg-Wilhelmsburg are respectively presented in Figure 6-42 and Figure 6-43 for 
flooding scenario HH_XR2010C.  

 
Figure 6-42: Monetary valuation of loss of life in Hamburg-Wilhelmsburg for flooding scenario HH_XR2010C 

 
Figure 6-43: Monetary valuation of physical injuries in Hamburg-Wilhelmsburg for flooding scenario 

HH_XR2010C 
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6.3.3.2 Estimation of total monetary loss 

For the estimation of total monetary loss, monetary values of loss of life and physical injuries 
are combined with the economic loss in Hamburg-Wilhelmsburg. The economic losses for the 
flooding scenario HH_XR2010C are presented in Figure 6-44 in the same monetary scale as in 
Figure 6-42 and Figure 6-43.  

 
Figure 6-44: Economic losses in Hamburg-Wilhelmsburg for flooding scenario HH_XR2010C 

All the considered losses (economic and monetarily valued intangible losses) are combined 
within a CBA framework to provide the total monetary loss in Figure 6-45. In this case, only 
the expected losses (no consideration of possible benefits) due to flooding are considered. 
Therefore, a simple addition of all losses is carried out (for more details on CBA, see Section 
2.3.2). The estimated total monetary losses are illustrated in the same monetary scale as in the 
previous figures. 

 
Figure 6-45: Total monetary losses (economic losses and monetarily valued loss of life and physical injuries - 

CBA approach) in Hamburg-Wilhelmsburg for flooding scenario HH_XR2010C 
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The aggregated monetary value of each loss category and their percentage of total monetary 
loss for the flooding scenario HH_XR2010C are presented in Table 6-14.  

Table 6-14: Aggregated monetary losses for each loss category and their percentage of total loss in Hamburg-
Wilhelmsburg  for flooding scenario HH_XR2010C 

Monetary loss In Euro billion As a % of total loss 
Aggregated monetary value of loss of life (Figure 6-42) 24.06 76% 
Aggregated monetary value of physical injuries (Figure 6-43) 1.16 4% 
Aggregated economic loss (Figure 6-44) 6.37 20% 
Total monetary loss (Figure 6-45) 31.59   

 

Table 6-14 indicate that the loss of life (Figure 6-42) represents ca. 76% of the total monetary 
loss (Figure 6-45). The economic losses (Figure 6-44) account only for 20% of the total loss, 
showing that the governing monetary loss category for the flooding scenario HH_XR2010C is 
loss of life. 

Furthermore, the total monetary loss (monetarily valued intangible losses and economic losses) 
is calculated for the flooding scenario HH_XR2010A, and the spatial distribution is illustrated 
in the same monetary scale in Figure 6-46. Table 6-15 provides the aggregated monetary value 
of each loss category and their percentage of total monetary loss for the flooding scenario 
HH_XR2010A. 

 
Figure 6-46: Total monetary losses (economic losses and monetarily valued loss of life and physical injuries - 

CBA approach) in Hamburg-Wilhelmsburg for flooding scenario HH_XR2010A 

Table 6-15: Aggregated monetary losses for each loss category and their percentage of total loss in Hamburg-
Wilhelmsburg  for flooding scenario HH_XR2010A 

Monetary loss In Euro million As a % of total loss 
Aggregated monetary value of loss of life  8.26 0.7% 
Aggregated monetary value of physical injuries  54.96 4.9% 
Aggregated economic loss  1069.13 94.4% 
Total monetary loss (Figure 6-46) 1132.35   
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For the flooding scenario HH_XR2010A, the leading monetary loss category is economic 
losses, which represent ca. 94% of the total monetary losses (Table 6-15) due to the estimated 
low levels of loss of life (only 2 fatalities within the area, see Figure 6-9) and physical injuries 
(914 injuries, see Figure 6-10). 

6.3.3.3 Comparison of total non-monetary and monetary loss levels 

A comparison of total monetary and non-monetary integrated loss levels is carried out to com-
pare the levels of flood losses in Hamburg-Wilhelmsburg. The flood losses considered for the 
comparison are illustrated in Figure 6-47. 

 

Figure 6-47: Method for comparison of integrated non-monetary and monetary loss levels 

For the comparison, the same categories of losses are considered for both cases for the flooding 
scenario HH_XR2010C. For the non-monetary integration process, the same method is applied 
as in Section 6.3.2. New criterion weights are calculated using the same relative importance 
values and procedure as in Section 5.5 and the estimated weights are 0.54, 0.30 and 0.16 for 
loss of life (Figure 6-11), physical injuries (Figure 6-12) and direct economic losses (Figure 
6-8) respectively. The integrated loss map is given in Figure 6-48. 

 
Figure 6-48: Integrated non- monetary loss (loss of life, physical injuries and economic losses - MCA approach) 

in Hamburg-Wilhelmsburg for flooding scenario HH_XR2010C 

Since the loss of life criterion is assigned with the highest criterion weight, areas with loss of 
life (Figure 6-11) have the highest integrated loss in Figure 6-48. Similarly, in monetary inte-
gration of losses (Figure 6-45), high to very high losses (> €5 million)  mainly represent the 
areas with loss of life (€4.13 million/person). In both cases of monetary integration (Figure 
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6-45) and non-monetary integration (Figure 6-48), high to very high total losses are estimated 
in the same areas of Hamburg-Wilhelmsburg. Therefore, like the non-monetary integration ap-
proach, the method applied for monetary valuation and integration of losses in this study pro-
vide reasonable results, which shows that the both approaches are suitable to predict the areas 
potential for substantial losses during severe flooding. 

 

6.3.4 Flood Risk Analysis in Hamburg-Wilhelmsburg 

The flood risk is estimated for the Hamburg-Wilhelmsburg area for two flooding scenarios 
considered in XtremRisK project; HH_XR2010A and HH_XR2010C. Integrated flood losses 
(loss of life, physical injuries, mental health impacts, cultural losses and economic losses) are 
estimated for each scenario based on the method presented in Section 6.3.2. The flooding prob-
abilities for each scenario are considered as in Table 6-16 (Oumeraci et al. 2012). 

Table 6-16: Flooding probabilities for each flooding scenario. 
Flooding Scenario Probability of flooding (1/year) 

HH_XR2010A 7.72∙10-6 
HH_XR2010C 5.30∙10-8 

 

Risk is calculated based on the equation: Risk = Probability × Damage. Therefore, the inte-
grated flood losses in each grid cell in ArcGIS map (Figure 6-37 for flooding scenario 
HH_XR2010A and Figure 6-38 for flooding scenario HH_XR2010C) are multiplied by the 
relevant flooding probability to obtain the flood risk for each grid cell. Here, the estimated risk 
is presented in a five-point scale: 1-very low risk, 2-low risk, 3-medium risk, 4-high risk and 5-
very high risk. The integrated risk maps for the flooding scenarios; HH_XR2010A and 
HH_XR2010C are presented in Figure 6-49 and Figure 6-50, respectively. Since the flooding 
probability is a constant for the whole area, the integrated risk maps (Figure 6-49 and Figure 
6-50) are similar to the integrated loss maps (Figure 6-37 and Figure 6-38). 

Monetary valuation of intangible losses is carried out for loss of life and physical injuries 
within Hamburg-Wilhelmsburg, and integration of losses was performed within a cost-ben-
efit analysis (CBA) framework. The comparison of the integrated monetary loss map and 
the integrated non-monetary loss map show that high to very high total losses occur in the 
same flooded areas for both cases. 
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Figure 6-49: Integrated flood risk map for flooding scenario HH_XR2010A 

 
Figure 6-50: Integrated flood risk map for flooding scenario HH_XR2010C 

Table 6-17 illustrates the percentages of area of the integrated risk levels for the two flooding 
scenarios. 

Table 6-17: Percentage of area of the integrated risk levels for flooding scenarios HH_XR2010A and 
HH_XR2010C 

Flooding scenario 
Risk level 

No risk Very low Low Medium High Very high 
HH_XR2010A 29.6% 69.0% 1.40% 0.01% 0.01% 0% 
HH_XR2010C 16.5% 50.7% 14.8% 0.08% 14.2% 3.7% 

 

Flooding scenario HH_XR2010A resulted in a zero or ‘very low’ and ‘low’ levels of integrated 
risk in almost entire area except for 0.02% of the area which has ‘medium’ to ‘high’ level of 
integrated risk. Flooding scenario HH_XR2010C resulted in ‘high’ to ‘very high’ levels of in-
tegrated risk for ca. 18% of the area, mainly in the residential areas (see Figure 6-33) in middle 
and west parts of Hamburg-Wilhelmsburg.  
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6.3.5 Summary, Discussion and Concluding Remarks 

In this case study, the approaches proposed/ developed in Chapter 3 (for the evaluation of in-
tangible losses) and Chapter 5 (for the integration of tangible and intangible losses) are applied 
exemplarily in Hamburg-Wilhelmsburg. 

For illustration, the assessment of intangible social losses is performed for flooding scenarios 
HH_XR2010A (maximum flood depth of 4.61m and maximum flow velocity of 3.69m/s) and 
HH_XR2010C (maximum flood depth of 8.44m and maximum flow velocity of 3.80m/s). Four 
types of intangible social losses are considered: loss of life, physical injuries, mental health 
impacts and cultural losses. Environmental losses are not considered in the case study because 
the considered area in Hamburg-Wilhelmsburg mainly consists of residential, industrial and 
agricultural zones, and the environmental losses are insignificant (within the selected pilot site 
of ca. 26 km2, only ca. 0.3 km2 – 1.2% of nature reserves are available). The grid resolution for 
this study is selected as 50 m based on the recommendations from past studies and the require-
ments of the present study (details are provided in the next paragraphs).  

For the assessment of loss of life and injuries, the spatial loss of life model developed based on 
Penning-Rowsell et al. (2005) is applied. Three grid resolutions (10 m, 50 m and 100 m) were 
considered in XtremRisK project for the spatial loss of life model. 10 m grid resolution is not 
suitable for this spatial loss of life model because it produces significantly low values than the 
other two resolutions, since the number of residents per grid cell is relatively low, which results 
in loss of life and injuries values below 0.5 that round up to 0. Therefore, the 50 m resolution 
was selected for this study. For the flooding scenario HH_XR2010A, two fatalities and 914 
physical injuries are estimated, while for the flooding scenario HH_XR2010C, 5826 fatalities 
and 19396 physical injuries are estimated for 50 m resolution. However, this estimation is 
merely an academic exercise based on pessimistic assumptions for the application of proposed 
methods, which provides the above high flood loss values. 

In the assessment of mental health impacts, flooding scenario HH_XR2010A resulted in only 
low-medium levels (69%), but most of the considered area has medium-high levels of mental 
health impacts for scenario HH_XR2010C due to the higher flood levels and the associated 
higher levels of flood losses. However, no recorded data are yet available on mental health 
impacts associated with other flood losses, several assumptions must be taken, and the verifi-
cation of the proposed method is unachievable. 

The cultural loss assessment has a leading impact on the selection of a grid resolution for this 
case study. In the second analysis of cultural loss assessment, the cultural assets are mapped as 
points using their physical address, and then they are converted into raster representation. For 
a better representation of all cultural assets (with areas less than 500 m2 to more than 10,000m2) 
in the area, a 50 m grid resolution is selected. Results of the cultural loss assessment illustrated 
that most of the cultural assets within the area undergo a loss level of medium to high for 

The comparison of risk maps provides evidence that the XR2010C (with a max. flood depth 
of 8.44 m and a max. flow velocity of 3.80 m/s) is an extremely severe storm surge scenario, 
which comprises ‘high’ to ‘very high’ levels of integrated risk for approx. 18% of the area. 
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flooding scenario HH_XR2010A. Due to the higher flood levels in scenario HH_XR2010C, all 
cultural assets are estimated with high to very high loss.  

Next, the integrated flood losses are estimated considering possible tangible and intangible 
losses within the area, adopting the hybrid AHP-MAUT approach described in Chapter 5. For 
the calculation of criterion weights, the pairwise comparison matrix in AHP was employed as 
described in Chapter 5. The losses are standardised using the multi-attribute value function 
approach (MAVF). The results show that the contribution of economic losses to the total loss 
is considerably smaller than that of the intangible losses (the change of integrated intangible 
loss area to integrated total loss area ≤ 2%, see Table 6-11). The reason for this rather unex-
pected result might be the allocated criterion weights for different losses. As the main limitation 
of this study, the criterion weights were determined merely based on the author’s preferences 
due the time and resource constraints. A different result would be obtained by employing a 
group of multi-disciplinary stakeholders for the elicitation of criterion weights, who may allo-
cate more importance level to economic losses. In addition, the considered pilot site Hamburg-
Wilhelmsburg contains only economic and intangible social losses. An ideal site containing all 
tangible and intangible losses may lead to different results.  

Moreover, the sensitivity analysis carried out for testing the robustness of the integrated losses 
to slight changes in criterion values and criterion weights reveals that slight changes in criterion 
values have a negligible effect on the integrated losses, while slight changes in larger criterion 
weights have a significant effect on the final losses. Yet, the analysis suggests that it is recom-
mendable to test the sensitivity of the latter to slight changes in the hierarchy of criterion 
weights. Due to the lack of the necessary data and resources available for this PhD study, an 
uncertainty analysis was not carried out, though uncertainties are pervasive throughout the in-
tegration process, from the selection of the method to the elicitation of criterion values and 
weights based on author’s knowledge and preferences, which is one of the main drawbacks of 
this study. Furthermore, the comparison of the integrated flood loss maps using the proposed 
MAVF approach with the conventional simple additive weighting (SAW) approach shows that 
the MAVF approach is more suitable in the identification of areas with the most important flood 
losses (specially loss of life) for the implementation of flood management strategies. 

Monetary valuation of intangible losses is limited to loss of life and physical injuries within 
this case study. For the monetary valuation of mental health impacts, a new approach is sug-
gested based on available methods (Section 3.2.4), yet, more research is needed to develop a 
suitable method to monetize different types of mental health impacts and therefore not per-
formed within this study. The monetary valuation of cultural losses is also difficult to perform 
in this case study due to its high complexity and data requirements (all cultural assets need 
individual valuation), though a tentative generic approach is presented in Section 3.2.5. More-
over, integration of monetarily valued intangible losses (i.e. loss of life and physical injuries) 
with economic losses in Hamburg-Wilhelmsburg is performed. The residential areas of Ham-
burg-Wilhelmsburg contains loss of life, injuries and most of the economic losses due to the 
destruction of residential buildings. Hence, high integrated monetary flood losses occur in res-
idential areas. In the case of non-monetary losses, due to the calculated high weights of intan-
gible losses, residential areas comprise high integrated non-monetary losses. Therefore, the 
comparison of the integrated monetary loss map and the integrated non-monetary loss map 
shows that in both cases, high total losses occur in the same areas. 
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Moreover, the flood risk analysis is performed for the area under both considered flooding sce-
narios HH_XR2010A and HH_XR2010C. This integrated risk analysis method provides ade-
quate information to identify the high-risk areas within the study area for different flooding 
scenarios, which helps policy/ decision-makers to introduce efficient flood defence schemes. 
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7 Conclusions, Recommendations and Outlook  

The evaluation of intangible losses might be as essential as tangible losses in flood risk analysis, 
and in some cases, even more important (e.g. Oumeraci et al. 2012). However, the lack of ap-
propriate methodologies for their evaluation and integration has hindered intangible losses from 
being incorporated in risk analysis. The main objectives of this PhD thesis are, therefore; 

  to extend/adapt existing methods and propose new methods for the evaluation of social 
and environmental losses,   

  to develop methods for the integration of flood losses, and 
  to improve the flood risk analysis by incorporating all possible categories of tangible 

and intangible flood losses, which is yet limited to only direct economic losses and in 
few cases also includes loss of life.  

For a better illustration of the improved methods and the new approaches proposed, case studies 
are carried out using the data and other information from the German research project 
“XtremRisK”. A summary of the applied methods, the new contributions within this study and 
the key results of each step as well as the limitations of the proposed methods and the recom-
mendations for future research are provided in the following sections. 

7.1  Summary of Applied Methods, Novel Contributions and Key Results 

Figure 7-1 illustrates the novel contributions of this PhD thesis, including the development of 
new methods for the evaluation of mental health impacts, cultural losses and ecosystem services 
and the development of an integration method containing new multi-attribute value functions, 
along with the complete methodology of the PhD research. The highlighted boxes depict the 
novel contributions. Furthermore, the key results of each step of the case study are also briefly 
indicated in Figure 7-1.  

The new methods proposed in this thesis is expected to contribute to the feasibility of a com-
plete flood risk analysis by including several important social and environmental flood losses, 
which were often neglected in past flood risk estimations. For example, mental health impacts 
have never been estimated based on the flood characteristics and other associated factors (e.g. 
flood losses such as economic losses and physical health impacts) as proposed in this thesis and 
have never been included along with other flood losses in an overall flood risk analysis.  
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Figure 7-1: Methodology, new contributions and key results of this thesis. 
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7.2  Limitations of the Proposed Methods     

Overall, the major limitation of the proposed novel approaches is that they had to be based on 
several assumptions due to the lack of the fundamental knowledge and related data needed for 
their development and verification and are thus to be considered as tentative. The development 
of such knowledge and data would in fact, far exceed the frame of such a PhD study both in 
terms of time and other resources. Therefore, an assessment of the uncertainties which might 
result from the application of the new approaches was not possible within this study.  

More specifically, the difficulties encountered in developing the new approaches and their re-
spective limitations may be summarised as follows. 

 For mental health impacts, a key limitation of the proposed approach is that it assesses the 
overall mental health impacts due to the disaster without distinguishing between the type of 
mental impacts such as post-traumatic stress disorder (PTSD), depression or anxiety. How-
ever, most of the previous post-disaster studies have attempted to assess the number of peo-
ple with different types of impacts. With this proposed method, it is difficult to calculate the 
number of people with different mental disorders.  

 For cultural losses, the proposed method comprises two main steps: assessment of the level 
of physical damages and assessment of the level of cultural value. Since no specific methods 
are available for the assessment of the level of physical damages of cultural assets, a method 
is developed based on the assumption that the difference between the structural strength of 
both residential and cultural buildings is not significant. Furthermore, as a generic method 
to assess the level of their cultural values is hardly possible due to the high diversity and 
heterogeneity of cultural assets in terms of their cultural values, simplifications are inevita-
ble. Therefore, a simplified approach is proposed based on the assumption that several cul-
tural value constituents exist in each cultural asset category. 

 For environmental losses, one of the main limitations of the proposed method is that it does 
not consider the regeneration of ecosystems. Since risk-based design is generally used to 
optimise coastal flood defence projects for a given lifetime, it is important to know not only 
the degree/extent of damages at the time of the flood event but also the degree/extent of 
regeneration of the ecosystems over the considered lifetime. However, the time taken for 
recovery is highly site-specific and greatly depends on other environmental parameters. Fur-
thermore, ecosystems are highly complex, and each location may consist of several interact-
ing types of ecosystems. The functions and services of the latter may be different from those 
of individual ecosystems. However, to avoid the complexity of the analysis, this approach 
suggests selecting one major type of ecosystem and its services for each location. Further-
more, this approach only considers the negative impacts of flooding. Yet, there can be posi-
tive impacts of flooding on the environment. For example, a new landscape evolved after 
flooding may attract wildlife and tourists to the area. However, these conditions are site-
specific and proper studies should be carried out before including them in the analysis. 
Therefore, the ESDA tables should be extended to address these issues.  

 For the monetary valuation of intangible losses, only two intangible loss categories are se-
lected: loss of life and physical injuries. Monetary valuation of mental health impacts needs 
a new approach as this area has not been addressed in past studies. Therefore, it is difficult 
to perform within this research study due to the lack of knowledge and necessary data. In 
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addition, generic methods to assess the monetary value of cultural and environmental losses 
could not be developed in the time frame and resources of this PhD study since the valuation 
might change depending on the local conditions and should therefore be site-specific. 

 For the integration of losses within a Multi-Criteria Analysis (MCA) framework, a hybrid 
MAUT-AHP (Multi-attribute Utility Theory-Analytic Hierarchy Process) approach is pro-
posed. Due to time and resource constraints, experts’ involvement from different research 
fields to assess and reduce the uncertainties, which might result due to the assumptions and 
author’s judgements that are required for the development of value functions and the elici-
tation of criterion weights, was not carried out within this study.  

7.3  Relevance and Implications of this Study 

Overall, this research study provides adequate methods and information for future researchers 
on the analysis of flood risk to incorporate both tangible and intangible flood losses, which is 
often limited to tangible losses. The implications of the new approaches proposed for the eval-
uation and integration of intangible losses within this study may be summarised as follows. 

 The mental health impact assessment approach is developed with the scope of estimating 
the mental health impact vulnerability of people due to a flood disaster. However, the flood 
loss factor, which is determined based on other losses, can be applied for the assessment of 
the mental health impacts level after other natural disasters. Moreover, the overall method 
may help to make decisions on conducting mental health counselling programmes after a 
disaster, which will support the flood victims for a speedy recovery from mental disorders.  

 In the cultural loss assessment approach, the first step proposed for the estimation of phys-
ical damages of cultural assets can also be incorporated in the qualitative assessment of flood 
damage of any masonry building/structure. On the other hand, the level of cultural value 
obtained from this assessment method can be used in cultural loss assessments due to any 
natural hazard or for priority decision-making of repair and restoration of damaged cultural 
assets.  

 The novel method proposed for the evaluation of environmental losses based on ecosystem 
services damage levels may serve as a basis for future research on this topic. The ecosystem 
services damage assessment (ESDA) tables can be incorporated to estimate ecosystem dam-
ages and hence the ecosystem services damages, not only due to a natural disaster but also 
due to human activities such as infrastructure development. Therefore, the environmental 
impact assessments of future projects may focus on the assessment of impacts of the pro-
posed developments on different ecosystem services using ESDA tables. 

 The use of the proposed monetary evaluation approaches for cultural and environmental 
losses is not limited to flood damage assessment but can also be incorporated for the damage 
assessment of other hazards. In this case, proper methods should be developed for the as-
sessment of the level of the physical damages based on the specific nature of the hazard. 

 The newly developed value functions in the proposed method for the integration of tangible 
and intangible flood losses may serve future MCA studies as a better alternative for the 
commonly used linear scale transformation method in the standardisation process.   



160              Conclusions, Recommendations and Outlook 

   

7.4  Recommendations for Future Research and Development 

Based on the knowledge gained during this research study, the following recommendations for 
future research might be drawn.  

 Physical health impacts: Physical health impacts due to floods are not limited to deaths and 
injuries. Several other impacts such as toxic exposure, water-borne diseases and vector-
borne diseases are common after floods, and chronic disease and related conditions (CDRCs) 
can be worsened (as mentioned by Alderman et al. 2012), which are not considered in this 
study. For a complete assessment of flood impacts on human health, these other impacts 
should also be included in future research. 

 Mental health impacts: The proposed approach can be further developed to estimate the 
number of people with different types of mental health impacts such as Post-traumatic stress 
disorder (PTSD), depression or anxiety, since the first step of determining the causes for the 
psychological impacts is already carried out within this study. That is, in the determination 
of flood loss factor, economic losses, loss of life and physical injuries mainly cause PTSD 
and depression, while in the direct exposure factor, anxiety is mostly caused by the exposure 
to flood water. Moreover, future research might focus on further development and adjust-
ment of this method to comply with prospective mental health impact data for verification 
of the results of this method.  

 Cultural Losses: the developed methodology for the assessment of cultural losses is not ap-
propriate for the assets with larger areas than a considered spatial unit (for example, an ar-
chaeological site or a cemetery). This method should be further developed for the application 
to larger assets. Moreover, for the assessment of cultural values, a simple approach based on 
the author’s judgements is adopted in this analysis which can be further developed in future 
research.  

 Environmental Losses: As an exemplary study for the application of the proposed ecosystem 
services damage assessment (ESDA) tables for a qualitative assessment of damages of eco-
system services, the considered ecosystems are limited to beach/dune ecosystem and salt-
marsh ecosystem in this thesis. Based on this method, future research may focus on devel-
oping similar ESDA tables for other ecosystems and their services. Furthermore, not only 
the damages but also the benefits of ecosystem services due to the ecosystem change should 
be considered in the ESDA tables. Furthermore, the time taken for regeneration of ecosys-
tems (e.g. flora and fauna), where more basic research is needed, should also be considered 
in developing ESDA tables. 

 Monetary evaluation: Monetary evaluation of intangible losses needs more attention in fu-
ture research, as it is often left behind in flood risk analysis studies. The basic conceptual 
approaches for the monetary valuation of cultural and environmental losses proposed in this 
research study are straightforward, but the applications of these approaches are complex as 
they require a great deal of time and resources. Therefore, more simplified methods are 
needed for the monetary valuation of these losses. Moreover, future research should focus 
on filling the knowledge gaps in the emerging concept of ‘cultural ecosystem services’ for 
the development of better decision-support systems that will contribute to more sustainable 
interactions between humans and coastal ecosystems. 



Conclusions, Recommendations and Outlook  161 

   

 Integration of losses:  The estimation of criterion weights represents one of the key chal-
lenges in multi-criteria analysis (MCA). The criterion weights mainly depend on the deci-
sion-maker’s preferences and are hence associated with large uncertainties. In practice, the 
definition of the relative importance of the criteria should be carried out by a group of experts 
from different research fields. As a result, an adequate set of criterion weights, which incor-
porates a collective effort and ideas, could be defined. Therefore, future research may focus 
on developing methods to incorporate stakeholder participation in MCA studies.  

The proposed method for the integration of tangible and intangible flood losses have pro-
vided enough evidence on the significance of the newly developed value function method 
over the commonly used linear scale transformation method. Therefore, future research may 
focus on further development and implementation of these value functions in flood risk re-
search. A main challenge in value functions is to define the maximum attribute values, xmax 
for VX = 1. In this study, several assumptions were made necessary to simplify methodology. 
Future studies may focus on adopting more comprehensive methods to define these values. 
For example, the xmax value for economic losses was calculated based on the assumption that 
the worth of the total economic assets in the area depends on the income of the people and 
the population of the area. Area-specific future studies may rather consider calculating the 
actual worth of the economic assets in the area. 

 Sensitivity Analysis: A sensitivity analysis is always recommended to test the robustness of 
results to slight changes in inputs. In MCA, the sensitivity analysis considering criterion 
weights can be recommended not only to test the sensitivity of outcome to slight changes in 
criterion weights, but also to test the sensitivity of outcome to slight changes in the hierarchy 
of criterion weights. 
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