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Summary 

Every year, flood events lead to significant economic and societal impacts. Scientific 

projections show that the risk of flooding is expected to increase in many regions 

around the world due to socio-economic growth and climate change. However, 

current projections of flood risk often assume that adaptation is static, as if the main 

agents involved in flood management, such as governments, insurers, and households, 

do not respond to changing flood risk and to each other’s adaptation decisions. This 

assumption limits our understanding of how flood risk will evolve, how adaptation 

will develop, and how much risk remains after adaptation. To improve our 

understanding of flood risk in the future, this PhD dissertation explores how the 

adaptation behaviour of governments, insurers, and households can be included in 

flood risk analyses and how they shape risk and each other’s decisions over time. In 

this dissertation, flood risk is defined as expected annual damage in monetary terms, 

which is a function of: the hazard, the land, buildings and assets exposed to flooding, 

as well as the vulnerability of land, buildings and assets to floods. To investigate how 

to incorporate decisions into flood risk assessments, the thesis applies different tools 

such as cost-benefit analyses, behavioural models based on micro-economic theory or 

psycho-social theory, and agent-based models (ABMs) that integrate the behaviour of 

agents in a flood risk analysis. 

 

First, this thesis demonstrates how a standard flood risk analysis framework can be 

combined with a cost-benefit analysis to represent rational decision making by 

governments, in which investment in flood protection is guided by the economic 

evaluation of optimal strategies. Chapter 2 provides a first set up of this framework 

for Tabasco, Mexico, which faces severe floods on an almost yearly basis. The analysis 

of coastal flood risk shows that without adaptation, the expected annual damage will 

increase from 0.53 billion USD today to 4.12 billion USD in 2080 as a result of socio-

economic development and climate change. For river floods, the cost of damage 

increases from 1.79 billion USD to 10.6 billion USD in 2080 without adaptation. The 

cost-benefit analysis shows that, when taking into account climate change, the optimal 

economic decision would be to raise both river and coastal protection to at least a 

100-year protection standard, which would reduce the combined coastal and river 

flood risk by roughly 10-13 billion USD, depending on the climate change scenario. A 

sensitivity analysis for a number of assumptions in the risk analysis and cost-benefit 

analysis is applied, showing the robustness of the optimal investment decisions. The 

chapter provides a basis for how rational decision making by governments can be 
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modelled and shows how it can assist the policy-makers in making decisions about 

flood risk management.  

The combined risk analysis and cost-benefit approach is further expanded to all states 

in Mexico in Chapter 3. The chapter shows how the cost-benefit approach can assist 

in prioritising where adaptation is needed, and how much funding is required to 

implement adaptation in each state in Mexico, for both coastal and river floods, and 

for different climate scenarios. Since consistent, detailed local data is often missing at 

this scale, the model approach in this Chapter applies global datasets, demonstrating 

how such large-scale datasets can be used for more detailed local analysis of optimal 

flood adaptation strategies. The results show that without adaptation, the combined 

coastal and river flood risk for Mexico can increase from 7 billion USD a year to 

approximately 126 billion USD a year in 2080 due to socio-economic growth and 

different climate change scenarios. Optimal protection standards are found to differ 

per state and climate change scenario, leading to differences in flood reduction 

outcomes. For river floods, the percentage of risk reduced varies between 15% for 

Chihuahua under RCP8.5 conditions, to  almost 100% for Queretaro under RCP2.6 

conditions. For coastal floods, economically optimal protection standards lead to a 

risk reduction of over 90% for many coastal states under future climate scenarios. The 

benefits of choosing economically optimal protection standards in Mexico outweigh 

the significant costs of protection, which were found to range between approximately 

75 billion to 120 billion USD over the lifespan of the river and coastal protection, 

depending on the climate scenario. 

 

While government decision making on flood protection is often supported by tools 

such as cost-benefit analysis, the adaptation decision by households is commonly 

more boundedly rational, as it is influenced by subjective risk perceptions, the 

influence of social networks, the availability of objective information, and flood 

experience, among other factors. Taking the Netherlands as a case study, Chapter 4 

explores how governments can steer household adaptation decisions by providing 

information on flood risk and how to cope with the risk. The chapter evaluates 

different communication campaign designs, ranging from large-scale top-down 

campaigns using mass media, to a more people-centred approach. For this purpose, 

an agent-based model is designed that captures the heterogeneous preferences and 

characteristics of households. Additionally, the social network of each household is 

modelled to explore the extent to which communication propagates through the 

social network and influences household adaptation decisions. The results of the case 

study lead to three main findings. First, a tailored, people-centred campaign leads to 

2.5 times higher implementation rates of loss-reducing measures than a top-down 
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mass media campaign. Second, communicating on both coping with floods and flood 

risk can lead to up to 6.5 times higher implementation rates than communicating on 

risk alone, which is often the strategy in practice. Third, communication is likely to 

propagate through social networks, leading to an increase of up to 12% in 

implementation rates of loss-reducing measures.  

 

Chapter 5 explores the applicability of agent-based models further, including 

household decision making on the implementation of loss-reducing measures in flood 

risk analyses for an area in Rotterdam, also in the Netherlands. Here, different 

behaviour models based on micro-economic theory, representing household decision 

making under risk, are applied and compared: (a) a model based on expected utility 

theory, which is the traditional model of decision making under risk; (b) a model 

based on prospect theory, which represents more boundedly rational behaviour where 

household overweight low probabilities and under weigh high probabilities; and (c) an 

amended model based on the prospect theory where flood experience, social 

networks, and media information also influence decisions. Loss-reducing measures 

include flood-proofing to protect buildings or purchasing flood insurance. The 

decision to take such measures is influenced by financial incentives, which are for 

instance offered by insurance companies. The results show that such an incentive can 

lead to a reduction of up to 29% in risk for this case study if households act rationally. 

Moreover, the results of the case study show the importance of including dynamic 

adaptation behaviour to understand the development of risk, as excluding this 

behaviour leads to an overestimation of risk in the year 2100 by a factor of two.  

 

Building on Chapter 5, Chapter 6 demonstrates the use of an agent-based model that 

captures different government, insurance, and household behaviour types for the 

entire European Union. To overcome the inherent limitations of modelling micro-

scale behaviour on a macro scale, this model is developed to run on a high-

performance computing (HPC) cluster. The model simulates flood risk over time, 

comparing the behavioural types of different stakeholder eventuality pairs: (a) 

boundedly rational and rational households, (b) reactive and proactive governments, 

and (c) voluntary and mandatory insurance schemes, both with or without a premium 

discount as a financial incentive to households to reduce risk. The results show that 

when disaster risk reduction policies are steered from more realistic boundedly 

rational and reactive behaviour towards more desired rational and proactive 

behaviour, risk is reduced by 6.7 billion EUR per year in 2050 and by 18.5 billion 

EUR per year in 2080. When households act rationally, they are responsible for 25% 

of the total risk reduction. Moreover, the results estimate the residual risk after 
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adaptation, which needs to be covered by risk-transfer mechanisms such as insurance 

or the EU Solidarity Fund. Finally, it illustrates how these risk-transfer mechanisms 

can stimulate disaster risk reduction through financial incentives.  

While Chapter 6 shows that proactive governments are an important agent in risk 

reduction, Chapter 7 shows that this proactive behaviour can lead to adverse effects, 

as boundedly rational households are less inclined to protect themselves when 

protection is already provided for by the government. The result is that when a 

disaster strikes, it has more impact than it would if government protection had not 

been provided. This process is often named the levee effect or the safe development 

paradox. The extended model in Chapter 7 includes a stylised location decision by 

households after a flood strikes or after the government increases protection. Building 

on the model in Chapter 6, the results in this Chapter show that the aggregated 

expected damage of floods with a return period of 500 years increases by 28-53 billion 

EUR when governments act proactively instead of reactively, depending on the 

climate change and socio-economic growth scenarios. However, results also show that 

if household behaviour is steered towards rational behaviour, the aggregated expected 

damage of floods with a return period of 500 years instead decreases by 52-92 billion 

EUR when governments act proactively instead of reactively. These results highlight 

the interaction between government and household adaptation decisions, and how 

adverse effects can be countered by providing financial incentives to stimulate risk 

reduction. These findings are in line with those found in Chapters 5 and 6.  

 

This dissertation demonstrates how dynamic adaptation behaviour by key agents can 

be successfully integrated into flood risk analyses using agent-based models. The 

different Chapters highlight the significant influence that decision making can have on 

(future-) risk estimates. This information can aid policy-makers in selecting adaptation 

paths to reduce risk and to improve the contribution of individuals’ adaptation. The 

dissertation concludes with recommendations for further research. First, more 

empirical data on decision making in face of low-probability/high-impact events is 

needed to calibrate and validate behavioural models. Second, further research can 

build on the models developed in this thesis to explore more complex behaviour 

patterns, such as political change and its consequences for climate and disaster 

policies, changing housing markets due to changing risk in the area, community 

actions and efforts, and transformative cultural processes that might influence risk, to 

name a few. Third, from a more holistic perspective, this dissertation shows the 

importance of combining social sciences and natural sciences. A similar approach can 

be applied to other natural hazards such as drought risk assessments and global 

climate change mitigation efforts. 



Summary 
 
 

5 
 

  



1



 
 
 

7 

 

CHAPTER 1 

Introduction 
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1.1 Flood risk 

 

In the last decade, floods across the world have caused approximately 400 billion 

USD in damages, affecting almost 1 billion people, and leaving almost 60,000 

casualties in their wake (Guha-Sapir et al., 2017). As mankind has traditionally built 

settlements near coasts and rivers, many global metropolitan areas are susceptible to 

coastal flooding (Hallegatte et al., 2013) or river flooding (Swiss Re, 2014). This 

became abundantly clear after the extensive river flood events in Bangkok in 2011 and 

the storm surge flood in New York caused by Hurricane Sandy in 2012. More recent 

events in 2017 such as wide-scale flooding in Houston after Hurricane Harvey and 

large-scale flooding in Southeast Asia have further illustrated the destructive nature of 

flood events and their disruptive effects on society, stressing the need for more 

adaptation to reduce the impact of extreme events.  

 

1.1.1 Drivers of flood risk 

 

The losses caused by flooding are expected to increase in the future due to climate 

change (Arnell and Gosling, 2016; Feyen et al., 2012; IPCC, 2012, 2014) and socio-

economic growth (Feyen et al., 2012; Jongman et al., 2014; Visser et al., 2014; 

Winsemius et al., 2016). For coastal flood risk, the intergovernmental panel on climate 

change (IPCC, 2014) states with a very high degree of confidence that floods will 

intensify as a result of sea-level rise caused by global warming. Recent projections of 

global mean sea-level rise by the IPCC (2014) range between 0.47 and 0.63 meters, 

leading to an aggravation of coastal flood events. Even if global efforts to mitigate 

greenhouse gas emissions succeed, sea levels will continue to rise due to the slow 

warming of the lower ocean layers (Meehl et al., 2012). Moreover, it is possible that 

tropical cyclones and the related flood events will intensify or increase in frequency 

leading to higher storm surges and coastal damage, although this is still under debate 

(Lin et al., 2012; Lin and Emanuel, 2016; Mousavi et al., 2011). For river floods, the 

change in the magnitude and frequency of floods as a result of climate change is more 

difficult to assess (IPCC, 2012), mainly because the available instrumental records of 

floods at gauge stations are limited in space and time, and the records are influenced 

by changes in land-use and flood protection (IPCC, 2012; Visser et al., 2014). That 

said, several studies (Arnell and Gosling, 2016; Feyen et al., 2012) have shown that 

many regions around the world are potentially faced with more frequent and more 

intense flood events as a result of climate change alone. For instance, Feyen et al. 

(2012) specifically investigated the role of climate change in future river flood risk and 

concluded that global warming is expected to considerably affect future flood risk. 
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Yet, they also stress the inherent difficulty in extracting past increases in river flood 

intensity.  

 

Apart from climate change, recent studies have shown that socio-economic growth is, 

in many cases, the largest driver of increases in flood risk (Feyen et al., 2012; Jongman 

et al., 2014; Visser et al., 2014; Winsemius et al., 2016). In 2010, approximately 1 

billion people lived in a 1-in-100-year flood zone, and it is estimated that this will 

increase to 1.3 billion people by 2050 (Jongman et al., 2012). In the same period, the 

value of exposed assets in the 1-in-100-year flood zone is estimated to increase from 

46 to 158 trillion USD due to socio-economic growth alone (Jongman et al., 2012). A 

recent study by Winsemius et al. (2016) has shown that for all regions around the 

world except Africa, socio-economic growth is a far greater driver of river flood risk 

than climate change when correcting for gross domestic product. Similarly, socio-

economic growth in coastal megacities has been estimated to greatly aggravate coastal 

flood risk (Hallegatte et al., 2013). 

 

1.1.2 Flood risk policy 

 

To reduce the losses caused by flood events now and in the future, the international 

community has increased its efforts to reduce the impacts of natural disasters by 

establishing frameworks to guide disaster risk reduction (DRR) policies. For instance, 

the United Nations Office of Disaster Risk Reduction (UNISDR) established the 

Sendai framework for disaster risk reduction (UN, 2015), which aids member states in 

understanding risk, strengthening disaster risk governance to manage disaster risk, 

investing in disaster risk reduction for resilience, and enhancing disaster preparedness 

for effective response. Moreover, the Warsaw International Mechanism for Loss and 

Damages (L&D; UNFCCC, 2013) was established to address the remaining loss and 

damage associated with the impacts of climate change. Other initiatives have emerged 

parallel to global efforts, such as the European Union’s flood directive (EU, 2007) 

that aims to “reduce and manage the risks that floods pose to human health, the 

environment, cultural heritage and economic activity”. The directive motivates policy-

makers in member states to identify the areas at risk of flooding and to establish flood 

management policy to reduce, prevent, and prepare for floods. These frameworks and 

initiatives can provide the necessary tools for policy-makers to incorporate disaster 

risk reduction in their risk management plans (EU, 2007; UN, 2015; UNFCCC, 2013).  
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1.1.3 Flood risk assessments 

 

In order to adequately design such disaster risk reduction policies, policy-makers need 

to be informed about the risk reduction potential of specific measures and about how 

much flood risk remains after adaptation. Here, risk assessment science can play a key 

role in providing risk projections, determining how much loss is expected both now 

and in the future, and support discussions of how the responsibility of reducing and 

coping with risk can be properly divided among states, companies, insurers, and 

individuals (Mechler and Schink, 2016). These risk projections, provided by scientific 

risk assessment studies (Aerts et al., 2014; Hallegatte et al., 2013; Hirabayashi et al., 

2013; Jongman et al., 2012; Rojas et al., 2013; Philip J. Ward et al., 2017; Winsemius et 

al., 2016) commonly operationalise ‘flood risk’ in monetary terms, where flood risk is 

a function of the hazard, the exposure of people and assets, and the vulnerability of 

these people and exposed assets (IPCC, 2012; Kron, 2005). A flood event can be 

described as a hazard if the physical hazard characteristics have impacts on the human 

system, causing, for example, damage or loss of property, loss of life, or health 

impacts (IPCC 2012). In the case of flood risk, the hazard is often modelled as flood 

extent and water depth for floods with different return periods (Pappenberger et al., 

2012; P. J. Ward et al., 2013; Winsemius et al., 2013). Exposure can be defined by the 

presence of, for example, people, buildings, and economic activities in flood-prone 

areas (IPCC 2012). In flood risk assessment studies that focus on the monetary impact 

of floods, exposed assets are often either object based e.g. buildings, or land-use 

based, e.g. residential. Each of these object or land-use classes then represents a 

certain economic value. The level of impact that the hazard causes to the exposed 

value is determined by the degree of vulnerability, which is the propensity or 

predisposition to be adversely affected (Adger, 2006; IPCC, 2012). In flood risk 

assessment studies, the vulnerability of these exposed assets is often represented by a 

depth-damage curve, which describes the relation between the water depth to which 

the object or land-use class is exposed and the damage that results from this water 

depth. By calculating the expected losses for different return periods, an exceedance 

probability curve can be constructed that describes the probability that various levels 

of losses will be exceeded (Merz et al., 2010). The resulting monetary expression of 

flood risk, expressed as expected annual damage, is obtained by the integral over the 

exceedance probability curve, which is cut off at the current or future level of 

protection. Ward et al. (2017) have provided a good example of such a risk study by 

showing how risk projections can be used to guide investments in flood protection 

against river floods a global scale. By using hydrological modelling input combined 

with a cost-benefit analysis, their methodology can be used by states to design optimal 
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protection standards or by global organisations such as the World Bank to prioritise 

adaptation fund allocations, to provide just two examples. Other instances of risk 

projection studies have investigated coastal flood risk (Aerts et al., 2014; Hallegatte et 

al., 2013; Jongman et al., 2012), or river flood risk (Feyen et al., 2012; Hirabayashi et 

al., 2013; Jongman et al., 2012; Rojas et al., 2013; Winsemius et al., 2016).  

 

1.2 Missing dynamics in flood risk assessments 

 

While the risk studies highlighted in the previous paragraph often advocate the 

importance of adaptation, the approach they have applied has been criticised for 

neglecting or over-simplifying the adaptive behaviour of individuals, businesses, 

communities and governments. Overlooking adaptation behaviours can influence 

calculations of the hazard, the exposure, and the vulnerability (Di Baldassarre et al., 

2013, 2015; Sivapalan et al., 2012; Viglione et al., 2014). For instance, some studies 

(Hirabayashi et al., 2013; Jongman et al., 2012) have neglected the protection standard 

offered by, for instance, dykes and levees. Other more recent studies (Feyen et al., 

2012; Hallegatte, 2008) have assumed that the protection standards remain constant 

over time, as if governments are not influenced by changing flood risk or flood risk 

events. This means that they implicitly assume that adaptation is constant, as if not 

only governments, but also households, businesses, communities and insurers do not 

respond to flood risk, or to the adaptive actions of others. On the contrary, flood risk 

is part of a coupled human-natural system (Liu et al., 2007), in which the actions 

within the human system influence the natural system over time, and vice versa. As 

Adger et al. (2005) have emphasised, adaptation towards risk is not only necessary, it 

is already occurring and will occur with greater urgency in the future. This means that 

any long-term projection that assumes a static adaptation pathway misrepresents 

future flood risk.  

 

1.2.1 Adaptation on different scales 

 

In reality, flood risk stakeholders across scales adapt and respond to a changing 

environment and to each other’s decisions. Protective discourses by governments are 

often triggered by the onset of major flood events (Adger, 2006; IPCC, 2012; Johnson 

et al., 2005; Penning-Rowsell et al., 2006), as exemplified by the Dutch Delta program 

that began after the 1953 flood disaster. The actions of individual agents such as 

households or larger agents such as insurers are neglected all together in large-scale 

risk assessments, even though they can have a significant influence on disaster risk 

reduction. This has been exemplified in a study by Kreibich et al. (2005), who have 
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shown that households along the Elbe river in Germany reduced flood risk up to 53% 

by adopting interior fitting and flood-adapted use of the building. Other studies have 

also found significant risk reduction potential in household measures (de Moel et al., 

2014; Poussin et al., 2013, 2014; Thieken et al., 2006). With flood losses increasing in 

many regions, it has been advocated that the responsibility of risk reduction should be 

partially shifted from the national-level to an individual level (Aerts et al., 2008; 

Bubeck et al., 2012; Johnson and Priest, 2008; Meijerink and Dicke, 2008), further 

emphasising the importance of including adaptation at different scales in flood risk 

assessments.  

 

1.2.2 Negative consequences of adaptation 

 

Moreover, it is important to realise that adaptation, or indeed behaviour in general, 

can also lead to an increase in flood risk. Large-scale development in flood-prone 

deltas and coastal areas (Feyen et al., 2012; Jongman et al., 2014; Visser et al., 2014; 

Winsemius et al., 2016) is an important example of adverse behaviour from a flood 

risk perspective, although from an economic perspective it is often offset by the 

economic benefits of locating in these areas (Hallegatte, 2017). In the context of risk 

modelling, such negative non-protective behaviour is often already implicitly captured 

in, for instance, scenarios of socio-economic development, as the flood risk is not 

considered as an influencing factor. Other processes can intensify adverse behaviour 

and aggravate flood risk. A well-known example is the levee effect, also known as the 

safe development paradox. The levee effect, first explained by White (1942), describes 

the paradoxical process in which governments increase protection in an area to reduce 

risk, after which the safer area attracts more development, in turn increasing exposure 

and flood risk (Burby, 2006; Di Baldassarre et al., 2015; Hallegatte, 2017; Hartmann 

and Spit, 2016; Husby et al., 2014; Tobin, 1995; White, 1942). In other words, the 

well-intended measures installed by the government can inadvertently lead to an 

increase of risk, a process not captured in current risk models, except for Di 

Baldassarre et al. (2015). Even when governments continue raising protection 

standards to maintain risk levels, when a disaster strikes, the impact will be much 

larger than it would otherwise have been if the government had not raised protection 

standards.  

 

1.2.3 Adaptation decisions 

 

It is therefore important for governments to make informed and rational decisions 

about providing protection for flood-prone areas. One method that is specifically 
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suitable for guiding economically optimal decision making is cost-benefit analysis. 

With a cost-benefit analysis for large-scale protection, the government can determine 

whether an investment is economically sound and which level of protection gives the 

highest benefits with respect to the costs. The practical application of such analysis 

has been demonstrated in the Netherlands, where flood risk management has been 

supported by cost-benefit analysis for more than a century  (CPB, 2017; Eijgenraam, 

2005; Jonkman et al., 2004). When applied correctly, cost-benefit analysis can provide 

important information to policy-makers on flood protection, by guiding economically 

rational adaptation decisions (Jonkman et al., 2004). In contrast, adaptation decisions 

by individuals often deviate from such a cost-benefit analysis. Their protective 

behaviour is dependent more on individual risk perception, which is likely to deviate 

from objective risk (Botzen et al., 2009a). Moreover, individuals have heterogeneous 

risk preferences, where one might be more risk averse than others, and individuals 

might be influenced by flood risk experience (Bubeck et al., 2012; Kreibich et al., 

2011; Kreibich and Thieken, 2008; Kunreuther and Michel-Kerjan, 2011; Kunreuther 

and Pauly, 2006), their social network (Deffuant et al., 2000; Lo, 2013; Lorenz et al., 

2011; Moussaïd, 2013), and/or the availability of information (De Boer et al., 2014b; 

Kellens et al., 2013; Petrolia et al., 2013), among others. As a result, the adaptation 

decisions made by individuals can be sub-optimal from an economic perspective, or 

they can display unwanted non-protective behaviour, resulting in avoidance of the 

situation, wishful thinking, or postponement of installing protective measures (Bubeck 

et al., 2013). 

 

1.2.4 Influencing adaptation decisions 

 

To reduce such adverse or non-protective behaviours, the decisions of individuals can 

be influenced by external incentives to steer behaviour towards a desired optimum or 

towards more objective and rational decisions. These incentives, aimed to stimulate 

risk reducing activities, can for instance be tax deductions or subsidies by 

governments, or discounts on an insurance premium if individuals decide to reduce 

their risk (e.g., by protecting their houses against flooding). It has been argued that 

insurance companies in particular are well-positioned to provide risk reduction 

incentives, as the market discipline is more efficient than government policy (Botzen 

and Van den Bergh, 2009; Kreibich et al., 2011; Poussin et al., 2013; Surminski, 2013; 

Surminski et al., 2015; Thieken et al., 2006). Insurance companies, which already play 

a vital role in sharing and segregating flood risk, can additionally provide stimuli to 

reduce risk (Kunreuther, 1996; Michel-Kerjan and Kunreuther, 2011). Well-known 

examples of insurance stimuli are the discount received on a health insurance policy if 
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individuals live a healthy lifestyle, or the discount car owners receive for years driven 

without damage. In the case of flood risk, the incentive can be comprised of a 

discount on the flood or house insurance policy if homeowners install flood-proofing 

measures (Botzen et al., 2009b; Kunreuther and Pauly, 2006; Poussin et al., 2013). 

While the insurer does not reduce risk itself, it can influence the behaviour of other 

agents, such as households, that do directly influence the risk. The current absence of 

such processes in flood risk models reduces their capacity to provide insights into 

how risk will develop in the future. 

 

1.3 Moving forward 

 

To address the shortcomings of behavioural aspects in risk models, there is a need for 

models that integrate the behaviour of the main agents in the flood risk assessment 

frameworks, so that agent behaviour can influence the hazard, the vulnerability, 

and/or the exposure. One way forward, as also shown by Ward et al. (2017), is to 

apply the standard flood risk framework in combination with a cost-benefit analysis to 

guide economically optimal decision making on flood protection by governments. 

Here, the flood risk framework is used to calculate the reduction in risk (i.e. the 

benefits) that can be achieved by increasing protection measures, which serve as the 

input for the cost-benefit analysis. By combining the risk framework with a decision 

model, the approach overcomes some of the first limitations of the lack of behaviour 

in risk assessment studies. However, this approach is static, while behaviour is 

dynamic over time.  

 

Agent-based models are particularly suited to evaluate the dynamic action and 

interaction of different stakeholders in flood risk assessments (Bonabeau, 2002; 

Farmer and Foley, 2009; Liu et al., 2015; Van Dam et al., 2013). Agent-based models 

are a class of computational models that simulate the simultaneous action and 

interaction of multiple individual agents within an environment to study the effects on 

the system as a whole (Gilbert, 2008; Grimm et al., 2006, 2010; Van Dam et al., 2013). 

They are specifically developed to model so-called complex adaptive systems (CAS), 

in which a perfect understanding of individual components does not automatically 

lead to the understanding of the system as a whole, or the less complex multi-agent 

system (MAS), which is simply defined as a system composed of multiple interacting 

agents. The behaviour of the agents themselves in these models is typically 

heterogeneous (Bonabeau, 2002; Farmer and Foley, 2009; Liu et al., 2015; Van Dam et 

al., 2013), so as to approach real-world differences in characteristics, meaning that the 

agents can act based on their own preferences and characteristics. For example, when 
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modelling households in a flood-prone area, these differences can be found in their 

risk situation, their risk aversion, or the information on risk available to them, among 

others. Moreover, the actions made by agents based on these preferences and 

characteristics can lead to different behaviours from other agents, either through 

direct or indirect interaction (Bonabeau, 2002; Farmer and Foley, 2009; Liu et al., 

2015; Van Dam et al., 2013). For example, when government agents decide to increase 

protection against flooding in a certain area, the residents of this area are less likely to 

protect themselves (Di Baldassarre et al., 2015; Hartmann and Spit, 2016). This ability 

of agent-based models to simulate the actions and interactions of agents, which can 

learn and adapt to new situations and new information and which can respond to one 

another, provides an opportunity to integrate dynamic behaviour into flood risk 

assessment studies.  

 

1.3.1 Bounded rationality 

 

Another advantage of agent-based models is that they are well suited to model 

boundedly rational behaviour (Gilbert, 2008). While many commonly applied 

economic models assume that individuals or households act rationally, in reality 

individuals are often bounded by the influence of previous experiences (Bubeck et al., 

2012; Kreibich et al., 2011; Kreibich and Thieken, 2008; Kunreuther and Michel-

Kerjan, 2011; Kunreuther and Pauly, 2006), the influence of other agents (Deffuant et 

al., 2000; Lo, 2013; Lorenz et al., 2011; Moussaïd, 2013), limited information 

availability (De Boer et al., 2014b; Kellens et al., 2013; Petrolia et al., 2013), and 

constrained cognitive abilities (Kahneman and Tversky, 1979; Tversky and 

Kahneman, 1992; Wakker, 2010). For instance, a hedonic pricing study by Bin and 

Landry (2013) showed that housing prices drop after a flood occurred and recovered 

after several years, demonstrating that flood experience influences decision making. 

Kunreuther et al. (1996) have found that there is a spike in flood insurance uptake 

after a flood event and in subsequent years insurance policies are cancelled if no other 

flood occurs. Bubeck et al. (2012) have found more empirical evidence in Germany 

for the importance of risk experience. Their study found that there was a large 

increase of flood protection measures installed in houses after a major flood in 1993. 

Other studies by Bubeck et al. (2013) and Lo et al. (2013) have shown that the actions 

and opinions in an agents’ social network can co-determine whether the individual will 

adapt to a changing risk environment or not. Further, other studies (De Boer et al., 

2014a, 2014b; Kellens et al., 2013) have provided empirical evidence for the 

importance of communicating the risk of flooding to individuals to steer their 

adaptation behaviour. By using agent-based models, we can incorporate this bounded 
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rationality, which is influenced by individual experience and the actions of a social 

network, in a flood risk context to improve the current flood risk projections 

(O’Connell and O’Donnell, 2013).  

 

1.3.2 Agent-based models in a flood context 

 

There are several studies that explore the use of agent-based models in a flood context 

without a specific focus on flood risk projections (Dawson et al., 2011; Filatova et al., 

2011; McNamara and Keeler, 2013). Although they do not specifically aim to provide 

risk projections, they provide good examples of how agent-based models can be 

developed to investigate behaviour in a flood risk environment. For instance, Filatova 

et al. (2011) used an agent-based model to investigate how skewed flood risk 

perceptions in the Netherlands influence the Dutch coastal land market. In their 

model, economic agents in the land market buy or sell land at the coast, where they 

face a trade-off between high amenity waterfront property with high risk, and more 

safety but lower amenity further away from the waterfront. From a modelling 

perspective, the study highlights the importance of incorporating and understanding 

the heterogeneity of the agents, as it is a major driver of the resulting land market, 

which indirectly determines risk. Another well-known example of the use of agent-

based models in a flood context is the study by Dawson et al. (2011). They 

investigated optimal flood incident management and evacuation strategies in case of 

dyke failure. They modelled the daily routines of residents living near the coast in a 

spatially explicit environment and estimated the vulnerability of the agents to flooding 

under different storm surge conditions, dyke failures, flood warning times and 

evacuation strategies. The study highlights another benefit of agent-based models in a 

flood context, namely the capability to model life-threatening flood events and the 

response of humans, providing insights that cannot be obtained experimentally.  

 

Recently, the use of agent-based models to explicitly explore future flood risk has 

found more traction in line with the work in this thesis. Tonn and Guikema (2017) 

applied an agent-based model that analysed evolving community flood risk in Fargo, 

North Dakota. The study investigated the influence of flood protection measures, 

individual behaviour, and the occurrence of floods and near-miss flood events on 

community flood risk using an agent-based model. Another study by Jenkins et al. 

(2017) investigated the development of flood risk related to surface water runoff for a 

ward in London. They modelled how the interplay between homeowner and 

government behaviour, steered by insurance incentives, influences the (future) flood 

risk. The model is applied in the context of the proposed Flood Re insurance scheme 
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for the United Kingdom and demonstrates how certain policies can be effective when 

taking into account the actions and interactions of individual agents.   

 

The studies highlighted above demonstrate the applicability of agent-based models to 

explore how behaviour changes the subsequent behaviour of other agents and the 

flood environment, and vice versa. They also demonstrate the complexity of 

behaviour and give a first impression of the intricate nature of modelling human 

behaviour in flood models. The inherently complex nature of human behaviour, 

society, and governance allows for a range of behaviour that is more or less relevant 

for modelling risk purposes. This thesis will further explore behaviour relevant to 

flood risk assessment studies and how to integrate the two by using agent-based 

models. Figure 1.1 illustrates the themes discussed in this introduction, namely the 

common flood risk framework, the different agents that influence flood risk, and the 

various sources influencing the decisions of these agents. 

 

 
  

Figure 1.1 | Illustration of the model components applied in this dissertation. Flood risk is 

commonly operationalised as a function of the hazard, the exposure, and the vulnerability. 

Different agents, such as government and residents, influence the flood risk. Their decision is 

influenced in turn by different aspects such as flood events, information from different 

sources, actions and opinions of the social network, and financial incentives.  
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1.4 Goal and research questions 

 

The main goal of this dissertation is to integrate adaptation behaviour in flood risk 

assessment modelling at different scales and assess how this can be used to improve 

climate change adaptation policies. To this goal, this dissertation follows five research 

questions. 

 

1. How can the traditional flood risk framework be combined with cost-benefit 

analysis to support economically rational decision making about large-scale flood 

adaptation by governments? (Chapters 2 and 3) 

 

2. How can the behaviour of governments and other main agents in a flood 

context, such as insurers and households, be integrated with the traditional flood risk 

framework to simulate dynamic decision making both now and in the future? 

(Chapters 2-7)  

 

3. How does the simulated adaptation behaviour of governments and household 

agents dynamically influence the projected flood risk over time? (Chapters 5-7) 

 

4. To what extent does the large-scale protection offered by governments lead 

to less protective behaviour by households? (Chapter 7) 

 

5. To what extent can current and future flood risk be reduced by steering the 

current boundedly rational behaviour of individuals towards rational behaviour 

through different policies such as communication campaigns and discounts on 

insurance premiums? (Chapters 4-7) 

 

1.5 Outline of the thesis 

 

First, Chapters 2 and 3 apply a conventional static flood risk framework in 

combination with a cost-benefit analysis to identify the current and future flood risk 

situation for the case-study of Mexico and to evaluate rational economic adaptation 

strategies to reduce risk. These Chapters show how such a conventional flood risk 

framework can be applied in combination with a cost-benefit analysis to prioritise 

adaptation strategies for coastal and river floods.  

 

Following these first Chapters, Chapter 4 investigates how an agent-based model can 

be used to define optimum flood risk communication strategies to motivate 
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households to adapt to flood risk. The model used in this Chapter builds on a psycho-

social model of individual protective action, namely the protection motivation theory. 

The protection motivation theory (PMT) was first developed by Rogers (1975) to 

explain decision making in response to threat. The theory is applied here because it 

explicitly captures the different aspects of an individual protection behaviour that are 

often targeted by flood risk communication campaigns, such as the risk and coping 

appraisal of individuals. 

 

In Chapter 5, an agent-based model is developed for a small area in Rotterdam in the 

Netherlands. The chapter explores a range of different micro-economic models that 

can be applied to model decision making under risk by households in a flood risk 

situation. The chapter focusses specifically on providing risk estimates when dynamic 

behaviour is included in a flood risk assessment. Moreover, the chapter explores how 

financial incentives provided by an insurer can steer boundedly rational behaviour 

towards rational behaviour and the implementation of flood management measures. 

The chapter also explores what this means for the estimation of flood risk both now 

and in the future.  

 

In Chapter 6, a large-scale model is developed for the European Union that combines 

state-of-the-art large-scale flood risk assessment techniques with the dynamic 

adaptation behaviour of governments and households, where the latter can be 

stimulated by different insurance mechanisms to reduce the risk. To overcome the 

inherent difficulty of modelling micro-scale behaviour on such a large-scale, the model 

applied in this Chapter was run on an HPC facility . 

 

The model developed in Chapter 6 is expanded in Chapter 7, where a module is added 

to explicitly capture the effects of floods and the provision of safety by the 

government on both the location decisions of individuals and the increase of exposed 

economic value. The chapter explores the adverse effects of well-intended 

government protection on the intention of households to protect (i.e. the levee effect 

or safe development paradox). The chapter focusses on the impact of extreme events, 

which potentially increase after such well-intended measures.  

 

Chapter 8 concludes by providing a synthesis of the findings in the previous Chapter 

and answering the three research questions. Finally, the chapter provides 

recommendations for future research. 
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CHAPTER 2 

Economic evaluation of climate risk adaptation strategies: 

cost-benefit analysis of flood protection in Tabasco, Mexico 

Abstract: Economic losses as a result of natural hazards have been rising over the 

past few decades due to socio-economic development and perhaps climate change. 

This upwards trend is projected to continue, highlighting the need for adequate 

adaptation strategies. This raises the question of how to determine which adaptation 

strategies are preferred to cope with uncertain climate change impacts. This study 

shows how a multi-disciplinary cascade of hazard modelling, risk modelling, and a 

cost-benefit analysis can be applied to provide a first indicator of economically 

efficient adaptation strategies. We apply this approach to an analysis of flood risk and 

the desirability of flood protection in the state of Tabasco in Mexico, which faces 

severe flooding on an almost yearly basis. The results show that expected annual 

damage caused by coastal flooding is expected to increase from 0.53 billion USD 

today up to 4.12 billion USD in 2080 due to socio-economic development and climate 

change. For river floods, expected annual damages are estimated to increase from 1.79 

billion USD up to 10.6 billion USD in 2080 if no adaptation measures are taken. 

Based on the estimated risk and cost-benefit analysis of installing flood protection 

infrastructure, we determined the economically optimal protection standards for both 

river and coastal floods as at least 100 years, if we take into account climate change. 

Our main conclusions are robust to key uncertainties about climate change impacts on 

flood risks, indirect damage caused by floods, the width of the protected floodplains, 

and the adopted social discount rate. We discuss how our multi-disciplinary approach 

can assist policy-makers in decisions about flood risk management, and how future 

research can extend our method to more refined local analyses which are needed to 

guide local adaptation planning.  

 

 

 

 

 

 

This chapter is based on: Haer, T., Botzen, W. J. W., Zavala-Hidalgo, J., Cusell, C., & J. Ward, 

P. (2017). Economic evaluation of climate risk adaptation strategies: Cost-benefit analysis of 

flood protection in Tabasco, Mexico. Atmósfera, 30(2), 101–120. 

doi:10.20937/ATM.2017.30.02.03 
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2.1 Introduction 

 

Economic losses from natural disasters have been increasing during the past few 

decades in many areas around the world (IPCC, 2012). This upwards trend in losses 

has been mainly attributed to socio-economic developments, such as economic and 

population growth in disaster-prone areas, which have increased the exposure of 

properties that can be damaged by natural hazards over time (Bouwer, 2011). Natural 

disaster damages are the outcome of a complex interplay of these changes in exposure 

with changes in vulnerability, caused by socio-economic development and decisions, 

and changes in hazard, which can be influenced by climate change or human 

interventions in the hydrological system. These interactions make it complicated to 

draw clear-cut conclusions on trends in the causes of natural disaster losses. It cannot 

be ruled out that climate change has contributed to past natural disaster losses 

(Estrada et al., 2015). Moreover, future natural disaster losses are expected to increase 

in many regions around the world (Hirabayashi et al., 2013). Future risks are projected 

to increase due to a combination of continued population and economic growth and 

climate change, which can cause increases in the frequency and/or intensity of 

extreme weather events, such as more severe droughts, storms, and floods (IPCC, 

2014). 

 

The projected increase in risks from natural disasters can be limited by implementing 

adaptation measures, such as installing protection infrastructure and adjusting 

buildings so they can better withstand the disaster. A key question is thus how to 

identify adaptation measures that are suitable for the local scale and which generate an 

adequate economic return? An interdisciplinary approach of hazard assessment, risk 

assessment, and economic cost-benefit analysis (CBA) of adaptation measures can 

provide insights for identifying economically efficient adaptation strategies to manage 

natural disaster risk, as will be illustrated in this study.  

 

In short, natural hazard modelling involves estimating potential hazard characteristics 

in terms of physical variables, such as potential flood extents and inundation depths in 

an area (e.g. Chen et al., 2016). As a next step, risk modelling aims to estimate the 

societal impacts, usually in terms of property damages, that are associated with 

specific hazard characteristics; for instance, the potential damage that a flood can 

cause in a certain geographical area (Grossi and Kunreuther, 2005a). The low-

probability nature of natural disasters generally means that few historical data exist on 

disaster impacts, which explains why most natural disaster risk assessments rely on 

models to estimate how hypothetical hazard characteristics translate into monetary 



Economic evaluation of climate risk adaptation strategies: 
cost-benefit analysis of flood protection in Tabasco, Mexico 

 

23 
 

damages. This can be carried out in a modelling framework, often using a 

Geographical Information Systems (GIS) environment that combines hazard 

modelling output with information about exposed land use or property values and 

assumptions about their vulnerability, i.e. their susceptibility to damage. Common 

outputs of risk models include the potential direct property damage and/or indirect 

business interruption damage that a particular hazard can cause (such as a flood with a 

certain probability), or the expected annual damage (EAD) of a hazard (e.g. Meyer et 

al., 2013). When such risk indicators are presented at a high spatial resolution they can 

be used for indicating where risk management measures, for example flood protection 

infrastructure, should be prioritised (Zerger, 2002). Moreover, risk modelling can 

deliver key inputs for CBA of disaster risk reduction strategies by estimating the 

potential benefits of such measures, in terms of the reductions in EAD they deliver, as 

shown by Michel-Kerjan et al. (2013) in a developing country context, and by Aerts et 

al. (2014) for global megacities. A CBA can be used for evaluating whether the 

benefits of a risk management measure outweigh the costs over its lifetime, with the 

aim to identify economically desirable natural disaster risk reduction measures 

(Mechler, 2016). Accounting for the potential impacts of climate change on natural 

disaster risk in the CBA allows for the examination of economically efficient strategies 

to adapt to changing risks. Such an analysis is evidently complicated by uncertainty, 

such as the uncertain climate change impacts on natural disaster risks. 

 

Here a multi-disciplinary approach will be illustrated, that applies the aforementioned 

methods for estimating local flood risk levels and the economic efficiency of flood 

protection strategies to the rivers and coastline of the Mexican state of Tabasco. In 

particular, in this study we will examine how the economic desirability of flood 

protection depends on the uncertainty in climate change scenarios and other key 

assumptions. This analysis delivers insights for flood risk management by showing 

whether installing flood protection is economically desirable, and by providing a first 

indication of the optimal flood safety standard, i.e. the flood return period against 

which the infrastructure should provide protection.  

 

Tabasco, located in southern Mexico, is one of the country’s wettest areas and is 

regularly subjected to floods from rivers and storm surge. The state has been flooded 

yearly between 2007 and 2012, with severe consequences for the region (Section 

2.1.1). Furthermore, climate change is expected to influence the hydrological cycle, 

leading to more intense precipitation and sea-level rise (SLR), which could lead to 

increased flood risk. An illustration of the severe flood conditions that the region 

faces are the extreme storms and rainfall events that occurred in 2007, which led to 
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the flooding of 60% of the state, including its capital city Villahermosa, and affected 

approximately 1.5 million people. Our study is motivated by a report written in the 

aftermath of the storm, on request of the Governor of the state, which recommended 

conducting a detailed flood risk assessment to aid the adaption and mitigation of 

flood disasters (EHS-GA, 2008). 

  

2.1.1 Flooding in the state of Tabasco, Mexico 

 

Tabasco is located in south-eastern Mexico on the Isthmus of Tehuantepec, which is 

the strip of land where the distance between the Gulf of Mexico and the Pacific 

Ocean is smallest (Figure 2.1). The state is bounded by the states Campeche in the 

east, Chiapas in the south, and Veracruz in the west, and by the 184 km-long coastline 

along the Gulf of Mexico in the north. It also forms a part of the Mexican border with 

Guatemala in the south-east of the state. Its total surface area is 25,267 km2, 

representing 1.3% of the total Mexican territory, and it is divided into 17 

municipalities. In total, Tabasco has 2,238,603 inhabitants (2010), representing about 

5% of the total Mexican population. Of these inhabitants, approximately 55% live in 

urban areas and 45% in rural areas (National Water Commission of Mexico, 2010). 

The capital of the state is Villahermosa, which is home to about 550,000 people.  

 

 
Figure 2.1 | Location of the state of Tabasco in Mexico 

 

The amount of precipitation received by Tabasco is the highest of all the states of 

Mexico, with an average of 2,095 mm/year for the period 1971–2000 (Gama et al., 

2011). This is predominantly concentrated in the rainy season between June and 

September, as well as in October and November. Furthermore, the region is regularly 
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subjected to tropical storms and hurricanes from both the Gulf of Mexico and the 

Pacific Ocean. With the exception of some higher areas in the South, its topography is 

generally flat and low and is largely covered with lakes, lagoons and wetlands 

(Encyclopaedia Britannica, 2016), with poor drainage from deltaic and alluvial soils 

annually exposing the territory to floods (Gama et al., 2011). The hydro-geologic 

conditions are characteristic of a semi-closed aquifer, and rapid saturation of the 

upper soil layers makes infiltration of the water impossible, causing the majority of the 

precipitation to be discharged as surface runoff (Perevochtchikova and Lezama de la 

Torre, 2010). The state is drained by two of Mexico’s largest rivers, namely the 

Grijalva and Usumacinta Rivers, which originate in Chiapas. This system is one of the 

biggest watersheds in North America and by far the biggest in Mexico, with a 

catchment area of 83,553 km2. Together, the two rivers account for 30% of all the 

fresh water flows of the country (Gama et al., 2011). The eastern part of the river 

system, where the Usumacinta River is located, is not controlled by hydraulic 

constructions, while in the western part of the system four hydro-electric dams have 

been built in the Upper Grijalva River. The system discharges in the Lower Grijalva 

River system and therefore has a significant effect on the coastal plain of Tabasco 

(Rivera-Trejo et al., 2010). 

 

Due to its climatic and hydro-geologic conditions Tabasco is one of the most flood-

prone states in Mexico. In the period 2007–2011 the state was flooded on a yearly 

basis, resulting in a total damage of approximately 5 billion USD (Table 2.1). The 

most extensive flooding in the recent past took place in 2007, at the end of October 

and early November, and affected over 62% of the state and more than 1.2 million 

people. Although fortunately no loss of human lives was reported, it was the worst 

flood experienced by the state in 50 years and made a large economic impact with 

more than 3.0 billion USD damage (Perevochtchikova and Lezama de la Torre, 2010). 

Heavy rains preceded the floods, with maximum daily values of 200–300 mm, which 

some have argued were the result of the combination of a cold front from the USA 

and tropical storm Noel (Rivera-Trejo et al., 2010). The maximum accumulated 

precipitation was more than 1,400 mm, and in Ocotepec the precipitation even 

exceeded 400 mm in one day on October 28th. The average precipitation in Tabasco 

for the month of October is 317.5 mm, which means that the daily rainfall during this 

event was more than the monthly average for this region. Furthermore, the region had 

already experienced several other rainfall events during the month of October, causing 

wet preconditions in the basin and adding to the problems.  
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Another important factor in the 2007 flood event was the operation of the dam 

system in the upper Grijalva River catchment. As a result of dam management, the 

accumulated precipitation of two earlier precipitation events was released into the 

river system in a controlled manner, containing the water levels below the maximum 

ordinary water levels until October 20th. However, during the last weeks of October, 

complications at the Peñitas dam started to occur as the accumulated water of the 

second precipitation event (23–27 October) was not released in an adequate manner. 

The extra input from the final precipitation event of that month caused the dam to be 

fully saturated on October 29th, causing the water levels to reach 91.32 m, which is 

higher than the top of the spillway gate at 91.13 m. Although these levels are lower 

than the maximum ordinary water level, opening the gates of the dam was necessary 

to remain within the safe margins. This led to an increased discharge below the dam 

of 2,055 m3/s and increased levels at the Rio Carrizal, directly impacting the water 

levels of the river at Villahermosa and causing flooding there (Perevochtchikova and 

Lezama de la Torre, 2010). 

 

In subsequent years, Tabasco also experienced floods leading to large damages (Table 

2.1). From September to October 2008, the combination of tropical storms, the 

remainder of a tropical depression, and a cold front produced heavy rains in a large 

part of the Grijalva-Usumacinta basin. Although the water levels in the Grijalva River 

basin were elevated above the critical level for more than a month, the precipitation of 

this event was mostly concentrated in the Usumacinta catchment rather than the 

Grijalva catchment. Although several communities reported floods, no major damages 

were reported in Villahermosa and the impact of the floods was less than in 2007. 

Proper dam management and the first works of the Integral Water Program Tabasco 

(PHIT) also contributed to this lower level of damages. Total damages were estimated 

at 447 million USD (Table 2.1). 

 

As in previous years, in 2010 a combination of different storm events caused a 

significant amount of precipitation in the state of Tabasco. The precipitation during 

this event was concentrated in the eastern part of Tabasco, mostly in the catchment 

area of the Rio de la Sierra, leading to significant discharges near the city of 

Villahermosa. Most floods were concentrated in the upper and middle part of the 

Grijalva-Usumacinta basin and although discharges were high near Villahermosa, the 

work of the PHIT and proper dam management helped to minimise impacts. Total 

damages in 2010 were estimated at 626 million USD (Table 2.1). 
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Additionally, in 2011 the region had to deal with tropical storms and low-pressure 

areas. During the period of 15–21 September 2011, tropical air masses and low-

pressure areas from both the Pacific and the Gulf of Mexico caused extensive rainfall 

in both Chiapas and Tabasco. This was enhanced as tropical storm Hillary entered the 

region on September 22nd. Between October 12th and October 19th, several tropical 

storms and low-pressure areas caused rains in Tabasco and the surrounding states. 

These high volumes of rainfall (at some places even accumulated above 1,000 mm) 

combined with the wet antecedent conditions led to high discharges in the river 

system and, ultimately, to floods. Total damages are estimated at  873 million USD 

(Table 2.1). 

 

Table 2.1 summarises the damages for the years 2007–2011 reported by the United 

Nations CEPAL (2011). The damages are shown separately for direct damage, i.e. the 

destruction of physical capital, and indirect damage, i.e. production losses due to the 

interruption of economic activities, both inside and outside the affected area (Koks et 

al., 2015).  

 

Table 2.1 | Direct and indirect damage in Tabasco resulting from hydro-meteorological 

effects in the period 2007–2011 as reported by the United Nations CEPAL (2011)a. 

Year Direct damage Indirect damage  Total damage Cumulative damage 

 Million USD Million USD Million USD % 

2007 1,509 1,192 2,701 56 

2008 270 177 447 9 

2009 143 66 209 4 

2010 441 186 626 13 

2011 647 226 873 18 

Total 3,009 1,847 4,857 100 
a To be consistent with the model analysis, the reported values have been converted to 2013 

USD taking into account price-level changes and the exchange rate.  

 

2.2 Methodology 

 

2.2.1 Flood risk 

 

The damages reported in Table 2.1 indicate the importance of providing adequate 

flood protection measures. However, as extreme floods are infrequent and reported 

damages differ considerably for each event, a method is required to translate flood 

risk into yearly monetary terms. A common approach is to express flood risk in terms 

of the EAD. Flood risk is defined as a function of the hazard (the characteristics of the 
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flood, such as extent and depth) x the exposure (the assets exposed to the hazard) x the 

vulnerability (the susceptibility of assets to floods) (Kron, 2005). Here, we follow this 

common flood risk assessment approach by combining: (1) flood hazard maps for 

different flood return periods, showing spatially explicit flood extents and inundation 

depths; (2) land use maps containing spatially explicit information on land use classes 

and maximum damage for each land use class; and (3) depth-damage curves for each 

land use class, which show the relation between inundation depth and percentage of 

maximum damage. The damage for each return period is computed by overlaying the 

flood hazard maps with the land use maps, and applying the depth-damage relation 

for each cell of the combined maps. Finally, the total EAD is calculated as an 

approximation of the integral of the exceedance probability curve of the damages for 

each return period. This approach is shown schematically in Figure 2.2, and described 

in more detail by De Moel et al. (2014). The EAD only describes direct damages, 

which are the costs to repair damaged properties, and does not describe indirect 

damages, such as business interruptions, which can significantly contribute to the total 

risk (Koks et al., 2015). Here, we assume that the indirect damage is 60% of the 

magnitude of direct damage (i.e. the destruction of physical capital), which is the 

average factor between direct and indirect damage for the flood events in Tabasco 

presented in Table 2.1.   

 

 
 

Figure 2.2 | Schematic representation of the method for calculating the EAD of floods using 

inundation maps, land use maps, depth-damage curves, and exceedance probability losses.  

 

We provide a sensitivity analysis for this uncertain parameter in the online 

supplementary material of Haer et al. (2017). As explained in more detail in the 
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following section, we apply the framework in Figure 2.2 to estimate the EAD of river 

and coastal flooding under the current climate conditions, as well as for different 

future scenarios of climate change and socio-economic development. 

 

2.2.1.1 Flood hazard maps 
 

As river and coastal flooding are caused by different processes, to model them 

requires different approaches. Inundation maps for river flooding are created with the 

GLObal Flood Risk with IMAGE Scenarios (GLOFRIS) modelling cascade (Ward et 

al., 2013; Winsemius et al., 2013). The inundation routine is described in detail in 

Winsemius et al. (2013) and the framework for simulating inundation for different 

return periods is described in Ward et al. (2013). The GLOFRIS model cascade has 

been applied in several flood risk analysis studies at different scales (Hallegatte et al., 

2016; Muis et al., 2015; Sadoff et al., 2015; Ward et al., 2014), and provides inundation 

maps for different return periods at a resolution of 30 arc seconds (~ 1 km at the 

equator). In this study, eight different return periods are included: 5, 10, 25, 50, 100, 

250, 500, and 1,000 years. The GLOFRIS model is used here to simulate current 

inundation maps for the rivers in Tabasco, as well as future inundation maps under 

different climate change scenarios. The simulations used in this study are taken from 

the GLOFRIS model runs and setup described in Winsemius et al. (2016). To 

simulate historical conditions, the hydrological component of GLOFRIS was forced 

with climatological forcing data (precipitation and temperature) from the EU-

WATCH project (Weedon et al., 2011) for the period 1960–1999. These data are 

derived from the ERA-40 re-analysis product (Uppala et al., 2005). For future climate, 

the model is forced with bias-corrected forcing data from the HadGEM2-ES Global 

Circulation Model (GCM), taken from Hempel et al. (2013). For this study, we used 

simulations for two Representative Concentration Pathways (RCPs), namely RCP2.6 

and RCP8.5. These pathways describe a lower and upper scenario for global warming 

(IPCC, 2014). We use the data for 2060-2099 to represent the year 2080. It should be 

noted that although we provide the flood inundation maps for the state of Tabasco 

only, these maps account for water that may have entered the rivers from 

neighbouring Mexican states, and thus the entire upstream catchment area is also 

simulated. Figure 2.3 shows two examples of inundation maps for different return 

periods of river flooding. Note that these maps do not show the extent of one flood, 

but rather that the chance of flooding in these areas is 1 in 10 years (left) and 1 in 

1,000 years (right), respectively.  
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Figure 2.3 | Inundation maps for 10- and 1,000-year return period riverine floods under 

current climate conditions. 

 

 Inundation maps for coastal flooding in Tabasco are created by extrapolating 

storm surge heights reported by the Dynamic Interactive Vulnerability Assessment 

(DIVA) model (Hinkel and Klein, 2009). The DIVA model is a global model 

approach commonly applied to assess coastal vulnerability to different surge 

conditions that can be caused by storms with different return periods. This model 

provides storm surge heights for three different return periods: 10, 100, and 1,000 

years for current climate conditions. However, considering rising sea levels it is 

important to include scenarios for a future climate. While no exact estimates of SLR 

exist for the state of Tabasco, based on projections for Mexico (Zavala-Hidalgo et al., 

2010) we estimate that for Tabasco, current SLR is 3.4 mm/year, projected to increase 

to as much as 8.0 mm/year. Here two different SLR scenarios are considered: low 

SLR, where sea levels rise by 3.4 mm/year to 2080, and high SLR, where sea level 

rises by 3.4mm/year to 2050 and 8.0 mm/year from 2050 to 2080. Inundation maps 

are created for current sea levels and the low-SLR and high-SLR scenarios by 

extrapolating the storm surge height inland, correcting for hydrological connectivity to 

the ocean and subtracting the elevation. The land elevation maps used for creating 

these coastal flood inundation depths are based on LiDAR data, resampled to a 

horizontal resolution of 25x25 metres to enable data handling for a large region. As a 

result some vertical resolution was lost, but this approach is still more accurate than, 

for instance, the Shuttle Radar Topography Mission (SRTM) data1, which is usually 

used for coastal inundation maps for such a large area. Figure 2.4 presents two 

examples of inundation maps for coastal flooding. 

                                                      
1 http://www2.jpl.nasa.gov/srtm/ 
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Figure 2.4 | Inundation maps for 10- and 1,000-year return period coastal floods under 

current climate conditions.  

 

2.2.1.2 Land use maps 
 

A detailed land use dataset for Tabasco was obtained through the Center for 

Atmospheric Sciences of the Universidad Nacional Autónoma de México (UNAM). 

While the land use dataset describes 63 different land use classes, no detailed 

information was available on maximum damage per class, which is a required input 

for the flood damage estimations. Therefore, we aggregated the comprehensive 

dataset in four overarching categories with similar damage characteristics: Urban, 

Cultivation, Pastures, and Nature. To provide an estimate of damage, maximum damage 

values were obtained from the DamageScanner model (de Moel et al., 2014; de Moel 

and Aerts, 2011), converted into USD (2013), and corrected for the Mexican GDP 

(2013). These maximum damage values for Mexican land use categories are presented 

in Table 2.2. For consistency with the flood hazard maps, we resampled the dataset to 

30 arc seconds for calculating the EAD for river floods, and to 25x25 metres for 

calculating the EAD for coastal floods.  

 

Additionally, to account for socio-economic growth, which increases the property 

values at risk over time, we corrected the maximum damage values for each year with 

the average annual projected GDP growth. We calculated the average annual GDP 

growth projection for different Socio-Economic Pathways (SSP) linked to the RCP2.6 

and RCP8.5 pathways. Although in theory all SSPs can link to all RCPs, the SSP1–

RCP2.6 SSP5–RCP8.5 combinations are often used in flood risk assessments because 

the greenhouse gas emission scenarios (RCPs) that underlie climate change 

projections are plausible combinations with these economic development pathways 

(SSPs) (Winsemius et al., 2016). The average annual GDP growth rate in both SSP1 

and SSP5 is 3%, which we used to increase the maximum damage over time for the 

period 2010–2080.  
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Table 2.2 | Maximum damage associated with each land use category in 2013.  

 Maximum value per m2 

Urban  171.29 USD 

Agriculture  5.75 USD 

Pasture  2.87 USD 

Nature  1.43 USD 

 

2.2.1.3 Depth-damage curves  
 

The relation between the inundation depth and the percentage of maximum damage is 

given by depth-damage curves (de Moel et al., 2014; de Moel and Aerts, 2011), which 

show for each land use class what percentage of the total value is damaged at a certain 

inundation depth. These curves are used to estimate the potential damage in Tabasco 

for each flood return period, using the aforementioned flood inundation depth and 

land use values as input. Depth-damage curves are used for flood risk assessments in 

many countries (de Moel et al., 2014), but currently there are, to our knowledge, no 

detailed depth-damage curves available for Mexico. Therefore, depth-damage curves 

from the DamageScanner model (Klijn et al., 2007) are used which are applicable to 

estimating flood damages on the basis of the land use classes for Tabasco. For each 

aggregated land use class, the associated depth-damage curve is applied to calculate 

the damage as a percentage of the maximum value. According to the depth-damage 

curves, maximum damage is assumed to occur at a water depth of 5 metres.  

 

2.2.2 Cost-benefit analysis of flood adaptation strategies 

 

Using the EAD as input, we apply a CBA to determine whether flood protection by 

dike infrastructure is economically attractive, i.e. if the societal benefits of the project 

exceed the costs. To be economically attractive, the present value (PV) of the reduced 

expected annual damage (EADr), i.e. the reduction in flood risk of a strategy, should 

be higher than the PV of the investment and maintenance costs of building dike 

structures. Moreover, we estimate the economically optimal level of flood protection 

by the highest Net Present Value (NPV). The function for calculating the NPV is 

shown in Equation 2.1.  

 

NPV𝑝𝑠 = 𝑃𝑉(𝐵𝑝𝑠) − 𝑃𝑉(𝐶𝑝𝑠)

= ∑
(𝛼𝐸𝐴𝐷𝑟𝑡,𝑝𝑠)

(1 + 𝑟)𝑡

𝑇

𝑡=1

− (∑
(𝑀𝑡,𝑝𝑠)

(1 + 𝑟)𝑡

𝑇

𝑡=1

+ 𝐼0,𝑝𝑠) 
| 2.1 | 
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Alternatively, results are presented as the benefit/cost (B/C) ratio: 

 

B C⁄ ratio𝑝𝑠 =

∑
(𝛼𝐸𝐴𝐷𝑟𝑡,𝑝𝑠)

(1 + 𝑟)𝑡

𝑇

𝑡=1

(∑
(𝑀𝑡,𝑝𝑠)

(1 + 𝑟)𝑡

𝑇

𝑡=1

+ 𝐼0,𝑝𝑠)

 

 

| 2.2 | 

 We calculate the NPV for different protection standards ps. The protection 

standards, which correspond to the flood return periods, for riverine protection are 5, 

10, 25, 50, 100, 250, 500, and 1,000 years. For coastal protection, the protection 

standards are 10, 100, and 1,000 years. Benefits for each protection standard ps are 

represented by the sum of the EADr, for each time-step t, over the total dike lifespan 

of 100 years T. Benefits are time-dependent because flood risk changes due to climate 

change and socio-economic developments. The factor α represents the multiplier for 

indirect damages and is set to 1.6, in line with the average ratio in Table 2.1. Costs are 

calculated as the sum of maintenance costs Mt for the total dike length for each time-

step t over the dike lifespan T, plus the initial investment costs I0 of the dike at t=0. 

Note that for river floods, the required dike height for each flood return period is 

calculated using the water volume for a certain return period, which implies that the 

dike should be high enough to keep the water volume for the given return period in 

the protected river channel. Furthermore, dike length and dike height are determined 

for each cell separately for both river and coastal dikes. For river dikes the dike length 

is two times the river length, as both riverbanks need to be protected. As there is 

often a floodplain between the river and the dike, to allow room for the river and to 

reduce the required dike height, it is assumed that the floodplain width is two times 

the current river width. Figure 2.5 shows the location of the envisaged dikes. The 

investment costs I0 applied here are 2.87 million USD/km length/metre height, and 

the maintenance costs Mt applied here are 0.08 million USD/km length. The 

investment costs were estimated as follows: the estimated costs for constructing dikes 

in the US (Bos, 2008) were converted to an estimate applicable to rural areas (i.e. to 

1/3 of the normal cost), and by correcting it for construction costs differences 

between the US and Mexico, using an international construction price index, to 2010 

values (Consultants Compass International, 2009). Maintenance costs were estimated 

by correcting estimates of dike maintenance costs in low- and middle-income 

countries (Mai et al., 2008) for differences in investment costs found for Mexico and 
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those countries. The lifespan of the dike infrastructure is set at 100 years (Aerts and 

Botzen, 2011).  

 
Figure 2.5 | Left: Location of the envisaged river flood protection infrastructure (red), and 

the modelled river 1 in 100-year flood extent under current climate (blue). Right: Location of 

envisaged coastal flood protection infrastructure (red), and the modelled 1 in 100-year coastal 

flood extent under current climate (blue).  

 

Future benefits and costs were discounted using a social discount rate r to reflect the 

opportunity costs of public capital. This discount rate is calculated following Ramsey’s 

formula of the long-term discount rate, where 𝑟 =  𝜌 + 𝜃𝑔. Here, ρ presents a rate of 

pure time preference, which we assume to be 1%, following Tol (2008). The average 

growth rate g is 3%, as calculated in Section 2.2.1.2, and the consumption elasticity of 

marginal utility θ is assumed to be 1. By applying Ramsey’s formula, we obtain a 

baseline social discount rate of 4%.  

 

2.3 Results 

 

2.3.1 Flood risk 

 

As shown by the flood extents in Figure 2.5, the modelled flood extent for river 

flooding is considerably larger than that of coastal flooding. Table 2.3 presents the 

modelled extent in km2 of different return periods for the state of Tabasco. While 

hurricanes are common in the Gulf of Mexico, they do not produce major storm 

surges along the coast of Tabasco (EHS-GA, 2008), and the modelled extent for 

coastal floods is thus relatively small (916 km2) compared with the areas that can be 

inundated by river flooding (8,787 km2). Although hurricanes contribute to storm 

surges, their main impact in Tabasco is through heavy rainfall and consequent river 

flooding. This is aggravated due to deforestation in the upper catchment areas, a 

shallow topographical gradient, and poor flood management (EHS-GA, 2008). Table 

2.3 shows that river floods can inundate a sizeable area of the state of Tabasco, 
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between 6,447 and 8,787 km2. Table 2.3 furthermore shows the number of people 

under direct risk of flooding, by overlaying the inundation maps with a GRUMPv1 

population density map2. These figures reflect the number of people located within 

the modelled flood zone. For river floods, the number of people at risk rises to 

738,000 for a 1 in 1,000-year flood. In contrast, 23,000 people live in areas that can be 

inundated by the 1 in 1,000-year coastal flood. In reality, the number of people that 

are affected by either coastal or river floods can be far greater, as a consequence of 

damaged infrastructure and impeded access to livelihood needs. As an example, the 

2007 Tabasco floods were reported to directly and indirectly affect 1 million people 

(EHS-GA, 2008). Note that the resampled elevation maps used to extrapolate coastal 

floods can only account for 1-metre differences. Since the surge heights for the 1 in 

10-year flood and 1 in 100-year flood are within one metre of each other, the 

modelled area and population at risk are similar for both.  

 

Table 2.3 | The area and population at risk of river flooding under current climate conditions 

  Return period (years) 

  5 10 25 50 100 250 500 1,000 

Area at 

risk  

(km2) 

River 

floods 
6,447 6,513 6,588 7,869 8,129 8,410 8,611 8,787 

Coastal 

floods 
- 785 - - 785 - - 916 

Population 

At Risk 

(x1,000) 

River 

floods 
516 555 593 621 670 705 726 738 

Coastal 

floods 
 11   11   23 

 

The difference in flood extents (and depths) of river and coastal floods also causes 

them to have significantly different impacts in terms of EAD. Table 2.4 shows the 

EAD results for both coastal and river floods under different scenarios. For current 

climate, the model results show an EAD of 0.53 billion USD for coastal floods, and 

an EAD of 1.79 billion USD for river floods. While these values seem high, they are 

close to the reported damages in the period 2007–2011, when Tabasco was flooded 

(by river floods) on a yearly basis with a total damage of roughly 5 billion USD, as 

shown in Table 2.1. This is equal to an average yearly damage of approximately 1 

billion USD over this period, which is of the same order of magnitude as our model 

predictions. 

 

                                                      
2 http://sedac.ciesin.columbia.edu/data/collection/grump-v1 
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Table 2.4 | The EAD (in billion USD) for both coastal and river floods, for different 

assumptions of climate change.  

  Current Low SLR High SLR RCP2.6 RCP8.5 

Coastal floods 0.53 3.19 3.30 - - 

River floods 1.79 - - 10.60 7.38 

 

Table 2.4  shows that the EAD of river floods for Tabasco is approximately four 

times higher than the EAD for coastal floods, under the assumption of current 

climate conditions. In the low-SLR scenario, the EAD of coastal floods will rise to be 

six times higher in 2080 than under the assumption of a static sea level. The high-SLR 

scenario shows an only slightly higher EAD. 

 

For river floods, the RCP2.6 scenario also results in a six times-higher EAD in the 

year 2080 compared with the results under a static climate assumption. Interestingly, 

the RCP8.5 scenario results in a lower EAD than the RCP2.6 scenario. While it is 

expected that global precipitation will increase with increased global mean 

temperature (IPCC, 2014), these changes are expected to exhibit substantial spatial 

variation; some regions will experience increases, while other regions will experience 

decreases or no significant changes at all. Although there is no specific data available 

for Tabasco, several models show that Mexico may on average experience drying 

(Inter-American Development Bank, 2014). The two considered climate scenarios, 

which capture the range of extremes of a much wetter (RCP 2.6) or slightly wetter 

climate (RCP8.5), provide a useful range for evaluating whether the CBA estimates of 

desirability of investments in flood protection are robust to this important source of 

uncertainty.  

 

It is important to note that while the EAD is based on the simulated damages per 

return period, the value itself does not indicate that these damages will actually occur 

from year to year, due to the variability of flood disasters in practice. The EAD is 

instead specifically useful in CBA for determining economically efficient adaptation 

strategies, as it translates the uncertainty of low-probability flood events into yearly 

monetary terms (Equation 2.1).  

 

2.3.2 CBA for riverine protection standards 

  

Table 2.5 shows the CBA results for riverine protection standards in Tabasco. The 

current scenario shows the results for no change in climate conditions. This means 

that the EADr in 2010 for each protection standard is the same as the EADr in 2080. 



Economic evaluation of climate risk adaptation strategies: 
cost-benefit analysis of flood protection in Tabasco, Mexico 

 

37 
 

The results show that raising protection standards to withstand a flood with a return 

period of 10 years already reduces flood risk by half, and raising it to 25 years reduces 

it by an additional 25%. However, for the 5-year protection standard, investment 

costs outweigh the benefits, as shown by the B/C ratio below 1. Even so, all other 

protection standards have B/C ratios above 1 and positive NPV values, which 

indicates that investing in dike structures is economically attractive. Furthermore, the 

results in Table 2.5 show that raising protection standards to 50 years yields the 

highest NPV, which indicates that this standard is the most economically desirable. In 

this case the B/C ratio is 1.84, meaning that every investment of one dollar will yield 

on average 1.84 dollars in benefits. 

  

Table 2.5 | Results of CBA for different river flood protection standards, for different 

scenarios of climate conditions. The EADr and NPV are shown in billion USD. 

   Protection standard (years) 

Scenario Indicator 5 10 25 50 100 250 500 1,000 

Current 

EADr 2010  0.25 0.90 1.36 1.56 1.68 1.75 1.78 1.79 

EADr 2080  0.25 0.90 1.36 1.56 1.68 1.75 1.78 1.79 

NPV  -3.1 9.1 15.8 17.5 17.4 15.3 13.3 10.9 

B/C ratio 0.67 1.70 1.90 1.84 1.74 1.56 1.44 1.33 

RCP2.6 

EADr 2010  0.25 0.90 1.36 1.56 1.68 1.75 1.78 1.79 

EADr 2080  1.54 5.34 8.00 9.18 9.92 10.35 10.52 10.59 

NPV  6.2 43.2 67.0 76.2 80.8 81.2 80.0 77.7 

B/C ratio 1.59 3.94 4.40 4.28 4.04 3.63 3.36 3.11 

RCP8.5 

EADr 2010  0.25 0.90 1.36 1.56 1.68 1.75 1.78 1.79 

EADr 2080  0.53 3.07 5.20 6.18 6.80 7.16 7.32 7.38 

NPV  3.9 32.8 54.2 62.2 66.2 66.6 65.6 63.6 

B/C ratio 1.88 5.78 6.38 5.73 5.10 4.35 3.91 3.53 

 

Because the assumption of static flooding conditions is unlikely considering climate 

change, the CBA results are also presented for climate change under RCP2.6 and 

RCP8.5 scenarios in Table 2.5. The slightly wetter climate projected under scenario 

RCP8.5, in comparison to current climate conditions, leads to a lower EAD reduction 

in 2080 than the RCP2.6 scenario. As a result, the NPV for each protection standard 

are lower for the RCP8.5 scenario than they are under the RCP2.6 scenario. 

Nevertheless, Table 2.5 shows that increasing riverine protection standards is 

economically desirable for all protection standards under future climate conditions. 

Moreover, NPV values are roughly up to 7 and 6 times higher under the RCP2.6 and 
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RCP8.5 scenarios respectively, than under the assumption of no climate change. The 

results for the RCP2.6 and RCP8.5 scenarios show that the NPV is highest for the 

250-year protection standard, with each dollar invested yielding on average 3.63 and 

4.35 dollars for the RCP2.6 and RCP8.5 scenarios, respectively. Moreover, the results 

for the climate change scenarios again show a significant reduction in the EAD for 

the protection standards of 10 and 25 years, indicating that there is much to gain from 

relatively small investments.  

 

It is important to note that while both climate change scenarios return the same 

optimum protection level of 250 years, the actual height to build the flood protection 

infrastructure differs for each scenario. A 250-year protection standard under the 

RCP2.6 scenario indicates higher dike heights than under the RCP8.5 scenario. 

 

2.3.3 CBA for coastal protection standards 

 

Table 2.6 presents the CBA results for different protection standards for coastal 

flooding, under different assumptions of climate change. Since the EAD is 

significantly smaller than for river floods, so too is the EAD that can be reduced by 

increasing coastal protection standards. However, as shown by Table 2.6, the total 

length of the dikes is also significantly lower, and therefore so are investment costs. 

The results for the current climate conditions show that a 10-year coastal protection 

standard reduces the EAD by about 1/3, while a 100-year protection standard reduces 

the EAD by a little over 90%. Raising protection standards from 100 to 1,000 years 

does not significantly reduce EAD. As a result of the relatively low investment costs, 

B/C ratios are in general higher than for riverine protection, under the similar 

assumption of static climate conditions. For coastal protection standards, each dollar 

invested would yield 4.29, 8.13, and 7.45 for the 10-, 100-, and 1,000-year standards, 

respectively. The NPV is highest for raising protection standards to 1,000-years, 

although it is close to the NPV of protecting against the 1 in 100-year flood.  

 

While it is already economically attractive to raise coastal protection standards in 

Tabasco under current climate conditions, it becomes increasingly attractive if SLR is 

included. Table 2.6 also presents the CBA results for the low-SLR and high-SLR 

scenarios. The differences between the SLR scenarios are small, and the NPV of flood 

protection is slightly higher under the high-SLR scenario compared with the low-SLR 

scenario. Under both climate change scenarios, it would be economically rational to 

raise protection standards. Raising protection standards to 1,000 years yields the 

highest NPV for both scenarios, with B/C ratios of 20.56 dollars for each invested 
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dollar in the low-SLR scenario, and 15.42 dollars for each invested dollar in the high-

SLR scenario. These values are higher than the riverine protection standards, and, 

considering the high percentage of EADr, there are substantial benefits of 

implementing coastal protection standards. Note that for coastal protection, the 10-, 

100- and 1,000-year protection standards were assessed. Although it was found that a 

1,000-year protection standard yields a higher NPV than the 100-year protection 

standard, the optimum value is likely to lie somewhere in-between. Consequently, it is 

considered economically optimal to have a protection standard of at least 100 years. 

 

Similarly to river floods, a 1,000-year protection standard for the low-SLR scenario 

implies a lower dike structure compared to the same protection standard for the high-

SLR scenario. Considering the approximately similar NPV and B/C values for both 

scenarios, the safe policy strategy could be to follow the high-SLR scenario in the 

design of flood protection infrastructure.  

 

Table 2.6 | Results of CBA for different coastal protection standards under different 

scenarios. The EADr and NPV are shown in billion USD. 

 
 

Protection standard (years) 

Scenario Indicator 10 100 1,000 

Current 

EADr 2010  0.23 0.50 0.53 

EADr 2080  0.23 0.50 0.53 

NPV  4.29 10.78 11.24 

B/C ratio 4.29 8.13 7.45 

Low SLR 

EADr 2010  0.23 0.50 0.53 

EADr 2080  1.37 3.02 3.19 

NPV  13.30 31.08 32.67 

B/C ratio 10.22 22.11 20.56 

High SLR 

EADr 2010  0.23 0.50 0.53 

EADr 2080  1.41 3.13 3.30 

NPV  13.52 31.84 32.98 

B/C ratio 9.53 21.03 15.42 

 

2.3.4 Sensitivity of main results to key assumptions 

 

An important source of uncertainty is the indirect damage, i.e. business interruption, 

caused by floods. The results in Section 2.3.3 are based on the assumption that 

indirect damage is 60% of direct damage (α = 1.6), the average factor in Table 2.1. To 
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test the sensitivity of the results, we set the α to both half the size of the initial 

assumption of indirect damage respective to direct damage (30%) and double the size 

(120%), therefore to factors of 1.3 and 2.2, respectively. As can be expected, NPV 

values become lower if α is set to 1.3, and NPV values become higher if α is set to 2.2. 

When α is set to 1.3, if no climate change is assumed, the optimal protection standard 

for the large-scale protection of rivers envisaged in Figure 2.5 remains a 50-year 

protection standard. However when climate change is taken into account, we find that 

the optimal protection standard for rivers is 100 years instead of 250 years. For an  α  

of 2.2, the current climate optimum changes to a 100-year protection standard, and 

for future climate the 250 year protection standard remains optimal. The 1,000-year 

protection standard is optimal for the coast under all assumptions, although as 

previously noted, it is more likely to be between the 100-year and 1,000-year coastal 

protection assessed here.  

 

Furthermore, different assumptions about the discount rate used for translating future 

monetary costs and benefits to current values in the CBA indicators may influence 

these conclusions. We assumed that the rate of pure time preference ρ is 1%, leading 

to a baseline value for the social discount rate r of 4%. However, a higher bound a 

rate of pure time preference of 3% has been assumed in other studies (e.g. see Tol, 

2008). Therefore, the social discount rate was set to 6% to test the sensitivity of our 

results to this higher value. As a result, all NPV and B/C ratios become lower. With a 

social discount rate of 6%, we find that a 50-year protection standard is optimal under 

the assumption of current climate conditions. Under future climate conditions, the 

economic optimum remains a 250-year protection standard. The 5-year protection 

standard now has a negative NPV under the RCP2.6 scenario, and is therefore 

economically undesirable. The conclusions for coastal protection remain the same, 

although with lower NPV and B/C ratios.  

 

Finally, we assumed for riverine protection standards that there is a floodplain  that is 

twice the width of the river channel. This is a common strategy to allow space for the 

river and decrease the required height for dikes. However, it is preferable to allow 

even more room for the river if space allows, to reduce the needed dike height. As 

Tabasco is a mostly rural area, it is probably possible to allow more room for the river, 

and therefore we tested the sensitivity by setting the floodplain width to three times 

the river channel width. For future climate, the 250 year protection standard would 

remain economically optimal.    
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2.4 Discussion and conclusion 

 

This study has illustrated how a multi-disciplinary approach of hazard modelling, 

natural disaster risk assessment, and economic cost-benefit analysis (CBA) of risk 

management options, can guide investments by policy-makers in adaptation measures, 

that are robust under a variety of future climate conditions. In particular, our analyses 

focusing on river and coastal flood risk in the Mexican state of Tabasco showed that 

installing flood protection infrastructure appears to be economically desirable. 

Tabasco is exposed to almost yearly flood events that cause substantial damage, and 

the results of CBA indicate that the costs involved in preventing these flood disasters 

pay off in the long term in terms of prevented flood damages.  

 

Notably, we find that a 100- or 250-year protection standard for dikes on the main 

rivers of Tabasco is economically optimal, for different assumptions, if climate change 

is taken into account. This means that dikes should be designed to be strong and high 

enough to withstand a flood event that occurs on average once in 100 or once in 250 

years. The optimality of the 100-year protection standard is robust to different future 

climate conditions, which imply either a slightly or much wetter climate, as well as key 

uncertainties about indirect damages (i.e. business interruption) of floods, discounting 

of future values in the CBA, and the planned width of the river channel. Moreover, 

our coastal analyses showed that coastal protection with a safety standard that 

protects against at least a 1 in 100-year storm surge, or even stronger storms, is 

economically optimal under a variety of sensitivity analyses. Although the results 

presented here show that a 1,000-year coastal protection standard is more 

economically desirable than a 100-year standard, care should be taken in interpreting 

this result since we were not able to examine the optimality of intermediate standards, 

such as 250-year or 500-year standards. Nevertheless, it is clear from our findings that 

having a coastal safety standard that protects against the 1 in 100-year storm and 

beyond could greatly reduce risk. The approach in this paper was conducted on an 

aggregated geographical level, which provides insights into whether policy-makers 

should consider planning for flood protection in Tabasco, and what safety standard 

for the river basin and coastline should be considered in this planning process. 

  

Future research should aim at creating improved local models or obtaining better local 

information to determine what kind of flood protection infrastructure is the most 

suitable for specific areas in Tabasco, since a single solution can rarely be applied to 

an entire basin. The current flood risk analysis could be improved by developing 

hydrological models of the local rivers in Tabasco that also account for local dam 
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management practices. Such increasingly refined hydrological models can be used to 

simulate flooding conditions using geographically detailed elevation maps, which can 

produce more refined flood inundation maps than those presented here. Additionally, 

flood risk may be exacerbated by land subsidence in Tabasco, for which currently no 

data are available. Since land subsidence can have a major influence on coastal flood 

risk (Haer et al., 2013), this needs to be examined in future research. Furthermore, the 

framework was also presented for one General Circulation Model (GCM); 

HadGEM2-ES. As different GCMs can result in different climate projections (Sperna 

Weiland et al., 2012), future research should integrate more GCMs to reduce this 

uncertainty. Moreover, while we examined river and coastal flooding separately, future 

research could examine flood risk under compound events. This joint modelling of 

coastal and river floods is relevant for capturing situations when high precipitation 

and consequent river discharge coincide with a storm surge along the coast, or when 

river discharge to the ocean is hampered by a risen sea-level (Aparicio et al., 2009). 

New time series of surge and tide levels at the global scale (Muis et al., 2016) enable 

developing research in this area.  

 

Damage assessment can be improved with local information on potential damage for 

a larger variety of land use classes. Moreover, depth-damage curves, which are 

calibrated using Mexican data of experienced flood losses in relation to observed 

flood hazard conditions, could further improve the analysis. This requires the 

systematic collection of data about local damages, hazards, and exposure conditions, 

which can be performed using surveys following flood events. Our more aggregated 

approach presented here can be adapted for such local analyses, because the basic 

setup of the modelling approaches presented can be applied on a local scale, as is 

shown, for example, for a city-scale study in Aerts et al. (2014).  

 

Despite the aggregated nature of the methods presented here, the model estimates of 

potential flood damages are close to damages observed during past flood events, and 

the great benefits of flood protection provide confidence in the economic efficiency 

of these measures. Nevertheless, it should be realised that large engineering structures 

could have negative side-effects, such as the levee effect and technical lock-in. 

Adaptation strategies therefore need to extend beyond flood protection infrastructure. 

For example, potential flood damages can be reduced by limiting urban expansion in 

natural floodplains, and buildings can be improved to enable them to better withstand 

impacts from floods, rain, and wind. Improved early warning and forecasting systems 

and evacuation planning can help to minimise casualties during flood events. The 

desirability and implementation of these alternative flood risk management measures 
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can also be guided by studies of local flood risk analyses and CBA of investing in 

these measures, for which we hope our study provides a useful starting point.  

 

  



3
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CHAPTER 3 

Coastal and river flood risk analyses for guiding economically 

optimal flood adaptation policies: a country-scale study for 

Mexico 

Abstract: Many countries around the world face increasing impacts from flooding 

due to socio-economic development in flood-prone areas, and may face increasing 

intensity and frequency of floods as a result of climate change. With increasing flood 

risk, it is becoming more important to be able to assess the costs and benefits of 

adaptation strategies. To guide the design of such strategies, policy makers need tools 

to prioritize where adaptation is needed and how much adaptation funds are required. 

In this country-scale study, we show how flood risk analyses can be used in cost-

benefit analyses to prioritize investments in flood adaptation strategies in Mexico 

under future climate scenarios. Moreover, given the often limited availability of 

detailed local data for such analyses, we show how state-of-the-art global data and 

flood risk assessment models can be applied for a detailed assessment of optimal 

flood protection strategies. Our results show that especially states along the Gulf of 

Mexico have considerable economic benefits from investments in adaptation that 

limit risks from both river and coastal floods, and that increased flood protection 

standards are economically beneficial for many Mexican states. We discuss sensitivities 

of our results to modelling uncertainties, transferability of our modelling approach, 

and policy implications.   

 

 

 

 

 

 

 

 

 

 

This chapter is based on: Haer, T., Botzen, W.J.W., Van Roomen, V., Connor, H., Zavala-

Hidalgo, J. & Ward, P.J. Coastal and river flood risk analyses for guiding economically optimal 

flood adaptation policies: a country-scale study for Mexico. Philosophical Transactions of the 

Royal Society A: Mathematical, Physical and Engineering Sciences, 376(2121). 

doi:10.1098/rsta.2017.0329 
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3.1 Introduction 

 

Economic impacts from natural disasters have been increasing during the last decades 

in many areas around the world (Hoeppe, 2016). Most studies examining causes of 

trends in historical natural disaster losses have concluded that increases in risks have 

been mainly caused by population and economic growth (Bouwer, 2011), while part of 

the trend may also be caused by natural and man-made climate change (Estrada et al., 

2015). In the future it is expected that climate change can increase the intensity and 

frequency of certain extreme weather events (IPCC, 2014). This implies that future 

natural disaster risk could increase further.  

 

Climate change adaptation strategies can lower the vulnerability of properties exposed 

to natural hazards and reduce indirect damage, such as business interruptions, and 

thereby limit the expected increase in natural disaster risks. Examples are installing 

new, or strengthening of existing, flood protection infrastructure to protect against sea 

level rise and peak river discharges. For the design of such strategies it is imperative to 

have a good understanding of potential hazard characteristics and natural disaster risk 

under current as well as future climate conditions. For instance, insights into the areas 

that can potentially be inundated, flood water depths and flood damages can help 

identify flood-prone areas where flood-protection infrastructure is needed. Given the 

long lifespan of several flood-protection measures, like dikes, insights into potential 

future flood hazard characteristics and risks are useful for designing flood protection 

strategies that can cope with the impacts from climate change and the increasing risk 

due to socio-economic growth (Dawson, Ball, et al., 2011). Moreover, such estimates 

of natural disaster risk can be used as input for cost-benefit analysis of climate change 

adaptation strategies by providing insights into the benefits, or avoided damage, of 

these strategies (Aerts, Botzen, Emanuel, Lin, and Moel, 2014; Ward et al., 2017). 

Cost-benefit analysis can provide insights into the economic return on investments in 

climate change adaptation, and thereby help in prioritizing economically desirable 

investments (Mechler, 2016). 

 

Due to the low-probability nature of natural disaster risk, there is often a lack of 

empirical observations of natural disaster losses for a specific area. For this reason, 

natural disaster risk assessments are often based on “catastrophe models” instead of 

historical loss records (Grossi and Kunreuther, 2005b). For assessing flood risk, such 

models are called flood damage models, which usually consist of the following steps 

(see e.g. de Moel et al., 2015 for a review). First, flood hazard characteristics are 

estimated using hydraulic modelling driven by hydrological models or observed 
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discharge. This hazard analysis results in flood inundation maps that show, for 

example, inundation depths in each location with various probabilities of occurrence. 

Second, the potential damage caused by these inundation depths can be estimated by 

combining the hazard characteristics with information on exposed values of 

properties and economic activities. This is done by applying depth-damage functions, 

which typify the vulnerability of exposure on the basis of the proportion of value lost 

for a given inundation depth. Levels of average annual flood risk can be estimated by 

conducting this analysis for floods with varying degrees of severity and related 

exceedance probabilities. Third, insights can be obtained in future levels of flood risk 

in a specific area by conducting this analysis for various scenarios of future climate 

conditions, which influence the flood hazard, and scenarios of socio-economic 

developments, which drive future economic values exposed to flooding. 

 

Here we apply such a flood risk analysis method to estimate current and future levels 

of risk of both coastal and riverine flooding for all states of Mexico. Our analysis 

focusses on protection offered by dikes, which is a suitable approach for large-scale 

analysis (Ward et al., 2017). However, for more local planning, other options can be 

considered such as floodplain-zoning, beach nourishment or realignment, creating 

room for the river, and integrated flood risk management. While similar approaches 

like this study have been applied for regions where high resolution data are available 

(Aerts, Botzen, Emanuel, Lin, de Moel, et al., 2014; Jonkman et al., 2004), and others 

have investigated local flood hazard characteristics for Mexico (Church et al., 2013; 

Gama et al., 2011; Woodruff et al., 2013; Zavala-Hidalgo et al., 2010), we demonstrate 

here how global datasets can be applied in combination with a cost-benefit analysis in 

data-scarce countries like Mexico to guide policy-makers. To our knowledge, besides 

our previous study for the Mexican state of Tabasco (Haer et al., 2017), the only other 

study that applies a similar approach with global datasets is by Ward et al. (2017), but 

that is limited to river flood risk and urban areas. In this study we analyse total risk 

(i.e. not limited to urban) for river and coastal floods, and we explicitly show the 

effects of adaptation on risk, and the costs involved in achieving economically optimal 

protection standards for different parameter settings. Moreover, Ward et al. (2017) 

provide a global assessment, while we demonstrate how our methodology can be 

applied  to inform (sub-)national decision-making. Our analysis is done for the current 

climate as well as scenarios of climate change, which provides insights for current 

flood risk management practices and flood risk adaptation plans that are being 

designed by the Mexican government.   
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3.1.1 Case-study: Mexico 

 

Mexico experiences destructive river or coastal floods almost on a yearly basis, which 

cause substantial economic damages. Mean annual rainfall for Mexico is 780mm, 

which leads to 410 billion m3 in runoff per year (OECD, 2006). Climate zones vary 

greatly, ranging from tropical rainforest in the south, mountainous regions in the 

centre, and arid deserts in the North of Mexico, leading to large variations in runoff. 

As people settled in areas with water availability, now 75% of the total runoff occurs 

in areas where large cities and population, industry, and agriculture are located 

(OECD, 2006). Moreover, due to its geographical location, meteorological conditions, 

and topographical characteristics, many parts in Mexico are subject to frequent flash 

floods or lengthy river flooding. For instance, in winter, cold fronts lead to heavy 

rainfall in the north-eastern states along the Gulf of Mexico and the Yucatan 

peninsula, or intense rainfall from convective storms over central Mexico (OECD, 

2013), and hurricanes frequently cause heavy rainfall leading to flood events 

(CENAPRED, 2006; NASA, 2013; OECD, 2013). It is estimated that 90% of 

damages caused by natural hazards in Mexico are related to hydro-meteorological 

events such as flood or droughts (OECD, 2006). On average, 500 floods occur each 

year in Mexico, mostly in the southern, central, and north eastern part throughout the 

rainy season, but also in the more arid north western part of the country (OECD, 

2013). 

 

Both the eastern and western part of the country are subject to hurricane landfall, as 

the Gulf of Mexico and the north eastern pacific are among the most active regions 

for hurricanes in the world. Besides rainfall, these hurricanes also cause storm surge 

setup leading to coastal inundation. Since 1998, at least four major coastal floods have 

been reported in Mexico, resulting in the death of 912 individuals and billions of US 

dollars’ worth of economic damage (Guha-Sapir et al., 2017). For instance, a major 

coastal flood during hurricane Emily in 2005 caused an economic damage of several 

hundred million USD (CENAPRED, 2006). More recently, in 2013 Mexico was hit by 

two storms simultaneously: tropical storm Manuel in the Pacific and Hurricane Ingrid 

along the Caribbean Coast. Together they affected 77% of Mexico’s land extent, 

resulting in severe flooding (NASA, 2013). Due to the diversity of existing climate 

systems in Mexico, climate change is expected to exacerbate river flood hazards in 

some states where it is expected to become wetter, but reduce it in others due to 

drying, although this is uncertain and depends on particular climate change scenarios. 

Moreover, sea-level rise likely leads to exacerbated risk in coastal low-lands, especially 

on the Yucatan peninsula or the north western states of Sonora and Baja California 
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(OECD, 2006). Therefore, it is relevant to conduct a flood risk analysis for each state 

under a variety of possible future climates.  

 

3.2 Methods 

 

3.2.1 Modelling river and coastal flood risk  

 

3.2.1.1 Flood risk assessment 
 

To compare flood risk in different regions, and to provide input for cost-benefit 

analyses of flood risk management strategies, flood risk is often expressed in terms of 

expected annual damage (EAD), which is a monetary value (USD/year). The EAD is 

calculated as a function of the hazard (Section 3.2.1.2), modelled as inundation maps 

for various return periods; the exposure (Section 3.2.1.3), modelled as land-use maps 

and corresponding land-use values; and the vulnerability (Section 3.2.1.4), which 

describes the relation between the inundation depth and how much damage is done. 

The EAD is then obtained by computing the damage that would occur in each cell for 

each return period. These values are then aggregated to state level, and these are then 

plotted on an exceedance probability-loss curve. Risk is estimated by applying a 

trapezoidal method of integration over the exceedance probability-loss curve. 

Moreover, when calculating the EAD, we take into account that most flood-prone 

regions already have some form of protection standard (Section 3.2.1.5), and that 

flood risk is subdivided in direct damages (property losses) and indirect damages, such 

as business interruptions (Section 3.2.1.6). Figure A1 in appendix A shows this 

modelling framework, which is described in detail in subsequent Sections. In this 

study, we apply this modelling framework to assess current and future flood risk, and 

to calculate the costs and benefits of increasing flood protection standards (Section 

3.2.2). Supporting data Tables for the results and sensitivity analysis are provided in 

the online supplementary material of Haer et al. (2018).  

  

3.2.1.2 Hazard  
 

River – For developing the hazard maps for river floods we use the GLObal Flood 

Risk with IMAGE Scenarios (GLOFRIS) modelling cascade (Ward et al., 2013; 

Winsemius et al., 2013). The GLOFRIS modelling cascade simulates daily gridded 

discharge and flood volumes, and is forced with EU watch data to represent current 

climate conditions (Weedon et al., 2011). For the future climate scenarios, the 

GLOFRIS model cascade is forced with five global climate models (2013) for the 
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period 2060-2099 to represent conditions in 2080: HadGEM2-ES, IPSL-CM5A-LR, 

MIROC-ESM-CHEM, GFDL-ESM2M, and NorESM1-M. Flood volumes are 

obtained by fitting a Gumbel distribution for the annual hydrological year time-series 

for maximum flood volumes for different return periods: 5, 10, 25, 50, 100, 250, 500, 

and 1,000 years. These flood volumes are then converted into inundation maps 

(30x30” resolution) using the inundation downscaling model of GLOFRIS 

(Winsemius et al., 2013). Note that these hazard maps (and those for coastal hazards) 

represent return periods per cell, and do not represent real events or the interdepency 

of upstream-downstream effects. The hydrological-hydraulic modelling component of 

GLOFRIS (PCR-GLOBWB) has been validated previously on discharge (Van Beek et 

al., 2011), terrestrial water storage (Wada et al., 2012), the generated flood volumes 

(Ward et al., 2013), and flood extents (Winsemius et al., 2013). More recently, the 

flood extents from GLOFRIS were benchmarked against flood extents from local 

modelling studies for eight locations (in the USA, Europe, and Asia). Carrying out this 

benchmarking at the native resolution of GLOFRIS (30” x 30”) led to hit rates 

between 0.65 and 0.87 and false alarm ratios between 0.13 and 0.52 [8]. Appendix A 

provides an additional analysis on observed flood extent obtained from the 

Dartmouth Flood Observatory3 for the Tabasco area in Mexico, providing confidence 

that the model performs reasonably well for Mexico. For this study, we used 

simulations for two Representative Concentration Pathways (RCPs), namely RCP2.6, 

which represents a world with ambitious greenhouse gas reductions, and RCP8.5, 

which represents a world where fossil fuels are the dominant energy source. 

 

Coast – For developing the hazard maps from coastal storm surges we use a GIS-

based inundation model that takes into account water level attenuation and is forced 

by the Global Tide and Surge Reanalysis (GTSR) dataset. The GTSR is the first global 

reanalysis of storm surges and extreme sea levels based on hydrodynamic modelling 

(Muis et al., 2016). GTSR performs similarly to many regional hydrodynamic models, 

and is particularly useful for estimating flood risk (Muis et al., 2016). The inundation 

model uses the Multi-Error-Removed Improved-Terrain DEM (MERIT DEM) 

(Yamazaki et al., 2017) at a 10 arcsecond resolution (~350m resolution at the equator) 

with a EGM96 vertical datum. The MERIT DEM has 58% of Global land areas 

mapped with a vertical accuracy of ±2m or better (Yamazaki et al., 2017). The GTSR 

data are adjusted from MSL to EGM96 to match the MERIT DEM datum. All areas 

that are hydraulically connected to the sea at a given extreme seawater level are 

inundated. Compared to a simple planar or ‘bathtub’ inundation model, our method 

also takes into account water level attenuation due to surface roughness. While this 
                                                      
3 http://floodobservatory.colorado.edu/ 
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attenuation factor is a strong simplification and in reality depends on many 

hydrodynamic and environmental characteristics, it has been shown that not 

accounting for any attenuation can lead to large overestimations of flood depth and 

extent  (Bates et al., 2005; Vafeidis et al., 2017; Vousdoukas et al., 2016). In several 

other studies attenuation factors varying between 0.1 and 1.0 m/km were used, see for 

a review (Vafeidis et al., 2017), but no (land-use-based) guidelines yet exist for 

applying this factor. Here, a maximum attenuation factor of 0.5m/km is used, which 

is linearly scaled to accounts for spatial variation in roughness; it ranges from 0.0 

m/km in river and lake cells with a permanent water percentage of 100% to the 

maximum value of 0.5 cm/km in cells with no permanent water. The percentage of 

permanent water was derived from global surface water occurrence maps at 30 meter 

resolution (Pekel et al., 2016). The permanent water percentage per 10 arcsecond cell 

was computed based on the percentage of 30 meter cells with a water occurrence 

larger than 50 percent. A visual comparison of flood inundation patterns from actual 

flood events and modelled flood hazard maps shows reasonable agreement in flood 

patterns, see Appendix A, which also shows the improved performance of a spatially 

varying attenuation factor to a global constant attenuation factor (see Appendix A). 

Similar as for river floods, we model the inundation for eight return periods; 5-, 10-, 

25-, 50-, 100-, 250-, 500-, and 1000-year return periods. For coastal floods, we analyse 

the climate scenarios RCP2.6 and RCP8.5, in correspondence with the river flood 

scenarios, for which sea-levels are estimated to rise with 40 and 63 cm respectively by 

2080 (Church et al., 2013). Moreover, as the estimates for sea-level rise are potentially 

too low (Horton et al., 2008; Kopp et al., 2014), we analyse the additional SLR100 and 

SLR150 scenarios, in which sea-levels rise with 100cm and 150cm respectively. A 

sensitivity analysis to the maximum attenuation factor and its effect on current risk is 

provided in the online supplementary material of Haer et al. (2018). Note that in our 

analysis we do not account for changing intensity and frequency of hurricanes, as this 

is not yet well integrated in storm surge datasets (Muis et al., 2016). 

 

3.2.1.3 Exposure 
 

Exposure in large-scale flood risk modelling is typically modelled with land-use maps 

and maximum damage values for the different land-use classes in combination with 

the inundation maps. Here we use the GlobeLand30 (Jun Chen et al., 2015)  land-

cover map, which is a 30-metre resolution map of earth’s land cover, which we 

resample to the corresponding resolutions of the river (30”x30”)  and coastal 

(10”x10”) hazard maps. We aggregated the different land-use classes from 

GlobeLand30 into four sensible classes for this study: urban, agriculture, pasture, and 



Chapter 3 
 
 

52 

 

nature. All waterbodies are masked from the analysis. The maximum damage value for 

the urban class is derived from (Huizinga et al., 2017), and is constructed as the 

weighted average of the maximum damage values for Mexico for the residential 

(75%), commercial (15%), and industrial (10%) class, similar to (Ward et al., 2013). 

For agriculture and pasture, the maximum damage is taken as the maximum 

production value per m2 reported for Mexico by the FAO4; 8 US dollar cent/m2 and 1 

US dollar cent/m2 respectively. The maximum damage value for the nature class is 

difficult to estimate, we assume a small clean-up cost of 0.5 US dollar cent/m2, which 

has minor influence on the risk estimates. A sensitivity analysis of these values is 

carried out in Section 3.2.3.  For future conditions, we assume that values increase 

according to the estimated growth in GDP of 3%, which is the average growth rate in 

the coming decades (OECD, 2006). 

 

3.2.1.4 Vulnerability 

 

Vulnerability describes the susceptibility of exposed value to damage. The common 

approach in flood risk modelling is to apply so-called depth-damage curves, which 

describe the relation between inundation depth in each cell, and the percentage of the 

maximum value that is damaged at this specific inundation depth. While other 

processes co-determine the damage caused to a property and land-use class, like flow 

velocities of water, this method is suitable for large-scale flood risk assessment 

approaches (de Moel et al., 2015). Unfortunately, to our knowledge there are no 

specific depth-damage curves are available for Mexico. For agriculture, we use depth-

damage curves specific for central America (Huizinga et al., 2017), and also apply 

these for pasture and nature as no curves are reported for these land-use classes. 

While (Huizinga et al., 2017) holds depth-damage curves for central America to 

construct the urban class curves, these are based on a limited amount of studies 

(Huizinga et al., 2017) that assume one-story buildings, misrepresenting depth-damage 

relations for urban areas. Therefore, we apply the global average depth-damage curves 

from (Huizinga et al., 2017) instead. The uncertainty of these curves is elaborated on 

in Section 3.2.3.   

 

3.2.1.5 Protection standards 
 

The protection standards refer to the return period up to which structural measures 

provide flood protection, i.e. a 100-year protection standards prevents a flood with a 

                                                      
4 http://www.fao.org/faostat/en/ 
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return period of 100-years or lower. While protection standards can be achieved in a 

number of ways, the most common approach is investing in dike structures. In this 

study, we derive the current protection standards from the FLOod PROtection 

Standards (FLOPROS) database (Scussolini et al., 2016)5, which is an evolving global 

database of flood protection standards, and currently provides the only consistent 

dataset of flood protection standards for Mexico. However, due to the lack of 

essential datasets that resolve coastal hazards, the FLOPROS database does not hold 

coastal protection standards, and neither are coastal protection standards available 

elsewhere to our knowledge. We therefore assume that current coastal flood 

protection is the same as river flood protection. These protection standards reduce 

the calculated risk by truncating the EAD at the corresponding return period. Dikes 

are assumed not to breach below the design standards and completely fail above 

design standards.   

 

3.2.1.6 Direct and indirect damage 
 

The modelling flow described in Sections 3.2.1.1-3.2.1.5 provides an estimate of the 

EAD for direct damage and risk of flooding. However, indirect damage, such as 

business interruptions, also cause significant impact (Hallegatte, 2008; Koks et al., 

2015). By assessing historically reported damages in Tabasco, Mexico, Haer et al. 

(2017) estimated that indirect damages are roughly 60% as high as direct damages. We 

also apply this estimate here, which implies that the final calculated EAD (which 

includes both direct and indirect damages) is 160% of the EAD of direct damages (for 

which a sensitivity analysis is included in Section 3.2.3).  

 

3.2.2 Cost-benefit analysis for optimal river and coastal adaptation 

 

The achieved risk reduction of raising protection standards to different return periods 

serves as the basis for a cost-benefit analysis (CBA). For costs, we estimate the 

investment and maintenance costs of adaptation from the increase in dike height and 

length for different protection standards (River: 2.87 million USD/km/m investment, 

80 thousand USD/km/yr maintenance. Coast: 7.7 million USD/km/m investment, 

207 thousand USD/km(length)/yr maintenance. See Appendix A). The CBA serves as 

general purpose; (1) to determine whether an investment is economically sound, and 

(2) to determine the best choice between different flood protection standards. The 

first is achieved when the Net Present Value (NPV) of an investment decision 

(present value of total benefits minus present value of total costs) is positive. The 

                                                      
5 Available at: https://www.nat-hazards-earth-syst-sci.net/16/1049/2016/ 
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second is determined by analysing which of the investment decisions has the highest 

NPV. We apply Equation 3.1 to determine the NPV of implementing different 

protection standards. Here the EADreducedt,ps,i is the reduction in EAD for a certain 

protection standard ps at time t for a particular state i. Cmaintenancet,ps,i are the 

maintenance costs of the needed dikes for the protection standard at time t, summed 

for state i, and Cinvestmento,ps,i are the initial investment costs, also summed for state i.  

The NPV of a protection standard is determined over the lifespan of the dike T, 

which is set at 100 years. The multiplier α describes the mark-up of 60% for indirect 

damage, and is given as 1 + indirect damage factor = 1.6.   

 

NPV𝑝𝑠,𝑖 = ∑
(𝛼 𝐸𝐴𝐷𝑟𝑒𝑑𝑢𝑐𝑒𝑑𝑡,𝑝𝑠,𝑖)

(1 + 𝑟)𝑡

𝑇

𝑡=1

− (∑
(𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒𝑡,𝑝𝑠,𝑖)

(1 + 𝑟)𝑡

𝑇

𝑡=1

+ 𝐶𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝑡=0,𝑝𝑠,𝑖) 

 

| 3.1 | 

Important in any CBA is to determine the time value of money by applying a discount 

rate. For Mexico, the applied discount rate is currently 10% (Secretaría de Hacienda y 

Crédito Publico, 2014), meaning that a money stream now in 2010 is valued 

significantly higher than a money stream in 2080. A sensitivity analysis of this 

parameter is included in Section 3.2.3. 

 

3.2.3 Model uncertainties and sensitivity analysis 

 

This research applies a range of methods from flood risk analysis to cost-benefit 

analysis. Each step contains a certain degree of uncertainty, which leads to 

compounding uncertainties in the final results. For risk estimates, these uncertainties 

are well described (de Moel and Aerts, 2011), and can for instance be found in the 

used hazard maps, land-use map, exposure values, and depth-damage curves. Other 

uncertainties can propagate from the GLOFRIS model (Ward et al., 2013; Winsemius 

et al., 2013), the uncertainties in the GTSR dataset that was applied to model storm 

surge inundation depth, such as the underrepresentation of tropical cyclones or 

exclusion of wave run-up (Muis et al., 2016), the remaining vertical error in the DEM 

(Yamazaki et al., 2017), or the assumption on coastal protection standards in the 

FLOPROS database (Scussolini et al., 2016). Here, we provide a sensitivity analysis 

for key parameter estimates in this study. Especially the value of exposure and the 
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used depth-damage curves can introduce large uncertainties (de Moel and Aerts, 

2011). As these uncertainties are related, we limit the sensitivity analysis to varying the 

maximum damage values between 75% and 125% of the baseline estimates (Section 

3.2.1.3). Furthermore, we vary the factor of indirect damage by analysing a half the 

rate (30%) and double the rate (120%) for indirect damages of the baseline estimate 

(60%). We also provide a sensitivity analysis for the storm surge attenuation factor on 

current risk for which the baseline is 50 cm/km, by setting it to 10, 20 and 100 

cm/km. Finally, a key parameter of the cost-benefit analysis is the discount rate, that 

for the baseline is set at a relatively high discount rate of 10% (Secretaría de Hacienda 

y Crédito Publico, 2014). For comparison, the European Union recommends the use 

of a 4% discount rate, which gives a higher weight to future values than the 10% rate6. 

We apply a discount rate of 10%, and provide sensitivity analyses for a discount rate 

of 6% and 4%. To highlight the sensitivity of the results, we discuss the sensitivity 

analysis separately in Section 3.3.4.  

 

3.3 Results 

 

3.3.1 River and coastal flood risk in Mexico 

 

3.3.1.1 Current and future river flood risk 
 

Figure 3.1 shows the EAD for river floods across states in Mexico for the current 

climate, for constant climate conditions, for the RCP2.6 and RCP8.5 climate change 

scenarios, and for the estimated growth in exposure as a result of economic growth, 

assuming no additional dike protection. Under the current climate, average EAD per 

state in Mexico is estimated at approximately 200 million USD/year, with Tamaulipas, 

Veracruz and San Luis Potosi seeing the highest impact with an EAD between 400 to 

800 million USD/year. The total estimated river flood risk under current climate is 

approximately 7 billion USD/year. The UNISDR, the United Nations Office for 

Disaster Risk Reduction, estimates the average annual loss for riverine flooding at 870 

million USD/year for direct damages (UNISDR, 2015)7, which would lead to 

approximately 1.3 billion USD/year if correcting for a 60% indirect damage factor. 

Our higher estimates are most likely explained by the use of higher resolution 

exposure data that captures more exposed urban areas, which is a major contributor 

to flood risk. Moreover, while data on average annual damages is often missing on a 

state level, we find that for Tabasco reported direct and indirect damages over a 5-year 

                                                      
6 http://ec.europa.eu/smart-regulation/guidelines/tool_54_en.htm 
7 Obtained from https://www.preventionweb.net/countries/mex/data/ 
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period from 2007-2011 were approximately 1 billion USD/year (United Nations 

CEPAL, 2011), were we estimate 400 million USD/year. While our estimates are 

slightly lower, the reported average is likely skewed upward by the major flood that 

occurred in 2007. Still, the UNISDR estimate and the reported average damage for 

Tabasco are within an order of magnitude of our estimates, providing confidence in 

our results.  

 

If climate remains constant, flood risk becomes highest in Tamaulipas and Veracruz, 

with an EAD of 29 billion and 12 billion USD respectively. Tamaulipas, Veracruz and 

San Luis Potosi also face the highest risk under the RCP2.6 and the RCP8.5 scenarios, 

with an EAD of respectively 30 and 29, 12 and 13, and 51 and 69 billion USD/year. 

These states are home to some of the largest rivers in Mexico, such as the Rio Bravo 

in Tamaulipas and the Papaloapan and Coatzacoalcos in Veracruz, making them 

especially vulnerable to increases in inundation volumes, or increase in exposure.  

 

 
Figure 3.1 | River flood risk expressed in EAD for the current (2010) climate and for three 

future (2080) conditions under only socio-economic development (upper right) and socio-

economic development combined with the RCP2.6 (bottom left) and RCP8.5 (bottom right) 

climate scenarios. Future risk levels are derived by assuming no additional flood protection.    

 

While river flood risk is highest for the states along the Gulf of Mexico, the estimated 

relative increase caused by climate change is largest in the central states of Mexico. 

Both the RCP2.6 and RCP8.5 scenario show the largest relative increase in risk in the 

central states compared to constant climate conditions. While flood risk increases in 

most of the states under both scenarios, some states show a decrease in risk for both 
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the RCP2.6 and RCP8.5 scenario. For example, Tabasco would see a considerable 

decrease of risk under warmer climate conditions in the RCP8.5 scenario. When 

comparing the RCP2.6 and RCP8.5 scenario, we see that the RCP8.5 leads to 

considerably dryer conditions in the north-western and south-eastern states.  

 

3.3.1.2 Current and future coastal flood risk 
 

Figure 3.2 shows the results for coastal flood risk across the Mexican States. As the 

climate scenarios are based on increasing sea levels, there is a consistent increase in 

risk from the constant climate scenario to the high SLR150 scenario. Under current 

climate, the estimated risk for coastal floods is considerably less than the risk for river 

flooding. Our results show an aggregated coastal flood risk for Mexico of little under 

130 million USD/year including both direct and indirect damages. The UNISDR 

reports a current average annual loss of approximately 100 million USD/year for 

direct damages for coastal flooding, which translates into 160 million USD/year when 

taking into account a 60% factor for indirect damages. These estimates are within a 

factor two of the estimates in this study, providing confidence in our results.  

   

 
 

Figure 3.2 | Coastal flood risk expressed in EAD for the current (2010) climate and for five 

future (2080) conditions under only socio-economic development (upper middle) and socio-

economic development combined with the RCP2.6 (upper right), RCP8.5 (bottom left), 

SLR100 (bottom middle), and SLR150 (bottom right) climate scenarios. Future risk levels are 

derived by assuming no additional flood protection.    
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Our results show that the current flood risk is estimated to increase to 2 billion 

USD/year in 2080 under constant climate conditions as a result of socio-economic 

growth, and approximately 10 billion under the high-end SLR150 scenario due to 

socio-economic growth and sea-level rise. On a state level, Yucatan is the most 

vulnerable to coastal flood risk, with an estimated EAD of 67 million USD/year 

under current climate and 4 billion USD/year under the SLR150 scenario. Together 

with the relative high risk in Campeche and Quitana Roo, the Yucatan peninsula 

seems to be especially vulnerable to sea-level rise. Other states that are estimated to be 

especially vulnerable to (future) coastal flood risk are Sonora and Baja California Sur 

on the west coast of Mexico.  

   

3.3.2 Optimal protection standards and risk reduction 

 

3.3.2.1 Optimal protections standards for river floods 
 

Figure 3.3 shows that under constant climate conditions, about half of the states 

require investments in additional protection to achieve or uphold economically 

optimal protection standards. For instance, Chiapas, Nayarit, Puebla, Sinaloa, and 

Veracruz, need to raise the protection standard to a 25-year protection standard, 

Tamaulipas to a 50-year protection standard, and Yucatan to a 100- year protection 

standard, to reach the economic optimum. Under the RCP2.6 scenario most states are 

estimated to have a positive optimum NPV of additional river flood protection, 

mostly for the 25- or 50-year protection standards, with highest economic optimum 

protection standards for Mexico (250-year), Aguascalientes (250-year) and Queratero 

(500-year). In some states, like Quintana Roo, climate conditions under the RCP2.6 

scenario lead to less flooding compared to current climate (Figure 3.3), causing the 

initial dike height to offer higher than optimal protection standards, implying there is 

no need for additional investment. Vice versa, states that become more prone to 

flooding, may need additional investments to uphold protection standards, as is for 

instance the case for Nuevo Leon, which needs to invest in extra dike height to 

uphold a 10-year protection standard. Under the RCP8.5 scenario, optimum 

protection standards are mostly equal to, or lower than, under the RCP2.6 scenario.   

 

Even though the protection standards are relatively low, the estimated risk reduction 

obtained by implementing additional protection achieved is considerable (see 

Appendix Figure A7). For instance, under constant climate, the yearly river flood risk 

reduced for states that need investments to reach economic optimum varies between 

approximately 50% for San Luis Potosi and 95% for Mexico when investing in 



Coastal and river flood risk analyses for guiding economically 
optimal flood adaptation policies: a country-scale study for Mexico 

 

59 
 

optimal protection standards. For the RCP2.6 scenario, the reduction varies between 

approximately 20% for Chihuahua and almost 100% for Queretaro.  The risk 

reduction in the RCP8.5 scenario varies between approximately 15% in Chihuahua to 

approximately 95% in Mexico. Note that these percentages are strictly a reduction in 

EAD, a flood that overtops the protection standard causes full damage.  

 

 
Figure 3.3 | Optimal protection for river floods for three future (2080) conditions under only 

socio-economic development (left) and socio-economic development combined with the 

RCP2.6 (middle), RCP8.5 (right) and a discount rate of 10%. The grey areas depict states 

where no additional investments are required as protection standards are already as high as (or 

higher than) the economic optimum.   

   

3.3.2.2 Optimal protections standards for coastal floods 
 

The economically optimal protection standards for coastal floods are significantly 

higher than those for river floods. Figure 4.4 shows that under constant climate 

conditions, all states that require additional investments to uphold or increase the 

protection standard have an optimal protection standard of 100 year or higher. Two 

states have an optimal protection standard of 1000-years; Baja California Sur and 

Sonora. This is mainly due to the effective protection of small stretches of coast that 

protect a larger hinterland, meaning that risk is relatively high with respect to flood 

protection costs, which is exacerbated with higher return periods. The achieved 

relative risk reduction for these high protection standards is very high, namely above 

90% for most states (see Appendix Figure A8). The results show that the optimal 

protections standard varies when either protection costs rise faster than the benefits, 

or vice versa. For instance, the optimal protection standard for Tabasco moves from 

250-year under constant climate conditions, to 50-year under RCP2.6 conditions, and 

back to 250-year under SLR100 conditions. For Jalisco, Nayarit, and Chiapas, not 

additional investments are needed to reach optimal protection standards under all 

climate scenarios. 
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3.3.3 Cost of adaptation 

 

3.3.3.1 Cost of river flood protection 
 

Figure 3.5 shows the total present value of the costs for implementing the 

economically optimal protection standard over a 100 year period. The present value of 

the costs includes both the needed investments and maintenance costs. For river 

protection, the costs for states that require additional investments to uphold or 

increase protection standards vary between 93 million USD for Queratero to 30 

billion USD for Veracruz under constant climate conditions. 

 

 
 

Figure 3.4 | Optimal protection standards for coastal floods for five future (2080) climate 

conditions and a discount rate of 10%.  The grey areas depict states where no additional 

investments are required as protection standards are already as high as (or higher than) the 

economic optimum.   

 

Under the RCP2.6 scenario, several states would face costs below 1 billion to raise 

protection standards to optimal levels, such as Mexico, Queretaro, and Zacatecas, but 

several other states such as Tamaulipas and Yucatan do face costs over 1 billion USD 

to achieve optimum protection standards. Note that although these are high costs, 

they do lead to the highest positive NPV, and are thus economically desirable. The 

results show similar findings for the RCP8.5 scenario, although fewer states need 

further investments to raise protection standards.  Figure 3.5 shows clearly that most 
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adaptation costs need to be made in the states along the Gulf of Mexico, which are 

home to the large river systems Rio Bravo, the Grijalva-Usumacinta, the Papaloapan 

and Coatzacoalcos. For a discount rate of 10%, the present value of the total costs in 

the whole of Mexico over a 100-year lifespan is 75 billion USD under constant climate 

conditions, which rises to 90 billion USD under the RCP2.6 scenario and 118 billion 

USD in RCP8.5.  

 

 

Figure 3.5 | Present value of the total investment and maintenance costs of the optimal 

protection standards over a 100 year period for river floods for three future (2080) climate 

conditions and a discount rate of 10%.   

  

3.3.3.2 Cost of coastal flood protection 
 

The present value of the costs for coastal flood protection are much lower for most 

states than for river flood protection, even though the unit costs of coastal dikes are 

higher (Figure 3.6). The reason is that the stretch of coast that needs protection is 

much shorter than the river dike length needed, which is also reflected in the relatively 

low flood risk from coastal storm surges with respect to risk from river floods.  

 

The costs across states that require investment to increase protection standards 

against coastal floods under constant climate conditions varies between 3 million USD 

for Tabasco and 200 million USD for Yucatan. In general, the present value of 

maintenance and investment costs increase when sea-level rises. Yucatan faces highest 

total costs under all climate scenarios, up to 600 million USD  under the SLR150 

scenario. Combined with Quintana Roo and Campeche, the Yucatan peninsula would 

face up to 1.5 billion under the SLR150 scenario. The total costs (present value) for 

Mexico would be 2.5 billion USD for the SLR150 scenario, while under constant 

climate conditions the total costs over the 100-year lifespan would be approximately 

350 million USD.   
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Figure 3.6 | Present value of the total investment and maintenance cost of the optimal 

protection standards over a 100 year period for coastal floods for five future (2080) climate 

conditions and a discount rate of 10%.   

 

3.3.4 Model sensitivity 

 

Considering the modelling uncertainties, we tested the sensitivity of the results to 

different assumptions on maximum damage values, indirect damage factors, and 

discount rates. The online supplementary material of Haer et al. (2018) provide a 

detailed breakdown for each state how different parameter setting influence the 

results. Here, we discuss the summarized results for Mexico.  

 

For river floods the median optimum protection standard is 20-25 years under all 

settings except when decreasing the discount rate to 4%, which raises it to 50 years. 

This median protection standard includes the states that do not require investments to 

meet economically optimal protection standards. The sensitivity of the optimum 

protection standard becomes larger under RCP2.6 and RCP8.5, where the median 

optimal protection standard ranges between 25-100 years and 19-83 years respectively. 

Changing the discount rate has the most significant influence on the remaining risk 

after adaptation; a 4% discount rate leads to a 50% reduction of risk under constant 

climate with respect to the baseline. Similar to constant climate conditions, lowering 

the discount rate has most significant effects on risk. In particular, a 4% discount rate 

leads to a 50% and 73% lower remaining risk after adaptation than in the baseline, 

while changing the maximum damage factor leads to a -17% to +17% change in 
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remaining risk. Note that lower risk estimates can also increase the estimated risk after 

adaptation, as it might be more beneficial to set lower protection standards. Changing 

the indirect damage factor leads to a -14% to +17% change in remaining risk. When 

changing the maximum damage values or indirect damage factors, the cost of 

adaptation changes -25% to +31% across settings and climate scenarios. Reducing the 

discount rate increases the cost of adaptation significantly, up to +228%, because high 

protection standards become more often economically efficient.    

 

For coastal floods, the median optimal protection standard under current climate is 

21-year across parameter settings, as only a few states need additional investing. Under 

future scenarios, when changing the maximum damage or indirect damage factors, the 

median optimal protection standard varies between 100- and 500-year. Decreasing the 

discount rate to for instance 4% has the most profound effect, increasing optimal 

protection standards to 500-year under RCP2.6, and 1000-year under other climate 

scenarios. Note that several states require much higher protection standards than the 

median, up to a 1000-year standard (Figure 3.4). Setting different parameters for either 

the maximum damage values or the indirect damage factor changes risk after 

adaptation between -45%% (RCP8.5, indirect damage factor of 120%) to +51% 

(SLR100, indirect damage factor of 30%). Decreasing the discount rates lead to a 

reduction in remaining risk between 39% and 97%. Same as for river floods, lower 

initial risk estimates might lead to higher risk after adaptation, as the reduction in costs 

of lowering protection standard might outweigh the benefits of protection. The 

sensitivity of the results to the indirect damage factor and maximum damage is lower 

than other results, ranging between -9% and +22%. Decreasing the discount rates 

leads to an increase of costs of 61% for the 6%, and 111% for the 4% discount rate. 

However, the discount rate is mostly a political decision, and not per se a model 

uncertainty.  

 

3.4 Discussion and conclusion  

 

The results presented in this study provide a first state-level coastal and river flood 

risk and adaptation assessment for Mexico. To the best of our knowledge, this is the 

first study that applies global datasets to a data-scarce country to assess both river and 

coastal flood risk in urban and non-urban areas, and analyses the costs and benefits of 

adaptation at the (sub-)national scale. The methods used are transferable to other 

countries or regions. By estimating both current and future risk, and by determining 

economically optimal adaptation strategies, the results provide first insights for policy 

makers to prioritize adaptation in different Mexican states. However, the results also 
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show how limitations in the input data and uncertainties in parameter settings 

influence the risk estimates and estimates for economically optimal protection 

standards.  

 

In general, we find that river flood risk is much higher than coastal flood risk. Our 

results show that especially several states along the Gulf of Mexico face high risk from 

river flooding, like  Tamaulipas, Yucatan, Tabasco and Veracruz. Consequently, they 

could benefit highly from additional funds to support flood protection, also under 

constant climate conditions. The Yucatan peninsula and Sonora and Baja California 

Sur face more risk from coastal flooding. Optimal protection standards for rivers for 

our baseline results are often close to a 20- to 25-year flood under constant climate 

conditions and under different parameter settings. River flood risk increases in most 

states, but it declines in a few where it is expected to become dryer towards 2080. This 

implies that optimal flood protection standards increase in many areas, which imposes 

high adaptation costs, while in some states no additional flood risk adaptation 

investments are needed. Only few states need additional investments for coastal 

surges under constant climate conditions. However, optimal standards for coastal 

flood protection under constant climate are higher, namely often 100-year or higher 

for different parameter settings under RCP2.6 and RCP8.5 conditions, and 250-year 

or higher under SLR100 and SLR150 conditions. A broader sensitivity analysis 

showed that decreasing the discount rate to 6% or 4% is found to have the most 

influence on the main results, by significantly increasing the number of states that 

need investments in river or coastal protection, increasing the median protection 

standards, and reducing risk. Note that decreasing the discount rate is partly a political 

decision, where decreasing the discount rates places more value on future benefits of 

risk reduction.  

 

Moreover, we show how assessing different future climate scenarios leads to 

significant differences in the development of risk, which has to be taken into account 

when steering adaptation policy. For the Mexican case-study, if fossil fuels remain the 

world’s dominant energy source (RCP8.5), central Mexico will become relatively 

wetter than if ambitious greenhouse gas reductions are reached globally (RCP2.6), 

which is especially relevant for river floods. Vice versa, this means that if the world 

does meet ambitious reductions in greenhouse gas emissions, the risk in the north-

western and south-eastern states will be relatively higher. Coastal flood risk always 

increases for higher sea level rise scenarios, which generally increases economically 

optimal flood protection standards. Also for the coastal states, different climate 

scenarios lead to different optimal protection standards. This has implications for 
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policy makers, who have to determine an adaptation path that is most suitable in the 

political context of Mexico. For instance, they could adopt a precautionary approach, 

in which the highest protection standards among possible future climate scenarios is 

chosen. Or, a ‘no-regret’ strategy can be adopted, in which adaption is increased to 

meet the minimal optimal flood protection standard among climate scenarios, which 

can then be gradually updated when risk changes over time. The precautionary 

approach may be preferred by risk averse policy makers, while the no-regret approach 

by policy makers who expect small and gradual increases in flood risk as a result of 

climate change.  

 

In this study, we also show how assessing adaptation costs can guide governments in 

prioritizing fund allocation on a state level. Our assessment of adaptation costs for 

Mexico shows that meeting economically optimal safety standards will be substantial, 

even when low scenarios of climate change are anticipated. As an illustration, total 

discounted investment and maintenance costs of optimal flood protection standards 

under the baseline scenario for rivers are 90 billion USD in the whole of Mexico 

under the RCP2.6 scenario and 118 billion USD in RCP8.5 over a period of 100 years. 

The difference of the national aggregated costs are small, but they are larger on a state 

level, as the north western and south eastern states are wetter under RCP2.6 than 

under RCP8.5 conditions, while the central states are wetter under RCP8.5 than under 

RCP2.6 conditions. The sensitivity of these values to changing maximum damage 

values or indirect damage is between --25% and +31%. The costs of implementing 

optimal protection standards against coastal floods for the baseline scenario are 

strictly increasing across states, rising from 350 million USD for constant climate 

conditions to approximately 2.5 billion USD for SLR150 conditions. Sensitivity of 

these results varies between -45% and +51% when keeping the discount rate at 10%. 

Decreasing the discount rate to for instance 4%, and thereby valuing the reduction in 

future flood risk higher, increases adaptation costs for the coast with 106% under 

constant climate, to 52% under the high-end SLR150 scenario. Note that in our 

analysis for coastal flood risk we do not account for changing intensity and frequency 

of hurricanes, as this is not yet well integrated in storm surge datasets (Muis et al., 

2016). This might lead to an underestimation of risk, while the assumed protection 

standard from FLOPROS might be too low, leading to an overestimation of risk. 

Nevertheless, our analysis shows that our country-level estimate for coastal risk is 

within a factor two of other reported risk, providing confidence in the results.  

 

The methodology applied here also showcases the application of global models for 

state-level application, which is relevant since local data are often lacking, incomplete 
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or inconsistent. Recent developments in improved algorithms and resolution have 

made these global models, such as GLOFRIS, GTSR, FLOPROS, suitable for sub-

national scale flood risk assessments (Ward et al., 2017), especially when no other 

consistent data are available as is the case for Mexico. For instance, the GTSR dataset 

performs similar to many regional hydrodynamic models (Muis et al., 2016), 

GLOFRIS has been applied and validated successfully on global, national, and sub-

level scale (Ward et al., 2013; Winsemius et al., 2013), and FLOPROS provides the 

first database for many countries for flood protection (Scussolini et al., 2016). 

Especially in data-scarce regions, these models are valuable for steering national 

adaptation funds or building disaster relief capacity to regions where they are most 

needed. Our results show for instance that the states along the Gulf of Mexico face 

greatest risk, especially from river floods, and would benefit most from increased 

adaptation, but also need the most funds for increasing protection standards. 

 

Although applying these global dataset overcomes data scarcity, they do come with 

limitations, and further research is needed to reduce uncertainties. For instance, 

GLOFRIS can be improved to better capture overland flow and inundation from 

direct rainfall, GTSR requires a better statistical analysis of tropical cyclones and 

analysis of wave run-up, the vertical accuracy of the MERIT DEM could be further 

improved, and FLOPROS needs to be expanded to provide global coverage for 

coastal flood protection. Moreover, most large scale analysis of coastal inundation still 

make use of a simple bathtub model, which neglects storm duration, wind direction, 

water depth and surface roughness (Bates et al., 2005; Ramirez et al., 2016; Seenath et 

al., 2016). Only recently has the use of hydrodynamic models been explored at large 

scales (Vousdoukas et al., 2016), but its computational costs remain relatively high. 

Here we apply  an attenuation factor scaled with the percentage permanent water, 

which improves upon the bathtub approach and on recent analysis where a constant 

factor was used (Vafeidis et al., 2017). Also, while the hazard maps applied here are 

state-of-the-art, return periods are currently estimated for river flows and sea-levels 

separately, and as such they do not represent flood extents of actual events or 

compound river and coastal flood risk. Ideally, these hazard maps would be based on 

inundation mapping of long time-series of flood events. For example, by applying 

more advanced extreme value statistics to the river flows or sea levels that incorporate 

the spatial extent of events. This could then be used to generate many synthetic flood 

events and compute updated corresponding inundation maps, and return periods 

could then be based on inundation depths or actual losses. However, for large-scale 

risk assessments this would result in a huge increase in computational costs, while the 

EAD may not be very different (Olsen et al., 2015).   
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 Furthermore, while the models applied here are useful for a state-level analysis, local 

implementation measures need to be supported by detailed local models that entail, 

among others (a) local meteorological data, (b) detailed local river geomorphology, (c) 

high-resolution digital elevation models, and (d) high resolution exposure data  (Ward 

et al., 2017). Another important challenge in this and other flood risk analyses is how 

to account for indirect economic flood losses, like business interruption (de Moel et 

al., 2015; Koks et al., 2015). Here we account for these using a simple scale factor of 

direct losses, which is a common approach, but introduces uncertainties, which we 

show in our sensitivity analyses to have an important influence on optimal flood 

protection results. Future research can narrow down the indirect loss estimates by 

developing Computable General Equilibrium or Input-Output model approaches that 

assess flood impacts on economic output losses in Mexico (Okuyama and Santos, 

2014). Our methodological approach, which applied a scaling factor of indirect 

damage based on empirical observations, provides useful insights into aggregate state 

level flood risks for deriving optimal flood protection standards at a large geographical 

scale, which can provide a useful starting point for more detailed local studies. 

However, flood risk management should ideally be an integrated process where 

adaptation pathways (Haasnoot et al., 2013, 2014; Kwakkel et al., 2016) are considered 

and where increasing protection standards is combined with other flood management 

options, such as land management, floodplain zoning, beach realignment, beach 

nourishment, nature-based solutions such as mangroves or wetland restoration, or 

creating room for the river. Especially for those states where our analysis finds 

negative NPV for protection with dikes, other options could be economically viable, 

and ideally, any local planning is based on integrated management (refs) which takes 

into account the concerns of all relevant stakeholders.  
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CHAPTER 4 

The effectiveness of flood risk communication strategies and 

the influence of social networks: insights from an agent-based 

model 

Abstract: Flood risk management is becoming increasingly important, because more 

people are settling in flood-prone areas, and flood risk is increasing in many regions 

due to extreme weather events associated with climate change. It has been proposed 

that appropriately designed flood risk communication campaigns can stimulate 

floodplain inhabitants to prepare for flooding, and encourage adaptation to climate 

change. However, such campaigns do not always result in the desired action, and the 

effectiveness of communication in raising flood risk awareness and improving flood 

preparedness has hardly been studied. We evaluate different flood risk communication 

strategies, using an agent-based modelling approach, which is especially suitable for 

examining the effect of communication on each individual, and how flood risk 

communication can propagate through an individual’s social network. Our modelling 

results show that tailored, people-centred, flood risk communication can be 

significantly more effective than the common approach of top-down government 

communication, even when tailored communication reaches fewer individuals. 

Furthermore, communication on how to protect against floods, in addition to 

providing information about flood risk, is much more effective than the traditional 

strategy of communicating only about flood risk. Another main finding is that a 

person’s social network can have a significant effect on whether or not individuals 

take protective action. This leads to the recommendation that flood risk 

communication should aim at exploiting this natural amplifying effect of social 

networks, for instance, through the use of social media.  

 

 

 

 

 

 

This chapter is based on: Haer, T., Botzen, W. J. W., & Aerts, J. C. J. H. (2016). The 

effectiveness of flood risk communication strategies and the influence of social networks—

Insights from an agent-based model. Environmental Science & Policy, 60, 44–52. 

doi:10.1016/j.envsci.2016.03.006 
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4.1 Introduction 

 

The severity and frequency of floods is expected to increase in many regions around 

the world as a result of climate change (IPCC, 2012) and economic and population 

growth in flood-prone regions (Jongman et al., 2012). It is becoming increasingly 

important to communicate the risks of flooding to communities living near rivers and 

coasts (IPCC, 2012), and to motivate those at risk to better prepare for flooding 

(Botzen and Van den Bergh, 2009a; Kunreuther and Michel-Kerjan, 2011; Poussin et 

al., 2014). Although the importance of flood risk communication is widely 

acknowledged, little is known about the effectiveness of flood risk communication, as 

is apparent from a literature review on flood risk perceptions by Kellens et al. (2013). 

It is only recently that several studies have attempted to fill this gap, by applying 

questionnaires to analyse the effect of different risk communication strategies on risk 

perceptions and intentions to prepare for flooding (Botzen et al., 2013; De Boer et al., 

2014a, 2014b). These studies show that information tailored to the specific needs of 

an individual has an important influence on risk perceptions. Moreover, they find that 

risk communication can stimulate individuals to take measures that reduce flood risk, 

such as structural flood risk mitigation measures, flood-adapted building use, 

deployment of flood barriers, and/or purchase of flood insurance (Botzen et al., 2013; 

De Boer et al., 2014a, 2014b).  

 

Risk communication is commonly done by governments and organisations who 

disseminate information about floods in a top-down manner through guidelines, 

information brochures, media campaigns, and internet websites, which individuals 

may or may not read or receive (Fekete, 2012).  Examples are the flood zone maps 

that delineate flood-prone areas and their flood probabilities provided by the Federal 

Emergency Management Agency in the United States (www.fema.gov) and the flood 

maps produced for the European Union Floods Directive. To a lesser extent, 

information on coping responses is provided, such as the effectiveness of the 

measures that people can take to protect themselves against floods. A recent study on 

communication strategies in England, the Netherlands, and Flanders showed that top-

down government campaigns have not been very successful in motivating people to 

take protective measures against flooding (INTERREG, 2013). These campaigns were 

partly ineffective because they did not address the different attitudes that people have 

towards flooding because of their cultural differences and local circumstances 

(Burningham et al., 2008; Martens et al., 2009).   
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The need for people-centred risk communication, which focuses on the specific needs 

of different people, as opposed to a one-size-fits-all government campaign, was 

acknowledged by the IPCC (2012) to be a key factor in disaster risk reduction. In 

particular, local risk perceptions and local framing of risk should be included in 

communication processes. According to the IPCC (2012), risk communication should 

achieve the aims of both informing people about their particular risk and engaging the 

stakeholders in the identification of possible solutions. While the traditional top-down 

approach offers little opportunities for this, individual or community-based 

approaches can address the heterogeneous needs of individuals, and offer a means to 

provide tailored information on risk perception and coping measures (Bier, 2001; 

Martens et al., 2009; Terpstra et al., 2009). By providing tailored information, people 

are then enabled to assess their own risk situation, and are provided with the means to 

make informed decisions on the appropriate actions to take (Kellens et al., 2013). 

 

Furthermore, there is a growing recognition in the scientific literature of the role of an 

individual’s social network and social context in decisions about protecting against risk 

(Bubeck et al., 2013; Figueiredo et al., 2009; Kunreuther et al., 2013; Lara et al., 2010; 

Lo, 2013; Van der Linden, 2015). For example, both Lo (2013) and Bubeck et al. 

(2013) found that, in addition to risk perception, the expectations and adoption of 

flood risk reduction measures in the social networks of individuals are important 

determinants of individual flood preparedness. Kunreuther et al. (2013) found similar 

results in a laboratory experiment, where the major driver of an individual to invest in 

disaster risk reduction was the average investment level of his/her neighbours. 

Moreover, Van der Linden (2015) found that an individual’s actions towards extreme 

weather risks amplify throughout his/her social network. Lara et al. (2010) found clear 

evidence for the relation between social involvement and the willingness to take 

action against floods. These studies show that social networks not only serve as a 

stimulus for taking action, but also convey information.  

 

An improved understanding of the effectiveness of flood risk communication, as well 

as of the influence of a person’s social network on this effectiveness, can provide 

valuable insights for flood risk management policies. This study examines both of 

these themes by applying an agent-based model, as advocated by Martens et al. (2009). 

This method is especially suitable for modelling the interaction between social 

networks on a micro-scale (household) level, and for analysing the emerging flood risk 

reduction and diffusion of information on a meso- or macro-scale (An, 2012).  

Although these models are only an approximation of the full complexity of human 

behaviour, agent-based models are especially useful for disentangling specific 
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behavioural processes, as is of interest here. While agent-based models have 

previously been applied to investigate the diffusion of information (e.g. Macy and 

Willer, 2002; Rahmandad and Sterman, 2008), and flood risk management (i.e. 

Dawson et al., 2011; Filatova, 2013), we present here the first application specifically 

for flood risk communication purposes. The theoretical basis for individual flood-

preparedness decisions is provided by Protection Motivation Theory (Rogers, 1983). 

 

 
Figure 4.1 | A schematic overview of Protection Motivation Theory, adapted from Rogers 

(1983) and Bubeck et al. (2012). 

 

Protection Motivation Theory, shown schematically in Figure 4.1, has become an 

important socio-psychological model of individual flood risk-preparedness decisions 

(Bubeck, Botzen, and Aerts, 2012; Grothmann and Reusswig, 2006; Koerth et al., 

2013; Poussin et al., 2014). For the study presented here, it offers a useful framework 

to analyse how flood risk communication, as a form of verbal persuasion, can 

influence a person’s threat or coping appraisal, and how flood preparedness is 

affected. Communicating for instance the probability of a flood, as is done by the 

FEMA flood maps in the United States, aims to change people’s threat appraisal. 

Communicating about the costs and the effectiveness of certain protection measures 

aims to change people’s coping appraisal. We estimate the effectiveness of 

communication strategies by the implementation rates of different disaster risk-

reducing measures. Moreover, the influence of the social network is estimated by 

including and excluding social networks of agents. By investigating different general 

types of flood risk communication strategies, the results can be used for making 

recommendations for the overall design of flood risk communication campaigns.  

 

4.2 Methods 

 

We developed an agent-based model to capture the effectiveness of flood risk 

communication and the influence of social networks. The applied modelling software 
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is NetLogo V 5.2.0 (Wilensky, 1999). The model simulates how and when households 

take protective action and it evaluates the effectiveness of different flood risk 

communication strategies. Each simulation runs for 7 years with time-steps of 1 year 

and each stochastic simulation run is repeated 100 times. The 7-year period represents 

a realistic period for flood risk communication campaigns in the Netherlands, such as 

the ‘The Netherlands lives with water’ campaign (INTERREG, 2013). The model is 

applied to households in the outer-dike areas in the Rotterdam-Rijnmond region, 

shown in Figure 4.2. The case-study area serves as an example from which we derive 

specific results for the region, and more general lessons that are transferable to flood-

prone regions around the world. Different social, cultural and political conditions in 

other regions may imply that flood risk communication campaigns produce different 

results. To facilitate the reproducibility of the model, a technical description is given in 

the online supplementary material of Haer et al. (2016) following the ODD 

(Overview, Design concepts, Details) protocol by Grimm et al. (2006, 2010). 

 

4.2.1 Case study: Rotterdam-Rijnmond, the Netherlands 

 

Although most households in the Netherlands are generally well protected against 

floods by dike-rings, the outer-dike areas are not protected, and are thus susceptible to 

flooding. Risk communication to increase preparedness is therefore of particular 

importance in the outer-dike areas, especially since risk perceptions are generally low 

in the Netherlands (Botzen et al., 2009a).  

 

 
Figure 4.2 | The Rotterdam-Rijnmond area (left), and its position in the Netherlands (right). 

Areas that are not embanked are shown in dark grey. Houses outside the embankments 

included in this case-study are shown in red. 
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Two major risk communication campaigns took place in the Netherlands to raise 

flood risk awareness and stimulate individuals to better prepare for floods: namely, 

‘the Netherlands lives with water’ launched in February 2003, and ‘think forward’ 

launched in 2006. A recent study showed that, although both campaigns raised 

awareness about flood risk, they were not successful in causing behavioural change, 

resulting in a lack of flood preparedness (INTERREG, 2013). One of the main 

limitations of both campaigns was that they were mostly government-controlled top-

down programmes, which failed to address the heterogeneous need for information 

from the public (INTERREG, 2013). This makes Rotterdam-Rijnmond an interesting 

case-study region for evaluating the performance of different flood risk 

communication strategies.  

 

4.2.2 Household flood-preparedness decisions 

 

Each year (one time-step), households decide in a random order whether they 

implement structural flood mitigation measures8, flood-adapted building use1, 

deployment of flood barriers, and/or purchase flood insurance. Structural measures 

and flood barriers are permanent home improvements. The flood insurances and 

adaptive building use remain valid until a household moves. Households are assumed 

to move after 7 years, which is the average in the Netherlands  according to the 

Society of Dutch Real-Estate Agents (Nederlandse Vereniging van Makelaars, 2004). 

At model initialisation, the period that a household has already lived at that location is 

set to a period of 1-7 years, following a uniform random distribution. As migration 

issues are not the focus of this study, it is assumed that a household moves out of the 

case study area. In the model, a household h has a yearly probability ph,implementation to 

implement one or more of the protective measures. Equation 4.1 determines the odds 

of implementation and Equation 4.2 transforms the odds into probability ph,implementation. 

Households have a different ph,implementation for each measure. 

 

𝑂𝑑𝑑𝑠ℎ,𝑖𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 =  𝐶 × ∏ 𝑂𝑅𝑖

𝑎𝑖,ℎ

𝐼

𝑖=1

 | 4.1 | 

 

𝑝ℎ,𝑖𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 =  
𝑂𝑑𝑑𝑠ℎ,𝑖𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛

1 + 𝑂𝑑𝑑𝑠ℎ,𝑖𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛
 + 𝑝𝑛𝑜𝑖𝑠𝑒 | 4.2 | 

                                                      
8 Examples of structural flood mitigation measures are elevating entrances, and installing tile 
floors. An examples of flood-adapted building use is moving vulnerable equipment, like 
dishwashers, upstairs. 
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Here, 𝑂𝑅𝑖

𝑎𝑖,ℎ  , is a value for the change in odds (odds ratio, OR) of implementing a 

measure, for each attribute i, for each attitude a related to attribute i, and for each 

household h. C is a base constant, which together with the calibration values for the 

odds ratios are provided in Table B1 of appendix B.  The variable pnoise introduces a 

small element of random behaviour with a probability which we assume to range from 

-5% to 5%. The attributes i and possible attitudes a for each household are provided 

in Table 4.1. This table of attributes and possible attitudes is derived from a study by 

Bubeck et al. (2013), which presents unique empirical data from a survey of 752 

households in floodplains. As the study specifically investigated how the Protection 

Motivation Theory attributes (Figure 4.1) influence the implementation of flood-

preparedness measures, it provides a solid empirical basis for our study. For more 

details on how the survey was conducted, which questions were asked, and how they 

lead to the odds ratios, we refer to the study by Bubeck et al. (2013) itself. 

Furthermore, previous studies have shown that there is a threshold of perceived 

threat that needs to be overcome before households take protective measures 

(Bubeck, Botzen, and Aerts, 2012; Grothmann and Patt, 2005; Kunreuther and Pauly, 

2006). To represent this, ph,implementation is reduced to pnoise if the attitude level for 

‘perceived probability’ is ‘unlikely’ or ‘rather unlikely’, or if the attitude for ‘perceived 

consequence’ is ‘not bad’ or ‘rather not bad’. 

 

To reflect heterogeneity, households have different attitude levels a for each attribute 

i, leading to a different probability of implementing measures for each household (see 

Equation 4.1).  Households are assigned attitude levels a from a uniform random 

distribution for ‘response efficacy’, ‘self-efficacy’, ‘response costs’, ‘avoidance’, 

‘wishful thinking’, and ‘postponement’. Since research shows that the perceived flood 

risk in the Netherlands is low (Botzen et al., 2009a; Terpstra and Gutteling, 2008), 

initial attitude levels a for ‘perceived probability’ and ‘perceived consequence’ are set, 

respectively, to ‘unlikely’ and ‘not bad’ for all households. All case-study households 

are outer-dike households, so the ‘protected area’ attitude equals 0. Since no major 

flood has occurred recently in the Rotterdam-Rijnmond outer-dike area, households 

have no ‘flood experience’, meaning that the attitude level a equals 0. The income and 

the location of the households are determined from spatial BAG data 

(http://www.kadaster.nl/BAG) and data from Statistics Netherlands (Centraal Bureau 

voor de Statistiek, 2012). The income variable of households is assigned a value of 0 

when their gross income is below €4500 per month, and a value of 1 when their 

income is above €4500 per month. The benchmarks for the ‘social network’ are 

related to the percentage of outer-dike individuals in the social network who adopt 
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flood protection measures. This variable is set at 0%, 0-25%, 26-50%, and >50% for, 

respectively, ‘none of them’, ‘few of them’, ‘some of them’, and ‘most of them’.  

 

Table 4.1 | Household attributes and attitudes that are part of Protection Motivation Theory 

(Adapted from Bubeck et al. (2013).) 

Household attribute 

(i) 

Description Attitude levels (a) 

Social networka Individuals in a household’s social 

network have implemented flood 

mitigation measures 

1-none of them; 2-few of 

them; 3-some of them; 4-

most of them 

Response efficacy Household’s estimate of the 

effectiveness of a specific flood 

mitigation measure 

1-ineffective; 2-rather 

ineffective; 3-rather effective; 

4-effective 

Self-efficacy Household’s estimate of its own ability 

to actually implement a specific flood 

mitigation measure 

1-unable; 2-rather unable; 3-

rather able; 4-able 

Perceived 

probability 

Perceived probability of a flood event 

occurring at the household’s residence 

1-unlikely; 2-rather unlikely; 

3-rather likely; 4-likely 

Perceived 

consequence 

Perceived consequence of a flood 

event  

1-not bad; 2-rather not bad; 

3-rather bad; 4-bad 

Avoidance Household hopes not to be affected 

by a flood event in the future 

1-does not apply to me; 2-

rather does not apply to me; 

3-rather applies to me; 4-

applies to me 

Wishful thinking Household’s belief in sufficient 

protection through technical flood 

defences 

1-does not apply to me; 2-

rather does not apply to me; 

3-rather applies to me; 4-

applies to me 

Postponement Flood mitigation is generally 

considered as wise, but 

implementation is postponed to the 

future 

1-does not apply to me; 2-

rather does not apply to me; 

3-rather applies to me; 4-

applies to me 

Protected area Household lives in an area that is 

protected by technical flood defences 

1-yes; 0-no 

Income Income categories 1-above €4500; 0-below 

€4500 

Age Age categories 1 = 1-16; 2 = 25-34; 3 = 35-

44; 4 = 45-54; 5 = 55-64; 6 

= 65 and above  

Flood experience Household flood experience 1-yes; 0-no 

Note: a  The variable social network is originally defined as  ‘social environment’ by Bubeck et al. (2013). 
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4.2.3 Social networks 

 

Real-world social networks (i.e. not virtual) in the Netherlands are in general quite 

locally-orientated, with, on average, 53% of a person’s social ties, excluding 

neighbours, living within 15 minutes travel distance (Volker and Flap, 2007). Family 

and friends often live close-by (Dekker, 2007), and neighbours are well represented in 

a person’s social network (Bras and van Tilburg, 2007; Mollenhorst, 2015). All 

~35,000 households in the outer-dike region are represented as individual agents in 

the model. To provide a realistic representation of social networks in the case-study 

area, we built upon the results of a number of studies on social networks in the 

Netherlands (Bras and van Tilburg, 2007; Dekker, 2007; Mollenhorst, 2015; Van den 

Berg et al., 2014; Volker and Flap, 2007). For each household h, the social network 

size sh and the percentage of neighbours pnh (i.e. households in the same 

neighbourhood, as defined by Statistics Netherland, CBS) in the social network are 

drawn from a random-normal distribution. The mean and standard deviation of this 

normal-distribution correspond to those of the different social network sizes and 

percentage of neighbours reported by the aforementioned studies. Each simulation 

run is set up such that each household h is linked to other households, in a way that 

the social network size for that household is sh and the percentage of neighbours is 

pnh. A detailed framework of the social network setup is shown in Figure B1 of 

appendix B.  

 

4.2.4 Flood risk communication 

 

We evaluate four flood risk communication strategies compared with a baseline 

scenario, shown in Table 4.2. These strategies are based on common practice (focus 

on risk) and advocated best practice (focus on risk and coping options), and based on 

the two principle ways of delivering information: namely, top-down and people-

centred. Households only change their attitude levels a if (1) communication reaches 

them, for which the probability is given by p-reach and (2) communication is successful 

in changing attitude, for which the probability is given by p-success. To reflect a 

communicatively intensive people-centred approach versus a less communicatively 

intensive top-down approach, it is assumed that resource constraints limit the 

probability that households can be reached, p-reach, and that this number is inversely 

related to the probability, p-success, of successfully changing attitude levels a (i.e. if p-

reach=0.8, then p-success=1-0.8=0.2). During each simulation for the TD-R and TD-RC 

strategies,  p-reach and p-success are drawn from the random-normal distribution: p-

reach~N(M=0.8,SD=0.05) and p-success~N(M=0.2,SD=0.05). The random-normal 
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distribution causes p-reach and p-success to vary slightly for each of the 100 repetitions 

for each scenario, representing the uncertainty of our assumption. This is vice versa 

for people-centred strategies (PC-R and PC-RC), representing a more 

communicatively intense approach: p-reach~N(M=0.2,SD=0.05) and p-

success~N(M=0.8,SD=0.05). Because empirical data to support these perhaps 

important assumptions is largely absent, we performed a sensitivity analysis that tests 

the full range of settings for p-reach and p-success (see online supplementary material of 

Haer et al. (2016)). 

 

Table 4.2 | Flood risk communication strategies 

Scenario Description Probabilities  Effect 

NC No flood risk 

communication 

- None 

TD-R Top-down strategy 

focussed on risk 

p-reach: 

N(0.8, 0.05) 

p-success: 

N(0.2, 0.05) 

Raises attitude a for perceived 

probability and perceived consequence 

without priority 

TD-RC Top-down strategy 

focussed on risk and 

coping options 

p-reach: 

N(0.8, 0.05) 

p-success: 

N(0.2, 0.05) 

Raises attitude a for perceived 

probability, perceived consequence, 

perceived self-efficacy and perceived 

response efficacy  without priority 

PC-R People-centred 

strategy focussed on 

risk 

p-reach: 

N(0.2, 0.05) 

p-success: 

N(0.8, 0.05) 

Raises attitude a for perceived 

probability and perceived consequence 

on the basis of priority of information 

need 

PC-RC People-centred 

strategy focussed on  

risk and coping 

options 

p-reach: 

N(0.2, 0.05) 

p-success: 

N(0.8, 0.05) 

Raises attitude a for perceived 

probability, perceived consequence, 

perceived self-efficacy and perceived 

response efficacy  on the basis of 

priority of information need 

 

If communication reaches a household, and it is successful in causing attitude change, 

then households change their attitude levels a for different attributes i. To overcome 

the lack of empirical data on flood risk communication, and to make the inter-

comparison between communication strategies possible, we therefore assume that the 

magnitude of attitude change is similar for all communication strategies, and only the 
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way in which attitude is changed differs. The communication strategies only focussing 

on risk, (TD-R and PC-R) raises the attitude a for the perceived consequence and 

perceived probability attributes of households h, which are threat appraisal attributes 

as shown in Figure 4.1.  The communication strategies that focuses on both threat 

and coping appraisal (TD-RC and PC-RC) also raise the attitude a for perceived self-

efficacy and perceived response efficacy, which are coping appraisal attributes. As the 

top-down strategy targets a broad audience, it is assumed that the ability to determine 

the heterogeneous information need is limited, and therefore communication 

strategies targets the different attributes without prioritizing. For the personal 

communication strategies, it is assumed that the information need is determined 

upfront and therefore communication is prioritized to change the attitude a for 

needed attributes i (see Bier, 2001).  

 

4.3 Results  

 

4.3.1 Effectiveness of the communication strategy 

 

Figure 4.3 presents box-whisker-plot results on the implementation rates of the four 

flood-preparedness measures under each flood risk communication strategy. The 

baseline scenario in which no communication strategy is applied leads to a mean 

implementation rate of 4.0%, 1.7%, 0% and 1.8% for, respectively, structural risk 

mitigation measures, flood barriers, flood insurance, and adaptive building use. The 

top-down communication strategy that only focuses on risk, only results in slightly 

higher mean implementation rates, i.e. 9.4%, 5.9%, 1.5%, and 4.7% respectively. 

These results are qualitatively in line with the findings by Terpstra and Gutteling 

(2008), who reported a  low level of engagement by Dutch citizens in flood protection 

activities, measured on five-point likert scales.   

 

Of special interest is the inter-comparison of the mean implementation rates of flood-

preparedness measures as a result of the different communication strategies. The 

mean results for each communication strategy are statistically significantly different 

(p<0.001) for each measure, except when comparing the TD-R and PC-R strategies. 

These strategies show only significantly different results for flood barriers (p<0.001). 

Furthermore, considering the great dispersion for the PC-RC strategy, we calculated 

the Coefficient of Variance (CV) to analyse if the relative dispersion around the 

means differs for each strategy (except for the ‘No communication’ strategy, as the 

mean is equal or near zero). We found that the CV, across measures, is 25-37% (TD-
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R), 26-43% (TD-RC), 25-37% (PC-R), and 20-29% (PC-RC). This shows that the 

dispersion is comparable for the communication strategies. 

 
Figure 4.3 | Percentage of households that implement disaster risk reduction measures after 7 

years under different communication strategies. NC: No communication. TD-R: top-down 

strategy focussed on communicating risk. TP-RC: top-down strategy focussed on 

communicating both risk and coping options. PC-R: People-centred strategy focussed on 

communicating risk. PC-RC: People-centred strategy focussed on communicating both risk 

and coping options.  

 

The simulation results in Figure 4.3 show higher mean implementation rates when 

communication also addresses coping appraisal: that is, information on the 

effectiveness and the costs of a particular measure. Top-down communication 

strategies that target both coping appraisal and risk awareness (TP-RC) lead to slightly 

(0.1-2.5 times) higher mean implementation rates than those which only focusing on 

risk awareness (TP-R). Comparing the two people-centred strategies (PC-RC, PC-R) 

shows a 3.0-6.5 times higher mean implementation rate. The effect is larger for flood 

barriers and flood insurance than for structural measures and adaptive building use. 

As the model was calibrated with empirical data and the assumptions are 

straightforward, it builds a strong case for communication strategies that focus on 

both raising risk awareness and coping appraisal. The model results presented here 

support the conclusions by previous survey studies (Bubeck, Botzen, and Aerts, 2012; 

Grothmann and Reusswig, 2006; Poussin et al., 2014) that coping appraisal is strongly 
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related to protective behaviour, and therefore it is fruitful to integrate and emphasise 

information on protective action in flood risk communication.  

 

Another important distinction in the communication strategies is between 

government-controlled top-down communication versus people-centred 

communication. The agent-based model allowed us to analyse the effect of changing 

the specific attitudes of households. Our mean simulation results (Figure 4.3) show 

that, considering our assumptions on communication resource constraints, a tailored 

people-centred approach focussing on both threat and coping appraisal aspects could 

be 2.5 times more effective as the one-size-fits-all top-down strategy. These results 

indicate that the identification of different attitudes and subsequent appropriate risk 

communication strategies can have a significant advantage over top-down 

communication. Our results support the arguments by Bier (2001), Martens et al. 

(2009), and the IPCC (2012) about the importance of identifying the information 

needs of the public in designing tailored risk communication campaigns.  

 

Because uncertainty remains considering the chosen variables p-reach and p-success, we 

provide a sensitivity analysis in Supplement B. The analysis shows that in a direct 

comparison over the full range of p-reach and p-success, the people-centred approach 

always outperforms the top-down approach, and focussing on coping and threat 

appraisals outperforms only focusing on threat appraisal. This is also true when 

comparing the inverse p-reach and p-success for people-centred and top-down strategies. 

As an illustration, the PC-RC strategy with p-reach=0.2 and p-success=0.8 is still 

more effective than the TD-RC strategy with p-reach=0.9 and p-success=0.3. While 

the absolute values presented in Figure 4.3 should be considered with caution, the 

sensitivity analysis provides confidence in the robustness of the inter-comparison of 

results.  

 

4.3.2 Influence of the social network on the effectiveness of communication 

 

In addition to the effect of flood risk communication, actions taken by the 

households themselves influence the actions in a social network dynamically over 

time. People’s tendency to implement protective measures increases when they see 

their neighbours, friends, and relatives implementing measures, either when observing 

the actions of others, or by verbal persuasion (Bubeck et al., 2013; Kunreuther et al., 

2013; Lo, 2013; Van der Linden, 2015). To examine the effect of social interaction, we 

ran the simulations without the ‘social network’ attribute. This simulation reflects a 

situation where the decision about protective measures is not influenced by either 
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verbal persuasion or observational learning of actions taken in the households’ social 

network. As such, the use of the agent-based model allowed for the analysis of the 

propagation of the effect of flood risk communication through a social network. 

Figure 4.4 presents a comparison of the results for including and excluding the ‘social 

network’ attribute.  

 

 
 

Figure 4.4 | Comparison of the implementation rates of disaster risk reduction options over 

time, under different communication strategies (100 repetitions; line=mean; shading=standard 

deviation). The results are shown for simulations including and excluding the social networks. 

NC: No communication. TD-R: top-down strategy focussed on communicating risk. TP-RC: 

top-down strategy focussed on communicating both risk and coping options. PC-R: People-

centred strategy focussed on communicating risk. PC-RC: People-centred strategy focussed on 

communicating both risk and coping options.  

 

A comparison of means furthermore shows that when the ‘social network’ is 

excluded, at the end of the simulation, adaptive measures are implemented 0.5-5.0% 

percentage points less, flood insurance 0-2% percentage points less9, flood barriers 

0.7-11.6% percentage points less, and structural measures 1.0-8.3% percentage points 
                                                      
9 For the ‘no communication’ scenario, flood insurance implementation rates are 0% in both 
model runs. 
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less. The people-centred communication strategy focussing on both threat and coping 

appraisal is at the high end of these results. Overall, Figure 4.4 shows that up to ~12% 

of the mean implementation rates can be attributed to the influence of one’s social 

network. These results hold for different benchmarks of the ‘social network’ attribute 

(see online supplementary material of Haer et al. (2016)).  The results indicate that the 

social network effect results in higher implementation rates of protective measures. 

The order of effect found here supports the case made by Lo (2013) and Figueiredo et 

al. (2009) that the perceived social norms and context, related to a person’s social 

network, significantly influence whether or not a person will take protective measures. 

With these results, we were able to show how the amplification of risk perceptions as 

described by Kasperson et al. (1988) could strengthen flood risk communication 

strategies. Our findings support the notion of Kasperson et al. (1988), that the 

transfer of information through the ‘interpersonal network’ via verbal persuasion or 

observational learning can lead to a behavioural response, which in this case is the 

implementation of protective measures. Importantly, our model results are in line with 

the findings by Van der Linden (2015) that the more people there are in a person’s 

social network who recognise and act upon a risk, the more the individual’s 

perception is  amplified and intensified, which in turn leads to a higher potential for 

action.    

 

4.4 Discussion and conclusion 

 

Designing effective flood risk communication policies can have a large societal value 

in many areas around the world. This is illustrated by estimates of global flood risk of 

about 46 trillion USD, which may rise to 158 trillion in 2050 on account of socio-

economic change alone (Jongman et al., 2012). Appropriately designed flood risk 

communication policies could play an important role in stimulating the flood-

preparedness of individuals and, thereby, limit flood damage. Nevertheless, few 

empirical studies have examined the effectiveness of flood risk communication 

(Kellens et al., 2013). Furthermore, most existing studies on this topic lack a sound 

theoretical underpinning (Kellens et al., 2013). This study has unravelled some key 

dynamics of flood risk communication by applying an innovative agent-based model, 

as advocated by Martens et al. (2009), which is firmly based on Protection Motivation 

Theory.  

 

The applied methodology offers a new approach for evaluating flood risk 

communication strategies before implementation. Since agents are constructed to 

represent real-life heterogeneity (An, 2012) of attitudes toward risk and coping 
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measures, the approach allows for a comparison to be made between a traditional top-

down communication strategy and people-centred strategies that make use of this 

heterogeneity. Moreover, the capability of modelling interaction and feedback 

amongst this heterogeneous population (An, 2012) makes it possible to analyse the 

influence of social networks. While empirical data on flood risk communication is 

lacking (Kellens et al., 2013), the availability of empirical data on individual behaviour 

has made it possible to analyse a specific case study in detail, and, if calibration data is 

available for other regions, the overall methodological approach can be transferable to 

other floodplains.  

 

While it is the strength of the agent-based model that we can compare different 

communication strategies in-silico, the approach is still limited by the lack of empirical 

data on flood risk communication. Therefore, the absolute values presented in this 

study of the effectiveness of a communication strategy are associated with uncertainty. 

To make the analysis robust, we made sure that the communication strategies are 

comparable based on reasonable assumptions, and we tested a large range of 

communication variable settings with a sensitivity analysis. Three main policy 

recommendations follow from this inter-comparison of the results, which could 

inform the efforts of, for instance, the EU Flood Directive and FEMA to reduce the 

risk associated with climate change and natural hazards. First, flood risk 

communication campaigns should not only focus on communicating the risk, but also 

on communicating the coping capabilities of individuals. Our results supports 

previous recommendation, that, providing details on, for instance, the types of 

measures that are available to limit flood risk, or how they can be implemented, 

facilitates protective behaviour (Bubeck et al., 2013; Poussin et al., 2014). This study 

shows that such an approach can be up to 0.1-6.5 times more effective than focussing 

on risk alone. Nevertheless, communicating the risk (probability and consequence) of 

a flood is needed to raise threat appraisal above a certain threshold level of concern 

(Bubeck, Botzen, and Aerts, 2012; Grothmann and Patt, 2005; Kunreuther and Pauly, 

2006).  

 

Second, preference should be given to people-centred communication over top-down 

communication. The results presented in this study show that a people-centred 

campaign focussing on both threat and coping appraisal aspects leads to 2.5 times 

more implemented risk reduction measures compared with a top-down campaign. 

Even though the reach can be higher in top-down communication, the overall 

effectiveness is expected to be lower. This can be explained by the inability of the top-

down strategy to address the specific risk perceptions and concerns of individuals and 
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communities (Bier, 2001) while, in contrast, a people-centred approach can be 

designed to address the information needs of the public (IPCC, 2012).  

 

Third, consistent with other literature on information diffusion (Macy and Willer, 

2002; Rahmandad and Sterman, 2008), the results show that the effect of flood risk 

communication can propagate through a social network. This implies that the design 

of flood risk communication strategies should incorporate or facilitate the 

propagation of information and behaviour through a social network. While one can 

think of different ways to achieve this, such as actively motivating people to 

communicate about their (intended) actions to their network, an important part could 

be played by social media. The potential benefits of using social media in disaster 

response, such as reach and fast dissemination of information, has already been 

shown (Sutton et al., 2008; Vieweg et al., 2010). Since social media allow for a wide-

scale interaction between individuals, organisations, and the government, it serves as 

an extended social network through which information can propagate. Keim and Noji 

(2015) recently argued that because of the benefits of social media, they need to be 

fused into existing institutional programme’s for crisis informatics and disaster risk 

management. While Keim and Noji (2015) mainly discuss disaster response, the same 

arguments apply for pre-disaster risk reduction, because social media offer an entrance 

into social networks through which accurate information can steer protective efforts.   

 

Even though these aforementioned general lessons can be broadly applicable, risk 

communication strategies should be tailor-made to reflect the local context. Risk 

communication can serve a range of purposes, such as building trust in the 

communicator, raising awareness, educating, reaching agreement, and motivating 

action (Rowan, 1991). This means that different strategies might be appropriate for 

different goals (Bier, 2001), and it means that the actual design of the message needs 

to be tailored to each specific case. For instance in the Netherlands, a survey by 

Terpstra and Gutteling (2008) showed that even though Dutch citizens are receptive 

to disaster-preparedness communication, they consider protection against flood as a 

major responsibility for the government. This suggests that, for the Netherlands, 

communication should be designed to stress that Dutch citizens themselves are also 

responsible for protecting their belongings. While this example is specific for the 

Netherlands, such regional-specific effects must be taken into account for each area 

for which flood risk communication campaigns are designed.  

 

This study presents an innovative agent-based model capable of unravelling some of 

the key aspects that determine the effectiveness of flood risk communication. The 
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general approach is applicable to regions around the world, although empirical input 

data is needed for modelling specific regions. Three main recommendations for flood 

risk communication strategies follow from our findings. First, people-centred flood 

risk communication is expected to be more effective than top-down communication, 

even when it reaches fewer people. Second, communicating about both the risk of 

floods and how to cope with floods is expected to be more effective than 

communicating about risk alone. Third, propagation of the effect of communication 

through a social network should be stimulated by, for instance, the use of social 

media. We recommend that future research should focus on obtaining empirical data 

for calibrating the model to other regions of interest.   
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CHAPTER 5 

Integrating household mitigation behaviour in flood risk 

analysis: an agent-based model approach 

Abstract: Recent studies showed that climate change and socio-economic trends are 

expected to increase flood risks in many regions. However, in these studies, human 

behaviour is commonly assumed to be constant, which neglects interaction and 

feedback loops between human and environmental systems. This neglect of human 

adaptation leads to a misrepresentation of flood risk. This paper presents an agent-

based model that incorporates human decision-making in flood risk analysis. In 

particular, household investments in loss-reducing measures are examined under three 

economic decision models; (1) Expected Utility Theory, which is the traditional 

economic model of rational agents, (2) Prospect Theory, which takes account of 

bounded rationality, and (3) a Prospect Theory model which accounts for changing 

risk perceptions and social interactions through a process of Bayesian updating. We 

show that neglecting human behaviour in flood risk assessment studies can result in a 

considerable misestimation of future flood risk, which is in our case study an 

overestimation of a factor two. Furthermore, we show how behaviour models can 

support flood risk analysis under different behavioural assumptions, illustrating the 

need to include the dynamic adaptive human behaviour of, for instance, households, 

insurers, and governments. The method presented here provides a solid basis for 

exploring human behaviour and the resulting flood risk with respect to low-

probability/high-impact risks.  

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on: Haer, T., Botzen, W. J. W., Moel, H. De, & Aerts, J. C. J. H. (2016). 

Integrating Household Risk Mitigation Behavior in Flood Risk Analysis: An Agent-Based 

Model Approach. Risk Analysis. doi:10.1111/risa.12740 
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5.1 Introduction 

 

In the last forty years (1970-2010), the global population living in the 1/100 year-

flood zone has almost doubled from approximately 500 million to a little less than 1 

billion people (Jongman et al., 2012). This number is expected to increase to 1.3 

billion in 2050 due to population growth (Jongman et al., 2012). The resulting 

urbanization in low lying –flood prone– cities further increases the exposed assets, 

such as buildings and infrastructure (Aerts, Botzen, Emanuel, Lin, de Moel, et al., 

2014; Hallegatte et al., 2013). The value of these assets is expected to rise from 46 

trillion to 158 trillion USD from 2010-2050 (Jongman et al., 2012). Moreover, climate 

change and sea-level rise will further exacerbate flood risk, and extreme flood events 

are expected to increase in the future (IPCC, 2014).  

 

An important objective of many flood risk assessments is to estimate current and 

future flood risk levels (e.g. Aerts et al., 2013; Hall et al., 2005; Muis et al., 2015). 

Flood risk, or ‘Expected Annual Damage’ (EAD),  is often defined as a function of 

the flood hazard, the exposure of assets, and their vulnerability (Kron, 2005). Many studies 

have focused on the flood hazard (e.g. Dankers and Feyen, 2009; Milly et al., 2002; 

Pappenberger et al., 2012), and more recently also on exposure  (e.g. Aerts et al., 2013; 

Haer et al., 2013; Hallegatte et al., 2013; Jongman et al., 2014; Muis et al., 2015). 

However, a major challenge is to further explore the role of ‘the vulnerability of 

exposed assets’, which is directly related to adaptive human behaviour, such as the 

implementation of loss-reducing measures by households (Kreibich et al., 2011). 

Flood risk projections commonly assume that the vulnerability remains constant (e.g. 

Aerts et al., 2013; Hall et al., 2005; Muis et al., 2015), or they assume some external 

scenario for vulnerability (e.g. Jongman, et al., 2014; Winsemius et al., 2015). Such a 

static approach leads to a possible misrepresentation of future flood risk, because 

humans respond adaptively to flood events (Kunreuther and Pauly, 2006), flood risk 

communication (De Boer et al., 2014a; Kellens et al., 2013), incentives to reduce risk 

(Botzen et al., 2009b), and social interaction with neighbours and friends (Lo, 2013). 

An expanding literature has studied how individuals prepare for flood events using 

survey data, which provides important insights into factors of influence on flood 

preparedness decisions, such as risk perception (for a review see Bubeck et al., 2012). 

However, such survey data does not directly provide information on how individual 

behaviour influences current flood risk or how individual adaptation decisions can 

limit flood damage when the frequency or severity of flooding increases over time due 

to climate change.  
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The main objective of this study is therefore to couple human behaviour and flood 

risk assessment, in order to analyse the effect of human behaviour on estimates of 

current flood risk, as well as estimates of development of future flood risk under 

climate change. The coupling of behaviour and flood risk assessments is complicated 

by the uncertainty of human decision-making with respect to low-probability/high-

impact risk. Moreover, individual decisions about flood preparedness can be 

influenced by external incentives, such as financial incentives provided by a flood 

insurance policy (Kunreuther, 1996). Therefore, in order to couple human behaviour 

and flood risk assessment, we need to address two sub-questions: (1) how do different 

assumptions about individual decision-making influence flood risk predictions?; and 

(2) how do external incentives influence flood risk predictions by steering individual 

decision-making processes?  

 

The first sub-question will be examined by coupling a flood risk model with 

established economic models for decision making under risk, which are suitable for 

modelling how individual investments in flood damage mitigation measures depend 

on risk and financial incentives. Since there is limited data for calibrating a best 

descriptive model (Botzen and Van den Bergh, 2009a) we will explore different 

theoretically founded models and parameter settings, and discuss their implications 

for flood risk estimates. These decision models are rooted in Expected Utility Theory 

and Prospect Theory. In standard Expected Utility Theory, individuals maximise their 

expected utility, by comparing the expected utility value (outcome × probability) of 

different strategies (Von Neumann and Morgenstern, (1947). This decision model 

assumes that households are fully informed, rational, self-interested agents (Filatova et 

al., 2009; Petrolia et al., 2013; Safarzyńska et al., 2013). However, individual behaviour 

with respect to low-probability/high-impact risk is often better described by bounded 

rationality, which is characterised by the limited information processing capacities of 

the decision-maker itself and limited information availability (Filatova et al., 2009; 

Petrolia et al., 2013; Safarzyńska et al., 2013; Simon, 1972). Other decision-making 

models, like Prospect Theory (Kahneman and Tversky, 1979; Tversky and Kahneman, 

1992), try to account for bounded rationality in individual processing of probabilities. 

Moreover, a third decision model is applied which accounts for the dynamic process 

of how individuals form their perceptions of flood risk, which can have an important 

influence on flood preparedness decisions. This decision model applies a (Bayesian) 

process of individual flood risk perceptions which are updated on the basis of new 

information from: flood experience (Kunreuther and Pauly, 2006; Robert J. Meyer, 

2012; Siegrist and Gutscher, 2008), social interactions (Acemoglu and Ozdaglar, 2010; 
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Kunreuther et al., 1985, 2013; Lo, 2013; Moussaïd, 2013), and media coverage of 

floods  (Acemoglu and Ozdaglar, 2010; Moussaïd, 2013).  

 

Such decision processes are often steered by external incentives which are aimed to 

stimulate risk reducing activities. It is therefore important to examine how such 

incentives change behaviour, and consequently reduce flood risk. It has been 

advocated that in the face of climate change, insurance companies in particular are 

well positioned to stimulate risk reduction by providing incentives (Botzen and Van 

den Bergh, 2009b; Kunreuther, 1996; Surminski, 2013; Surminski et al., 2015; Thieken 

et al., 2006). Examples of insurance incentives are the discount received on health 

insurance if a person follows a healthy lifestyle, or the discount received on car 

insurance for years driven without damage. In case of flood risk, the insurance 

company can reward households that implement loss-reducing measures with a 

premium discount equal to the reduction in flood risk (Botzen et al., 2009b). While 

the government can also provide for instance subsidies and tax discounts if loss-

reducing measures are implemented, it is argued that market discipline is more 

efficient in stimulating damage reduction (Surminski et al., 2015). We therefore 

examine sub-question 2 by incorporating an insurer in the model that offers a 

discount on the insurance premium if households implement loss-reducing measures.  

 

To be able to model complex human behaviour, we coupled the decision models and 

flood risk model within an agent-based model setup. An agent-based model is 

especially suitable for this study since it enables to simulate the interaction and 

behaviour of human agents and their changing risk environment through prescribed 

rules (Farmer and Foley, 2009). Agent-based models have been used in few previous 

studies related to flood risk and risk perceptions. Several studies focus for instance on 

flood risk and land or housing markets (Filatova, 2015; McNamara and Keeler, 2013), 

or, more specifically, how skewed perceptions of flood risk influences coastal land 

markets (Filatova et al., 2011). Furthermore, Dawson et al. (2011) apply an agent-

based model to investigate Flood Incident Management (FIM), and Haer et al. (2016) 

show how flood risk communication can influence individuals adaptive behaviour. 

However, to our knowledge there is no agent-based modelling study that focuses on 

the assessment of flood risk itself, nor how flood risk will develop in the future, and 

there is still a knowledge gap in coupling adaptive behaviour with flood risk 

assessment studies. In our study, the agent-based model will be used to analyse how 

flood risk evolves over a period of 100 years under a scenario of changing risk as a 

result of climate change. In the model, households can implement protective 

measures that lower flood risk  (e.g. de Moel et al., 2014), and purchase (or cancel) 
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flood insurance following the different decision models. Investments in protective 

measures are influenced by an insurance company, who can offer a discount on the 

premium if households indeed implement loss-reducing measures  (e.g. Botzen and 

Van den Bergh, 2009).  

 

5.2 Methods 

 

5.2.1 Case study: Heijplaat in the Netherlands 

 

To provide an illustrative flood risk analysis, the agent-based model will be applied to 

the Heijplaat neighbourhood in Rotterdam, the Netherlands (Figure 5.1). Being 

outside the embankments, Heijplaat falls outside the Dutch Water Embankment Act 

that requires high flood protection levels for the embanked areas throughout the 

Netherlands (Wet op de Waterkering, 1995). Although the Heijplaat is elevated, 

extreme floods can still inundate the area. Nevertheless, few loss-reducing measures 

are implemented in this area, which is attributed to the lack of knowledge among 

households about flood risk and loss-reducing measures and the absence of legal 

enforcement and financial incentives to take such measures (de Moel et al., 2014). 

Flood risk is expected to increase even further due to increased precipitation, 

increased river discharge, and sea-level rise (van den Hurk et al., 2014). While 

Rotterdam is protected from storm surges by the Maeslandt storm surge barrier, the 

necessity for more frequent closing of the barrier due to sea-level rise is expected to 

lead to more pile-up events of the extreme river discharges that cause flooding (van 

den Hurk et al., 2014). Moreover, Mean High Water levels are expected to rise due to 

higher sea levels, thus aggravating flood risks (Jeuken et al., 2010). Considering this 

increase in risk at Heijplaat, it serves as a good case-study area for simulating 

household behaviour and analysis of future flood risk.  

 

 
Figure 5.1 | Case study area Heijplaat, Rotterdam, The Netherlands. Houses shown in red. 



Chapter 5 
 
 

94 

 

5.2.2 Agent-based model 

 

Figure 5.2 shows the process flow of the agent-based model, which consists of three 

parts: (1) flood risk assessment; (2) the insurance market; and (3) the decision-making 

of households following three economic decision models. The agent-based model is 

implemented in NETLOGO v5.2.0 (Wilensky, 1999), and is spatially explicit for 

household location, elevation, and flood depths based on the case-study area. To 

further facilitate the reproducibility of the model, a full description of the ODD 

(Overview, Design concepts and Details) protocol for describing agent-based models 

(Grimm et al., 2006, 2010) is provided in the online supplementary material of Haer et 

al. (2016). The simulations are run with monthly time-steps over a period of 100 years, 

a time span often used in climate assessment studies (IPCC, 2014). 

 
Figure 5.2 | Agent-based model structure. Each time-step represents one month in which the 

flood risk is updated and insurers and households take action. Flood risk is influenced by 

climate change and household action.  

 

5.2.2.1 Flood risk 
 

Flood risk is defined as Expected Annual Damage (euro/year), and is calculated with 

a standard damage assessment approach as applied by, for example, Aerts et al. (2013) 

and Muis et al. (2015). For a detailed description, we refer to De Moel et al. (2014) or 

the ODD protocol provided in the online supplementary material of Haer et al. 

(2016). The flood risk calculation is fully integrated in the ABM model. In short, the 

damage model consists of three components: (1) a series of flood inundation maps 

each having different return periods; (2) maps showing individual buildings to 

represent exposed assets; and (3) a depth damage model, based on class-specific 
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depth-damage curves, that denote the fraction of total possible damage for a building-

type, given a certain water-depth. As we focus on households in this study, we define 

flood risk for the Heijplaat as Expected Annual Damage estimates for direct damage 

to residential buildings. The flood depth associated with different return periods 

increases over time according to a climate change scenario. We here use a high-end 

sea-level rise scenario of 10.5 mm/yr (van den Hurk et al., 2014).  Floods occur 

stochastically, meaning that, for instance, there is a 10% probability each year that a 

flood will occur with an associated return period of 10 years.  

 

5.2.2.2 Insurance market 
 

The insurance market sets premiums and discounts each year based on the current 

simulated flood risk. The insurance premium for households is calculated each year by 

dividing the total expected annual damage by the number of households (Aerts and 

Botzen, 2011). The premium is an actuarially fair premium, with a 10% deductible.  

Insurance companies can stimulate households to install loss-reducing measures by 

offering discounts on their premiums. The discount that can be offered is equal to the 

potential average risk reduction of the measure in the Heijplaat neighbourhood per 

household (i.e. the average risk reduction if all households implement that measure). 

 

5.2.2.3 Household behaviour 
 

Based on the flood risk and insurance premiums, households can decide to take 

insurance, cancel insurance, or implement loss-reducing measures. The loss-reducing 

measures modelled here are ‘water barriers’, which will lower flood damage by 70%, 

but only if the inundation depth does not exceed 1 metre (Kreibich et al., 2011). If the 

inundation depth exceeds 1 metre, it is assumed that the water overtops the water 

barrier, and therefore normal damage is incurred (Kreibich et al., 2011). The costs of 

the loss-reducing measures are approximated for each individual household by 

multiplying the actual metre needing protection  (http://www.kadaster.nl/BAG) by 

the cost of the measure per metre per year (55 euro/meter/year; Kreibich et al., 2011). 

While loss-reduction measures are investments with a lifespan of roughly 20 years, 

insurance can be cancelled every month. Households follow simple life-cycles, with 

age (representing the age of the decision-maker of the household) ranging from 20 to 

80 years, after which a new household moves in. Households are furthermore 

assumed to move out after 7 years of residence at the Heijplaat. In both cases, new 

parameters are set as discussed below. The agent-based model is run separately for 

three decision models: (1) Expected Utility Theory; (2) Prospect Theory and (3) 
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Prospect Theory, including the effects of social interaction, media influence, and 

experiencing a flood through Bayesian updating of risk perceptions. Note that in real-

life, different agents may follow different models, and each agent might switch 

between different decision models depending on different circumstances. However, to 

be able to explicitly show the effect of different behavioural assumptions, we kept the 

models separate. A flow diagram of household behaviour is provided in appendix C. 

We here briefly explain the models in more detail: 

  

(1) The Expected Utility Theory model of decision-making: This model follows Expected 

Utility Theory (Von Neumann and Morgenstern, 1947). According to this theory, 

households assess the expected utility of taking protective action like flood insurance 

and implementing loss-reducing measures (Equation 5.1), or no protective action 

(Equation 5.2), meaning that they continue to face the flood risk. Households take the 

action that yields the highest expected utility. The expected utility of taking action is 

calculated over the sum I of possible events i with a probability pi of occurring. 

Basically, these events are floods of different magnitudes, or a situation in which no 

flood occurs. In both cases, the utility U(x) is based on the outcome x per event, 

which is determined by wealth W represented here by the value of the house, the 

costs of either taking insurance or implementing loss-reducing measures C, and the 

insurance premium discount for mitigation D if households are eligible for this. If a 

flood event occurs households still face the residual loss Ri, which is either the 

deductible in the case of insurance or the residual damage in the case of loss-reducing 

measures. If no flood occurs, there is no residual loss, thus Ri = 0.  Equation 5.2 

similarly describes the expected utility function for not taking protective action EU(no 

action). If households do not take protective action and a flood occurs, they face the 

loss Li. If no flood occurs, then Li = 0. The general utility function applied in the 

Expected Utility Theory model is 𝑈(𝑥) = 𝑥1−𝛽 1 − 𝛽⁄ , which is a function with 

Constant Relative Risk Aversion (Bombardini and Trebbi, 2012; Harrison et al., 2007). 

In line with common findings (Bombardini and Trebbi, 2012; Harrison et al., 2007), 

households are slightly risk-averse, which is represented here with a β of 1, in which 

case 𝑈(𝑥) = 𝑙𝑛 𝑥.  

 

𝐸𝑈(𝑎𝑐𝑡𝑖𝑜𝑛) =  ∑ 𝑝𝑖𝑈(𝑊 −  𝐶 − 𝑅𝑖 + 𝐷)

𝐼

𝑖=1

 | 5.1 | 

 

𝐸𝑈(𝑛𝑜 𝑎𝑐𝑡𝑖𝑜𝑛) =  ∑ 𝑝𝑖𝑈(𝑊 − 𝐿𝑖)

𝐼

𝑖=1

 | 5.2 | 
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(2) The Prospect Theory model of decision-making: According to this model, households 

maximise their expected utility by following Prospect Theory (Kahneman and 

Tversky, 1979; Tversky and Kahneman, 1992; Wakker, 2010). Prospect Theory 

describes how individuals generally overweight low-probability/high-impact events 

and underweight high-probability/low-impact events, as well as how they assess gains 

and losses with respect to a reference point instead of the utility being based on 

absolute wealth (as is the case in the Expected Utility Theory model) which allows for 

modelling individuals’ loss aversion. The reference point is in this case the initial value 

of wealth and the subjective probability weighting is given by π such that the expected 

utility function in the Prospect Theory model for taking action PT(action) and not 

taking action PT(no action) is described by Equation 5.3 and 5.4.   

 

𝑃𝑇(𝑎𝑐𝑡𝑖𝑜𝑛) =  ∑ 𝜋𝑖𝑈(− 𝐶 − 𝑅𝑖 + 𝐷)

𝐼

𝑖=1

 | 5.3 | 

 

𝑃𝑇(𝑛𝑜 𝑎𝑐𝑡𝑖𝑜𝑛) =  ∑ 𝜋𝑖𝑈(−𝐿𝑖)

𝐼

𝑖=1

 | 5.4 | 

 

The subjective weighting of the probability of a flood is described by Equation 5.5. 

To represent heterogeneity, δ is drawn from a random distribution for each 

household. The parameter value 0.69 found by Tversky and Kahneman (1992) is used 

as the mean, which is close to the values found by Etchart-Vincent (2009) and 

Abdellaoui (2000), and the standard deviation is set at 0.025 which is consistent with 

estimates of Etchart-Vincent (2009) and Abdellaoui (2000).  

 

𝜋𝑖 =
𝑝𝑖

𝛿

(𝑝𝑖
𝛿 + (1 − 𝑝𝑖)𝛿)1 𝛿⁄

 | 5.5 | 

 

The general utility function for the Prospect Theory model is given by  𝑈(𝑥) =

−𝜆(−𝑥𝑖)𝜃, which describes the tendency of people to weight a loss more than they 

weight a similar gain, as captured by the loss-aversion parameter λ (Abdellaoui et al., 

2007, 2008; Tversky and Kahneman, 1992; Wakker, 2010)). To allow for different 

characteristics among households, the personal loss aversion is drawn from a normal 

distribution with a mean of 2.25 (Tversky and Kahneman, 1992) and a standard 

deviation of 1. This results in a population of which ~90% of the individuals are more 

sensitive to losses than gains (λ > 1), which is consistent with the results found in 

different empirical studies (Abdellaoui et al., 2007, 2008; Brooks and Zank, 2005). The 
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parameter θ is a parameter of Constant Relative Risk Aversion (Tversky and 

Kahneman, 1992). Since estimates of the Constant Relative Risk Aversion parameter θ 

also vary (Abdellaoui et al., 2008; Harrison and Rutström, 2008; Tversky and 

Kahneman, 1992; Wakker, 2010), the personal θ is drawn from a normal distribution. 

We use the mean parameter value 0.88 found by Tversky and Khaneman (1992), and 

set the standard deviation at 0.065, which is in line with Harrison and Rutström 

(2008).   

 

(3) The Bayesian Prospect Theory model of decision-making:  One of the drawbacks of the 

previous two models of behaviour is that they assume a one-shot choice with a lack of 

feedback and updating of risk perceptions. This disregards the learning processes and 

opinion dynamics of individuals, which are influenced by social interaction, 

information from media sources, and experiencing a flood (Acemoglu and Ozdaglar, 

2010; Kreibich et al., 2005; Kunreuther et al., 2013; Kunreuther and Pauly, 2006; 

Robert J. Meyer, 2012; Poussin et al., 2014; Siegrist and Gutscher, 2008). The Bayesian 

Prospect Theory model follows the same rules as the Prospect Theory model, but the 

objective flood probability p considered by households in Equation 5.5 is now 

influenced by subjective risk perceptions RPt at time t as shown in Equation 5.6.   

 

𝜋𝑖 =
(102𝑅𝑃𝑡−1 𝑝𝑖)𝛿

((102𝑅𝑃𝑡−1 𝑝𝑖)𝛿 +  (1 − (102𝑅𝑃𝑡−1 𝑝𝑖))𝛿)1 𝛿⁄
 | 5.6 | 

 

The risk perception RPt (0-1) of individuals can lead to a positive or negative 

misjudgement of the probability of a flood by a factor of 10 from the objective 

probability p. This factor is based on a comparison of the perceived and objective 

flood probability by Dutch households (Botzen et al., 2009a). A risk perception closer 

to 0 indicates that the household consciously or unconsciously does not perceive 

flooding as a major risk. The opposite is true for a risk perception closer to 1, and a 

risk perception of 0.5 is considered a balanced (i.e. equal to objective) risk perception 

in which case  102𝑅𝑃𝑡−1 𝑝 = 𝑝. Risk perceptions, RPt, are updated over time, as shown 

in Equation 5.7, following a (quasi-) Bayesian learning approach similar to Viscusi 

(1985, 1989).  

 

𝑅𝑃𝑡 =
𝑎𝑅𝑃𝑡−1 + 𝑏𝐼𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒 +  𝑐𝐼𝑠𝑜𝑐𝑖𝑎𝑙 + 𝑑𝐼𝑀𝑒𝑑𝑖𝑎

𝑎 + 𝑏 + 𝑐 + 𝑑
 | 5.7 | 

 

RPt-1 represents the prior risk perception of a household. Iexperience represents 

experiencing a flood. It is set to 0 if no flood occurs, and linearly increases with flood 
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events up to half a metre to 110, representing increasing sensitivity to more severe 

floods (Petrolia et al., 2013). As there has not been a large flood on the Heijplaat for 

decades, Iexperience is initially set to zero. Isocial is the risk perception RPt of another 

household with whom a person talks about flood risk and can thus range from 0 to 1. 

Imedia is a random value drawn from a normal distribution with mean 0.5, representing 

objective information, and a standard deviation of 0.05,  which represents the 

difficulty of providing accurate objective risk information.   

 

These different sources of information are weighted with a, b, c, and d depending on 

the circumstances. The weight a is 1, unless a flood occurs, in which case a is 1/10 the 

weight b assigned to experiencing a flood. This intuitively shows how experiencing an 

event outweighs past risk perceptions. The weight assigned to the experience, b, is 1 if 

an individual experiences a flood. Otherwise, b is 0.04, causing risk perception to  

slowly return (4~6 years) to prior risk perceptions, which is in line with empirical 

evidence (Bin and Landry, 2013; Kunreuther, 1996; Kunreuther et al., 1985). An 

individual is only influenced by Isocial or Imedia if it is within a certain ‘distance’ of its own 

perceptions, following a bounded confidence model of opinion dynamics (Deffuant et 

al., 2000; Hegselmann and Krause, 2002; Lorenz, 2007; Moussaïd, 2013). In particular, 

we adapt the Equations from 5.8-5.10 from Moussaïd (2013).  The parameters c and d 

thus assume a value of 0 if Isocial or Imedia is far from the own risk perception,  0.5 if it is 

intermediate, and 1 if Isocial or Imedia  is close to the own risk perception. As in the work 

of Moussaïd (2013), τ is a threshold value of 0.2 to indicate the boundary of strong 

agreement.  

 

𝑐 = 1  if |RPt−1 −  Isocial| <  𝜏              and      d = 1 if |RPt−1 −  Imedia|  <  𝜏        | 5.8 | 

 

𝑐 = 0  if |RPt−1 −  Isocial| > 1 −  𝜏     and      𝑑 = 0 if |RPt−1 −  Imedia|
> 1 −  𝜏 

| 5.9| 

 

Otherwise 𝑐 =  0.5 and 𝑑 =  0.5 | 5.10 | 

 

Talking about flood risk or seeing a news item follows probabilistic Equations 5.11 

and 5.12 (equations adapted from Moussaïd (2013)).  

 

 𝑃𝑠𝑜𝑐𝑖𝑎𝑙 = �̅�𝑡𝜔𝑠𝑜𝑐𝑖𝑎𝑙 +  휀 | 5.11 | 

                                                      
10 The model was also run for a linear increase to 0.25 metre to test for sensitivity, which has 
no significant influence on the results.  
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𝑃𝑚𝑒𝑑𝑖𝑎 = �̅�𝑡𝜔𝑚𝑒𝑑𝑖𝑎 +  휀  

 
| 5.12 | 

 

Āt is the awareness level that describes how active a household is in seeking out new 

information at time-step t. Āt = 1 after new information is acquired from a source or 

experience, and diminishes by Āt = Āt-1 / 2 at each time-step t, representing the loss 

of interest if no new information is acquired (Moussaïd, 2013). The parameters ωsocial 

and ωmedia represent an individual’s tendency to discuss flood risk with their social 

network or search for information himself/herself. Both are initially set to 0.1. This 

results in a household population where clustering of risk perception is low and 

opposing risk perceptions coexist, even within social groups (Moussaïd, 2013). The 

error parameter ε, representing the chance that individuals will interact on the topic of 

flood risk despite their lack of awareness, is set to 0.02 in accordance with Moussaïd 

(2013).  

 

5.2.3 Experimental design 

 

To answer the first sub-question on the influence of behavioural assumptions on 

flood risk assessments, we run the model separately for each household decision 

model, and for a Business As Usual scenario where no adaptive measures are taken. 

To answer the second sub-question on the influence of external incentives, we 

furthermore run the model both including and excluding an external incentive in the 

form of an insurance premium discount that is offered if households take adaptive 

measures. Table 5.1 shows the experimental setup. All runs are repeated 100 times. 

Note that heterogeneous household parameters are setup up in similar way for each 

repetition as discussed in Section 5.2.2 and summarized in the ODD protocol. The 

results are discussed in Section 5.3. 

  

In addition to these experiments, the complexity of the Bayesian Prospect Theory 

model allows us to test a range of assumptions on the level of social interaction 

(ωsocial), the level of information from the media (ωmedia) and the lingering effect of 

experiencing a flood (the weight b of experiencing a flood). We therefore do a 

parameter sweep for ωsocial (0.1-0.9) and ωmedia (0.1-0.9), and set the weight after 

experiencing a flood to 0.02, 0.04 and 0.06, which we discuss in Section 5.3.3. 

  



Integrating household mitigation behaviour 
in flood risk analysis: an agent-based model approach 

 

101 
 

Table 5.1 | Experimental design 

 

Influence of external incentives 

No external incentives 

offered to reduce risk 

External incentives 

offered to reduce risk 

In
fl

u
en

ce
 

o
f 

b
eh

av
io

u
ra

l 

as
su

m
p

ti
o

n
s 

BAU (no adaptive behaviour)  Exp.1a (x100) Exp.1b (x100) 

Expected Utility Theory 

model  
Exp.2a (x100) Exp.2b (x100) 

Prospect Theory model  Exp.3a (x100) Exp.3b (x100) 

Bayesian Prospect Theory 

model 
Exp.4a (x100) Exp.4b (x100) 

 

5.3 Results 

 

5.3.1 The influence of adaptive behaviour  and external incentives  

 

Figure 5.3 shows the results of household decision-making over time, and the 

consequential change in the development of flood risk. It shows that for all three 

decision models, whether incentives are offered to reduce risk or not, implementation 

rates (top graphs) of loss-reducing measures increase with increasing risk. As the 

measures have a long life-span, they stay in place after the implementation decision is 

made, causing implementation rates to mostly increase over the simulation runs. 

Including adaptive behaviour has significant impact on the flood risk assessment, as 

shown in the bottom graphs of Figure 5.3. The estimated flood risk, expressed in 

expected annual damage, is compared to a Business As Usual (BAU) scenario, where 

households are assumed not to implement any measures even if risk increases and 

floods become more frequent. This is a common assumption in many flood risk 

analysis studies (e.g. Aerts et al., 2013; Hall et al., 2005; Muis et al., 2015). The graphs 

shows that including economic decision-making by households in this case leads 

approximately to a factor 2 reduction in risk (-41% up to -56%) in the year 2100. This 

is true for all decision models and all scenarios, except for the scenario that follows 

the Expected Utility Theory model when no incentives in the form of a discount are 

offered, under which the implementation of loss-reducing measures is modest (-19% 

risk).  As can be expected, implementation rates increase more when an incentive to 

reduce risk, in the form of an insurance premium discount is offered. This is 

consistent with the findings of Botzen et al. (2009b), who showed that households in 
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the Netherlands are indeed willing to take loss-reducing measures in exchange for a 

premium discount. Especially when applying the Expected Utility Theory model, the 

results show that it is important for flood risk assessment studies to consider whether 

incentives for loss-reducing measures need to be taken into account, since the model 

predicts a 1/3 decrease in flood risk.  

 

 
 

Figure 5.3 | Top: percentage of households with loss-reducing measures. Bottom: Flood risk 

expressed as Expected Annual Damage. Results are shown separately for the scenarios where 

no external incentive to reduce risk is offered, and where an external incentive is offered to 

reduce risk in the form of a discount on the flood insurance premium. The results display the 

median (line) and interquantile range (shading) for 100 repetitions of the scenario runs when 

flood levels rise by 10.5 mm/year and flood events are stochastically introduced. 

 

Note that the external incentive (insurance discount) is only received by households 

with insurance who implement measures. As such, differences in insurance 

penetration rates could mediate the results. In our model, the decision to insure and 

implement measures is autonomous, and therefore mediating effects are less relevant. 

However, because such effects might be relevant to address other questions, such as 



Integrating household mitigation behaviour 
in flood risk analysis: an agent-based model approach 

 

103 
 

the consequences of mandatory insurance, we discuss the insurance penetration rates 

in the online supplementary material of Haer et al. (2016). 

 

5.3.2 Comparison of behavioural assumptions on risk estimates 

 

Comparing the three different decision models, Figure 5.3 shows that different 

assumptions about behaviour significantly influence implementation of loss-reducing 

measures, and consequently, the assessment of flood risk. If households are modelled 

to be rational and risk averse (Expected Utility Theory model), implementation rates  

of loss-reducing measures are lower than the assumption of bounded rationality 

(Prospect Theory model and Bayesian Prospect Theory model), which takes into 

account that individuals overweigh low-probability/high-impact events (Kahneman 

and Tversky, 1979; Tversky and Kahneman, 1992). As a result, Figure 5.3 shows that 

the commonly applied Expected Utility Theory model leads to a higher estimation of 

flood risk. Furthermore, the Bayesian Prospect Theory model also results in higher 

flood risk than Prospect Theory, as the perception of risk declines after a period of no 

floods, and information from social interaction and the media does not correct for the 

low risk perceptions. This is in line with other studies (Merz et al., 2010; Thieken et 

al., 2007). To test for the statistical significance of these differences, we ran a Mann-

Whitney U test which is appropriate for the skewed data. The results show that the 

majority of the results of the three decision models are statistically significantly 

different (p<0.001). However, when no external incentive is offered (left graphs) 

results for the Prospect Theory and Bayesian Prospect Theory models show higher p-

values towards the end of the simulation (p<0.05), and in the last few years they even 

cannot be considered significantly different. The reason that these results converge to 

each other in the end, is that the high risk and more frequent flooding causes the 

Bayesian Prospect Theory model to behave more similar to the Prospect Theory 

model.  

 

Offering premium discounts, which stimulates the implementation of loss-reducing 

measures, also stimulates risk reduction. This effect is strongest when household 

decision-making is consistent with Expected Utility Theory. For both the Prospect 

Theory model and the Bayesian Prospect Theory model, whether or not a risk 

reduction incentive is included has a less profound influence, because implementation 

rates of loss-reducing measures are already high without such incentives. 

Nevertheless, results for these runs are still statistically significantly different with 

p<0.001. As Figure 5.3 clearly demonstrates, not including behaviour leads to a strong 

misrepresentation of flood risk, even if only including a simple example of a flood-
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proofing measure. We do note that our example focuses on adaptive responses, and 

that non-adaptive behaviour is also possible, such as increased exposure after levee 

construction (Tobin, 1995).  

 

5.3.3 Detailed results for the Bayesian Prospect Theory model 

 

The uncertainty intervals around the curve of the Bayesian Prospect Theory model 

show that these results are significantly influenced by stochastically introduced flood 

events and opinion dynamics. Although the other two models do include 

heterogeneous households (different CRRA and loss-aversion parameters), the 

emergent behaviour is not influenced by interactions, resulting in small uncertainty 

intervals. To analyse the stochastic behaviour of the Bayesian Prospect Theory 

decision process, we disentangle the behaviour results further by showing a single run 

example in Figure 5.4. By introducing only a limited number of floods, Figure 5.4 also 

shows the implications for household behaviour if only infrequent floods are 

experienced.   

 

The results for the Bayesian Prospect Theory model in Figure 5.4 show how the 

pattern of adoption of flood risk mitigation measures is in agreement with patterns 

found in the real world (Bubeck, Botzen, Kreibich, et al., 2012; Kunreuther, 1996; 

Kunreuther et al., 1985; Thieken et al., 2007). In particular, Figure 5.4 shows that 

investments in risk mitigation (top graphs) are low prior to flood events, which is in 

line with the observation of Kunreuther (1996), Thieken et al. (2007), and Bubeck et 

al. (2012) that homeowners are not inclined to take protective measures before floods. 

Consequently, this leads to a relatively high flood risk, but not as high as the BAU 

scenario which does not account for adaptive behaviour. Furthermore, the graphs 

show how a flood event triggers a spike in investments in loss-reducing measures, 

which is in agreement with research by Thieken et al. (2007) and more recently by 

Bubeck et al. (2012). Bubeck et al. (2012) analysed household investments in flood 

risk mitigation measures between 1980 and 2011 in three regions in Germany affected 

by flooding. They observed that prior to a flood event, few households invested in 

flood loss-reducing measures, but that major events triggered the acceleration of such 

investments.  Their study also found that two consecutive floods only caused a small 

increase in flood preparedness after the second flood since the preparedness was 

already high after the first flood event. This effect is also observed in the results here, 

as shown in the top graphs of Figure 5.4 at year 45 and 47. The effect of offering an 

incentive to reduce risk is also shown. Interestingly, the difference between offering 

an incentive or not is rather small in the period around the first flood, and the effect 
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increases with increasing risk. Furthermore, if no incentives are offered, households 

seem to be triggered mostly by flood events, as can be concluded from the declining 

implementation rates in the years without a flood. If incentives in the form of a 

discount are offered, households also proactively take measures, as can be seen in the 

~5 years leading up to a flood event (top-right graph). Similar to Figure 5.3, Figure 5.4 

shows the relevance of coupling both adaptive behaviour, and possible steering 

mechanisms, with flood risk assessments.   

 

 
Figure 5.4 | Top: percentage of households with loss-reducing measures. Bottom: Flood risk 

expressed as Expected Annual Damage. Results are shown separately for the scenarios where 

no external incentive to reduce risk is offered, and where an external incentive is offered to 

reduce risk in the form of a discount on the flood insurance premium.  The results display the 

median (line) for a single run for each scenario when flood levels rise by 10.5 mm/year and 

flood events are fixed. 

 

Furthermore, the Bayesian Prospect Theory model can be applied to investigate flood 

risk under a range of different assumptions on the effect of flood risk experience, the 

effect of media coverage, or the effect of social interaction. Figure 5.5 shows the 

median Expected Annual Damage when varying the social interaction parameter, 

ωsocial, the media coverage parameter, ωmedia, and the flood risk experience, which is a 

combination of Iexperience and the weight b assigned to Iexperience.  
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Figure 5.5 | Flood risk (euro/year Expected Annual Damage) in the year 2100, under 

different assumptions of social interaction, media influence, and the influence of flood 

experience on risk perceptions. Results are shown separately for the scenarios where no 

external incentive to reduce risk is offered, and where an external incentive is offered to reduce 

risk in the form of a discount on the flood insurance premium. Each cell shows the median of 

1000 simulations, under the assumption of 10.5 mm/year sea-level rise.  

 

Disentangling the different parameters, the results shown in Figure 5.5 indicate that 

moving from a society with low media input on flood risk (ωmedia = 0.1)  towards a 

society where the individuals are constantly confronted with objective information on 

flood risk (ωmedia = 0.9), there is a significant  reduction in Expected Annual Damage. 

This reduction follows from an increased implementation rate of loss-reducing 

measures. The results are in line with the conclusions drawn by Botzen and van den 

Bergh (2012) and Poussin et al. (2014) who respectively showed that offering 

comprehensible objective risk information has a significant impact on the Willingness-

To-Pay for insurance and the uptake of loss-reducing measures.  
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All parameter settings show the positive effect of offering discounts on the uptake of 

insurance and the implementation rates of loss-reducing measures. The results related 

to the social interaction parameter, ωsocial, are more complex, as Expected Annual 

Damage decreases first and then increases again, when moving from a society with 

low social interaction (ωsocial = 0.1) on the topic of flood risk towards a society with 

high social interaction (ωsocial = 0.9). The upward correction of risk perceptions, which 

is the basis for the reduced risk, can be explained by the diffusion of objective 

information through increasing social interaction. However, the increased social 

interaction also leads to a faster diffusion of declining risk perceptions after an event. 

If social interaction is high enough, then this second process counterbalances the 

input of objective risk information. Such processes are nicely illustrated by the 

experimental study by Lorenz et al. (2011), who showed that social influences cause 

opinions to converge, but opinions do not necessarily improve in accuracy. 

Furthermore, the effect of social interaction found here are relatively consistent with 

those of the study of Poussin et al. (2014) who found correlations with the social 

network and the implementation of loss-reducing measures, like water barriers. As 

households tend to forget or ignore past events, increased social interaction only 

strengthens the underestimation of the risk if no relatively objective information is 

provided or searched for. Offering relatively objective information can only partly 

correct for this behaviour.  

 

Finally, for flood experience, the initial assumption was made that after a flood, risk 

perceptions return to their prior level after 4~6 years. This assumption was made 

based on empirical evidence reported by Kunreuther (1996) and Bin and Landry 

(2013). However, the actual return to prior risk perceptions can of course differ, 

depending on local circumstances and personal characteristics. To analyse how 

differences in diminishing sensitivity to risk after a flood event affects household 

decision-making, we varied the parameters such that risk perceptions return to normal 

twice as fast, or twice as slow than our first parameter setting. As can be expected, 

Figure 5.5 shows how Expected Annual Damage increases if households faster return 

to their prior low risk perceptions. This is especially clear for a society with low 

objective media input. High media input corrects the low risk perceptions, and 

stimulates the uptake of flood insurance and loss-reducing measures. While it is 

realistic to assume that media input is high after a flood event, much effort is needed 

to maintain this level of objective information and household awareness if no further 

floods occur.   
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The results shown in Figure 5.3-5.5  show that not only different economic decision 

models, but also the displayed real-world behaviour that is fed into the model 

influences the resulting flood risk considerably. This emphasises the importance of 

integrating human behaviour and flood risk analyses. While there are still challenges to 

capture household behaviour in a model, the agent-based modelling approach allows 

for an in-depth analysis of flood risk, incorporating much more realism than standard 

economic decision models or flood risk analysis models alone.  

 

5.4 Discussion and conclusion  

 

5.4.1 Advancing flood risk assessments 

 

There is a large literature of flood risk assessment studies that aim to predict current 

and future flood losses (e.g. Aerts et al., 2013; Hall et al., 2005; Muis et al., 2015). 

However, limited attention has been paid to the adaptive behaviour of humans, and 

how this influences flood risk estimates. While this gap in knowledge has been widely 

acknowledged (IPCC, 2012), the role of changing vulnerability due to household flood 

preparedness has up to now not been addressed in flood risk assessments. Other 

studies have investigated dynamic behaviour towards flood risk in an agent-based 

model (e.g. Dawson et al., 2011; Filatova et al., 2011), but they did not specifically 

focus on flood risk assessments. In this study, we developed a novel agent-based 

model approach to integrate human behaviour in flood risk analysis which resulted in 

a more holistic flood risk assessment approach. Our results show how accounting for 

dynamic adaptation of households to changing flood risk over time can reduce 

estimated flood risk by 19% up to 56%. Although this factor of difference will vary 

depending on the included behaviour and our results are bound to the case study area, 

the results show that there is a need to update flood risk analysis with an approach 

that does include the dynamic adaptive behaviour of households.  

 

Our study contributes to ongoing debates about implementing integrated flood risk 

management in which, in addition to the public sector, households and other private 

actors play a role in limiting flood risk. With floods being the most costliest natural 

hazard in Europe (European Environmental Agency, 2010), it has been advocated 

that responsibility for flood protection should, or will, shift partially from the 

government towards individuals (Aerts et al., 2008; Bubeck, Botzen, Kreibich, et al., 

2012; Johnson and Priest, 2008; Meijerink and Dicke, 2008). As households 

implement loss-reducing measures, and segregate risk through flood insurance, 

resulting damage from flood events can be mitigated and government post-disaster 
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recovery costs can be reduced. By explicitly modelling adaptive behaviour, our study 

offers a methodology to investigate how such a shift of responsibility leads to changes 

in overall flood risk. 

 

Our illustrative case study can be readily expanded to address related questions about 

agent responses to flood risk. For instance, future research can focus on how flood 

risk estimations change if not only individuals adapt, but if whole communities take 

action (Meijerink and Dicke, 2008), and also how these estimations change if 

governments implement flood risk management policies. Furthermore, depending on 

the research questions at hand, processes like migration in response to flood disasters 

(Husby et al., 2014), housing markets adjustments to changing flood risk (Filatova et 

al., 2011), socio-economic change (Koks et al., 2014), anticipation of increasing flood 

risk due to climate change (Seidl et al., 2016), and political change (Johnson et al., 

2005) can be included to capture responses to flood risk. For this purpose, the agent-

based model presented in this study can serve as a starting point. In such further 

research, the question can also be raised if, considering the complexity of human 

behaviour, estimations over long time-frames, such as a 100-year period that is often 

used in climate change studies, can provide realistic scenarios of future flood risk.  

 

5.4.2 Uncertainties of adaptive behaviour  

 

A challenge faced in this study is the uncertainty of individual behaviour and, in 

particular, of flood preparedness decisions. Several studies have examined flood 

preparedness decisions using survey data  (e.g. for a review see Bubeck, Botzen, and 

Aerts, 2012) and a large literature exists on experimental studies of behaviour under 

risk (e.g. Wakker, 2010) which provide useful insights for the assumptions made in 

our agent based model and for the parameterization of our decision models. 

Nevertheless it is challenging to firmly establish which kind of adaptive behaviour 

most realistically describes risk reduction efforts in face of changing risk in a specific 

case study area. Obtaining this data for model calibration is especially difficult due to 

the low-probabilistic nature of floods in most specific areas. To address this 

uncertainty, we applied three different decision models, which are rooted in 

behavioural economic theories of decision making under risk. Our results show how 

different assumption can cause significant changes in flood risk estimates, and that 

care needs to be taken when selecting a preferred decision model. For instance, 

assuming that individuals act fully rational, leads to ~40% to ~90% higher estimates 

of flood risk compared to different assumptions of bounded rationality in which 

individuals in general overweigh low probabilities. Furthermore, assuming different 
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levels of social interaction, media information about flood risk, and the impact of 

flood events on individual risk perceptions, show that these could also strongly 

influence individual flood preparedness decisions and related effects on flood risk 

estimates. For instance, our findings show that the diffusion of objective information 

through social interaction could lead to reduced risk, but that this same process can 

lead to a declining risk perception if no floods are experienced over a certain time 

period. While such assumptions may capture realistic patterns of behaviour 

(Kunreuther and Pauly, 2006), without empirically proven decision models that 

capture these processes in the face of changing flood risk, it cannot be readily decided 

which model describes reality best. Furthermore, in real-life, different decision models 

may be used by different agents, or even by the same agent for different situations. 

Moreover, agents may follow, partly, or in whole, more psychological oriented 

decision models, for example, Protection Motivation Theory (Rogers, 1983), or the 

Social Amplification of Risk theory (Kasperson et al., 1988), which can be considered 

in future research. Nevertheless, our approach that examines the influence of three 

main behavioural economic models of decisions making under risk serves as a solid 

basis for exploring the influence of human behaviour on flood risk. Future research 

can focus on developing and validating decision models that capture complex real-life 

behaviour in the face of changing flood risk, such as the Bayesian Prospect Theory 

model presented here.  

 

5.4.3 Steering risk reduction with external financial incentives 

 

Individual decisions are often steered by external financial incentives, which can for 

example reward those who reduce risk. In our study, we show an example of how an 

insurance premium discount provided to those who reduce flood risk can correct for 

non-adaptive behaviour. We find that especially when assuming that households act 

fully rational, offering an incentive to reduce risk strongly influences risk estimations 

(-29% in the year 2100). Other decision models also show a reduction of risk, 

although less strong, because these models overall imply an overweighting of low-

probability flood risk. These results directly contribute to the current debate on how 

to stimulate private investments in flood risk reduction. Flood insurance has been 

advocated because of its ability to segregate risk and stimulate risk reduction (Botzen 

et al., 2009b; Poussin et al., 2013; Surminski et al., 2015). Our agent-based 

methodology offers a tool to investigate how policies that provide such external 

financial incentives could result in risk reduction, but also how for instance the 

implementation of loss-reducing measures influence the outcomes of the policy itself. 

It is clear from our results that human adaptation to changing flood risk is not a 
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completely autonomous process, but can be steered in the right direction by providing 

adequate financial incentives. 

 

Future research could focus on analysing the effectiveness of other policies for 

stimulating adaptive behaviour. For instance, there is a range of other market-based 

instruments that could be applied to stimulate natural disaster risk reduction, such as 

tax rebates, subsidies, and marketable permits and caps, for instance for building 

development (Filatova, 2013). Although such instruments could have similar aims, 

they may change behaviour in different ways, which consequently can lead to different 

outcomes of estimated risk. An agent-based model framework may be especially 

suitable for examining rich behavioural mechanisms in response to these policy 

instruments for encouraging disaster risk reduction.    
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CHAPTER 6 

Advancing disaster policies by integrating adaptive behaviour 

in risk assessments 

Abstract: Recent floods in the United States and Asia again highlighted their 

devastating effects. Without investments in adaptation, supported by scientific risk 

projections, the impact of floods will continue to increase. Key to making accurate 

flood risk projections are assessments of how disaster-risk reduction (DRR) measures 

reduce risk and how much risk remains after adaptation. Current flood-risk-

assessment models are ill-equipped to address this, as they assume a static adaptation 

path, implying that vulnerability remains constant. We present a novel approach that 

integrates adaptive behaviour in a continental-scale risk-assessment framework for 

river flooding. Our methodology demonstrates how flood risk and adaptation might 

develop, demonstrates how DRR policies can steer towards optimal behaviour, and  

calculates the residual risk that has to be covered by risk-transfer mechanisms. The 

results highlight the importance of integrating behavioural methods from social 

sciences with quantitative models from the natural sciences, as advocated by both 

fields.  

 

 

 

 

 

 

 

 

 

This chapter is based on: Haer, T., Botzen, W. J. W. & Aerts, J. C. J. H. Advancing disaster 

policies by integrating dynamic adaptive behaviour in risk assessments. Prepared for Nature 

Climate Change  



Chapter 6 
 
 

114 

 

6.1 Introduction 

 

6.1.1 background 

 

Recent losses caused by hurricanes Harvey and Irma and the large-scale floods in 

South Asia show that extreme flood events can have devastating effects on the 

economy and human society. Without global investments in adaptation supported by 

scientific projections of risk, the future impact of floods will continue to increase in 

many regions due to climate change (IPCC, 2012) and socio-economic growth 

(Winsemius et al., 2016) . This is why adaptation, disaster-risk reduction (DRR) and 

mechanisms for coping with loss and damages (L&D) were high on the agenda during 

the COP23 in Bonn. Key to the making of accurate risk projections are assessments 

of how DRR measures reduce risk over time (Adger, 2006), the potential of policies 

and regulations to steer DRR (Adger, 2006), and estimations of the risk that remains 

after DRR (Mechler and Schink, 2016). Current flood-risk-assessment models are ill-

equipped to address these issues, as they assume a static adaptation path, thereby 

implying that vulnerability remains constant over time (Feyen et al., 2012; Hallegatte 

et al., 2013; Hirabayashi et al., 2013; Jongman et al., 2012; Jongman, Hochrainer-

Stigler, et al., 2014; Rojas et al., 2013), as if the main agents in risk management, such 

as governments, neither adapt to nor learn from flood events nor anticipate increased 

risk over time. Moreover, current flood risk assessments do not include the adaptive 

behaviour of individual households, despite the fact that this can significantly reduce 

vulnerability to floods (Jongman et al., 2015; Kreibich et al., 2005). Similarly, social 

science studies that focus on flood preparedness behaviour (Kellens et al., 2013) often 

do not specifically include changing flood risk, despite that this strongly influences 

behaviour. In reality, there is an interplay between the adaptive behaviour of 

governments, the adaptive behaviour of individuals, and the flood risk environment, 

as changes in one influences the other. Here, we present a novel, multi-disciplinary 

approach, combining methods from the natural and social sciences, that integrates 

(individual) adaptive-behaviour dynamics from both the government and households 

in a continental-scale risk-assessment framework for river flooding. We show how our 

methodology provides more realistic projections for DRR policies, and we, (1) 

demonstrate how flood risk and adaptation might develop, (2) demonstrate how DRR 

policies can be steered towards optimal behaviour, and (3) calculate the residual risk 

after adaptation that has to be covered by insurance or other risk-transfer mechanisms 

for L&D policies. The results highlight the importance of integrating behavioural 

methods from social sciences with quantitative models from the natural sciences, as 

advocated by both fields (e.g. Cutter et al., 2003; Jongman, Hochrainer-Stigler, et al., 
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2014; Kellens et al., 2013; Kron, 2005; Kunreuther et al., 2014; Scheffer, 2009). Our 

novel approach is transferable to other natural disasters, from local to continental 

scales.  

 

6.1.2 Representing behavioural differences 

 

Flood risk is typically modelled as a function of the hazard, the exposure of assets, 

and the vulnerability of assets to flood events, but with static assumptions about 

adaptive behaviour (IPCC, 2012; Kron, 2005; Ward et al., 2017). Here, we apply this 

flood-risk framework and integrate the dynamic adaptive behaviour of governments 

and residents, as illustrated in Figure 6.1. We assess the effect of integrating six 

combinations of government and resident behavioural types in flood-risk assessments 

which cover a wide range of (uncertain) responses to future risk. Adaptive behavioural 

types include the following: (1) EU residents who are either rational or boundedly 

rational, and (2) governments that are either proactive or reactive (Section 6.2). 

Rational residents are fully informed about the risks they face, and their decisions to 

reduce their vulnerability by flood-proofing, by elevating their homes or by taking out 

flood insurance are based on objective calculated risk. In contrast, boundedly rational 

residents generally underestimate risk unless a flood occurs, after which they 

overestimate risk for a certain period. Proactive governments invest in increasing 

flood protection to reduce potential hazard in regular cycles, while reactive 

governments take action only after a flood event has struck a region. While proactive 

governments and rational residents might display economically desirable behaviour, 

reality shows that governments more often act reactively (Adger et al., 2005; IPCC, 

2012) and that residents often behave in a boundedly rational manner (Haer, Botzen, 

Moel, et al., 2016). In addition, we provide an analysis of the influence of financial 

incentives. For instance, insurance-premium discounts can influence the adaptive 

decision of residents (Appendix D8). We focus the results on both urban and rural 

residential flood risk, to illustrate the importance of including micro-level adaptation.  

 

To illustrate the importance of our new approach, we compare flood-risk simulations 

that include the four combinations of dynamic behaviours with two more commonly 

applied static behavioural approaches (Feyen et al., 2012; Hallegatte et al., 2013; 

Hirabayashi et al., 2013; Jongman et al., 2012; Jongman, Hochrainer-Stigler, et al., 

2014; Rojas et al., 2013). In the first static combination, neither governments nor 

residents take additional measures to reduce vulnerability or hazard, and dike-

protection heights remain at 2010 levels (“2010 protection height”). In the second 

combination, governments invest in extra flood protection, when risk increases, to 
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maintain the 2010 protection standard but households do not take additional 

measures (“2010 protection standards”). For example, in the second combination, the 

current, 100-year protection standard continues to protect against a future 100-year 

flood even if the intensity of the flood is increased, while in the first static 

combination, the protection height does not keep pace with increased flood intensity.  

 

 
 

Figure 6.1  | Overview of the integrated flood-risk assessment approach. Flood risk is a 

function of the hazard, the exposure and the vulnerability. Governments can raise protection 

standards to reduce the hazard, and residents can reduce their vulnerability by elevating or 

flood-proofing their houses. These decisions can be influenced by the occurrence of a flood 

event. Additionally, different insurance schemes can influence the adaptive behaviour of 

residents by offering premium discounts for risk reduction (Appendix D8). 

 

6.2 Methods 

 

6.2.1 Model summary 

 

The model, illustrated in Figure 6.1 and shown schematically in Figure D1-1 in 

Appendix D, estimates fluvial flood risk for the period 2010-2080 at yearly time-steps. 

To better represent future flood risk, we integrate the adaptive behaviour of 

governments and residents in the risk-assessment approach. We focus on risk to both 

urban and rural residential buildings to illustrate the effects of household (micro-) 

adaptation, and on large-scale risk and government (macro-) adaption. Current fluvial 

flood risk is calculated by using current climate and socio-economic conditions to 

represent the hazard and the exposure (Appendix D3-5). Current protection standards 
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are based on FLOPROS (Scussolini et al., 2016) (Section 6.2.2). To simulate future 

risk, we use two representative concentration pathways (RCPs) for flood-hazard 

modelling and for simulating the effects of climate change, and we use two shared 

socio-economic pathways (SSPs) to project exposure (Section 6.2.3). The SPPs affect 

spatial-temporally explicit change in residential building surface; hence, the exposure 

of urban and rural residential areas to floods (Section 6.2.3). Although in principle all 

RCPs can be linked to all SSPs, we run the model for two scenario combinations 

(Veldkamp et al., 2016; Winsemius et al., 2016) that represent a lower and upper 

bound to climate change: RCP2.6-SSP1 and RCP8.5-SSP5. On the basis of risk 

information, (future-) stochastic flood events to mimic the influence of extreme 

events (Section 6.2.4), and the cost of adaptation, residents and governments make 

adaptation decisions that influence flood risk to residential buildings in both urban 

and rural areas.  

 

The adaptive behaviour of residents (Section 6.2.5) follows a model of subjective, 

discounted expected utility (DEU), which is the mainstream theory of economic 

decision-making under risk. Based on the DEU, residential agents—which either have 

rational or boundedly rational risk perceptions—decide for each time-step either to 

flood-proof existing buildings (i.e., by dry-proofing, which reduces damage by 

preventing water from entering the building) or to elevate newly developed buildings 

(i.e., by raising the structure above potential flood levels) (Aerts and Botzen, 2011). 

Both elevation and dry-proofing are adaptive behaviours by residents that reduce the risk to 

the residential building surface. Additionally, we assess the effect of incentives from 

different insurance schemes on residential behaviour and DRR: namely, voluntary or 

mandatory insurance, with or without risk-based premiums to incentivize DDR 

(Appendix D8). Government agents, finally, representing EU member states, 

dynamically decide to strengthen flood protection based on a cost-benefit analysis 

(CBA) (Mechler, 2016) of the total fluvial flood risk and the costs of increasing dike 

heights (Section 6.2.6). Governments can be proactive or reactive.  

 

We run the model for six combinations of resident and government behaviour types: 

(1) rational residents and proactive governments, (2) rational residents and reactive 

governments, (3) boundedly rational residents and proactive governments, (4) 

boundedly rational residents and reactive governments, (5) residents do not adapt and 

governments maintain 2010 dike heights, and (6) residents do not adapt and 

governments maintain 2010 protection standards. Combinations 1-4 represent 

dynamic adaptive behaviour. Combinations 5 and 6, in which governments show 

static behaviour and residents do not adapt, are business-as-usual (BAU) models 
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representing commonly applied static behavioural approaches in flood-risk assessment 

studies. We run all simulations on a high-performance computing (HPC)11 cluster to 

facilitate modelling micro-level behaviour at macro-scale with multiple repetitions. We 

now discuss the calculation of flood risk, climate change and socio-economic 

projections, flood events, adaptive behaviour by residents, and adaptive behaviour by 

governments. 

 

6.2.2 Flood risk  

 

Flood-hazard data for different return periods (i.e., 5, 10, 25, 50, 100, 250, 500, and 

1,000 years), for rivers and for all grid cells (30″ x 30″) are generated by the GLOFRIS 

modelling framework (Appendix D3), which has been described in detail in previous 

studies (Ward et al., 2013; Winsemius et al., 2013, 2016). For each grid cell, n, the 

residential risk (or expected annual damage, EAD) is estimated by the integral of the 

area under an exceedance probability-impact curve for the impact of possible floods 

with different return periods (Volker Meyer et al., 2009) (Appendix D3). This impact 

is a function of water depth, the value, and depth-damage curves, which describe the 

relation between water depth and damage (Appendix D3). The function accounts for 

risk-reduction measures implemented through adaptive behaviour by residents. The value 

for exposure in each cell is set by assigning a land-use class based on the CORINE 

Land Cover 2012 dataset (Huizinga, 2007) (Appendix D5). Each land-use class is 

linked to a country-specific depth-damage curve and associated maximum value to 

simulate flood damage for each scenario (Huizinga, 2007). This is similar to the EU-

wide flood-damage modelling approach of Jongman et al. (2014). As there are no 

consistent future land-use projections (Jongman, Hochrainer-Stigler, et al., 2014), the 

spatial distribution of land-use classes remains fixed. Since the existing CORINE 

dataset has limitations with respect to the study of residential building surfaces 

(Appendix D5), we have replaced the share of residential land-use from CORINE, for 

each cell, for both urban and rural areas, with a spatio-temporally explicit regression 

estimate of residential building surface (Appendix D5). The function is obtained by 

overlapping high-resolution population-density data (GEOSTAT12) with high-detail 

object-level data (OpenStreetMap). As population changes over time (Section 6.2.3), 

so does the exposed residential surface area and associated value. The exceedance 

probability-impact curve (Volker Meyer et al., 2009) used to obtain the EAD for 2010 

                                                      
11The LISA HPC cluster facility of SURFsara: https://www.surf.nl/en/about-
surf/subsidiaries/surfsara/ 
12 The GEOSTAT dataset contains high-resolution (1 km x 1 km) population data for Europe, 
obtained from the national bureau of statistics of each country.  
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is cut off at the current protection standard (Appendix D2-3) by using the FLOPROS 

database (Scussolini et al., 2016) (Appendix D2). Additionally, the initial protection 

height (dike height) in each river cell is set to the flood-water volume level obtained 

by GLOFRIS (Appendix D3) and associated with the return period of the dike’s 

protection standard (Appendix D2). For FLOPROS protection standards that fall 

between the modelled return periods generated by GLOFRIS (i.e., 5, 10, 25, 50, 100, 

250, 500, and 1,000 years), we interpolate the initial protection height (Appendix D2). 

For future estimates, the cut-off is determined by the adaptive behaviour by 

governments (Section 6.2.6). 

 

6.2.3 Climate change and socio-economic projections 

 

To derive future flood risk, we run the model for two climate scenarios coupled to 

two socio-economic projection pathways (RCP2.6-SSP1 and RCP8.5-SSP5). For each 

time-step, in each grid cell (30″ x 30″), water depths for different return periods are 

recalculated from GLOFRIS (Appendix D3). The value and population in each cell 

increases or decreases each time step based on high-resolution (30″ x 30″) projections 

(van Vuuren et al., 2007) for GDP and population for the socio-economic pathways 

SSP1 and SSP5 (Appendix D4-5). This is similar to the approach by Jongman et al. 

(2014) (Appendix D5). The value of residential building surface in each cell changes 

dynamically as the share of residential building surface increases following the spatial-

temporal function for residential building surface (Appendix D5).  

 

6.2.4 Flood events  

 

During each time-step, floods may occur in each region following the probability 

associated with the different return periods (e.g., a 1-in-100-year event i has a yearly 

probability of occurring of pi = 0.01). If a flood has occurred (Appendix D6), the 

damage D is calculated as the function of (1) the inundation depth for return period i 

in each grid cell and (2) the depth-damage curve (Appendix D3). The damage D is 

corrected for any residential loss-reducing measures (elevation and dry-proofing – 

Appendix D3). Depending on the behaviour type, the occurrence of a flood can 

trigger DRR implementation by residents and governments.  
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6.2.5 Adaptive behaviour by residents  

 

Residents can decide to protect the residential building surface and thereby reduce 

their vulnerability to flood events. We model the adaptive behaviour by residents for 

each time-step and for each high-resolution grid cell (30″ x 30″), which is done 

separately for the existing, unprotected residential area at time t, St,unprotected, existing, and the 

newly developed residential area at time t, St,new. Adaptive behaviour by residents in 

each grid cell follows a subjective discounted-expected-utility (DEU) model, as shown 

in stylized form in Equation 6.1 and detailed form in Appendix D7, which depends 

on rational or boundedly rational perceptions of flood risk. For each time-step in each 

grid cell, the DEU is calculated and compared for two strategies: (a) Strategy 1; 

implement a loss-reducing measure such as elevation or dry-proofing, or (b) Strategy 

2; do nothing, thus accepting the flood risk.  

 

For both St,unprotected, existing and St,new, the strategy that yields the highest DEU is taken. For 

St,unprotected, existing, studies have shown that the most cost-effective loss-reducing measure 

is dry-proofing(Aerts and Botzen, 2011); therefore, the decision is made based on dry-

proofing as the loss-reducing measure. For St,unprotected, existing, if Strategy 1 yields the 

highest DEU, then St,unprotected, existing becomes Stdry-proofed, existing. Dry-proofing reduces 

damage caused by inundation of up to one meter by 85%(Aerts and Botzen, 2011). 

Inundation above one meter overtops the dry-proofing, causing full damage.  

 

For newly developed residential buildings, St,new, studies have shown that elevation is 

the most cost-effective measure (Aerts and Botzen, 2011); therefore, the decision for 

the newly developed residential area is made based on elevating buildings. For St,new, if 

Strategy 1 yields the highest DEU then St,new becomes St,elevated, existing. Elevation is of up to 

one meter, which is considered optimal by FEMA (FEMA, 2014) because this average 

height prevents considerable flood damage costs and does not disrupt landscape views 

or city-planning policies. Note that, for each grid cell, Equation 6.1 is consequently 

used four times: twice to compare the two strategies for St,unprotected, existing, and twice to 

compare the two strategies for St,new. The DEU equation in simplified form (see 

Appendix D7 for details) is as follows: 

 

𝐷𝐸𝑈𝑠𝑡𝑟 = ∫ 𝛽𝑝𝑖𝑈(𝐸𝐴𝐵𝑠𝑡𝑟)𝑑𝑝,
𝑝𝐼

𝑝𝑖

 | 6.1 | 

 

where DEUstr is the discounted-expected utility for a certain strategy, pi the specific 

probability p of occurring equal to the inverse of the return period of event i (e.g., a 
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100-year return period has a p of 0.01), β individual perception of the probability, i 

one event with a specific return period, I the set of events over all return periods, 

U(…) the functional utility form, and EABstr the equivalent annual benefits of the 

strategy (Appendix D7). This model is applied in different form for rational and 

boundedly rational residents, where the rational residents makes decisions based on 

objective information and the boundedly rational residents over- or under-estimates 

risk (Appendix D7). The differences for behaviour types are as follows: 

 

Rational residents: Under this type, it is assumed that residents make fully informed 

rational decisions to either elevate newly developed buildings or dry-proof residential 

buildings, as these are the most cost-effective measures for these types of buildings 
(38). Rational residents are fully informed about the flood risk they face. They therefore 

consider the probability of a flood to be equal to the objectively calculated return 

period of a flood (Appendix D3). The perception β of the objective probability p is 

accurate, such that β = 1 (Appendix D7). Moreover, rational residents have perfect 

knowledge of climate change, which is applied in Equation 6.1 (Appendix D7). 

 

Boundedly rational residents: The assumption of fully rational behaviour is often 

criticized, as the rationality of individuals is likely to be bounded by limited 

information-processing capacities and limited information availability (Filatova et al., 

2009; Petrolia et al., 2013; Safarzyńska et al., 2013; Simon, 1972). Boundedly rational 

residents overestimate the probability of a flood after a flood event and generally 

underestimate the probability in periods without flooding. This behaviour is in line 

with empirical observations, which show that people are generally less inclined to take 

action before a flood (Bubeck, Botzen, Kreibich, et al., 2012; Kunreuther, 1996; 

Thieken et al., 2007), that a flood event triggers a response seen in both loss-reducing 

investments (Bubeck, Botzen, Kreibich, et al., 2012; Thieken et al., 2007) and the 

housing market (Bin and Landry, 2013), and that after a flood, behaviour returns to 

prior conditions over time (Bin and Landry, 2013; Kunreuther, 1996). Following an 

earlier developed method (Haer, Botzen, Moel, et al., 2016), the perception β of the 

probability p is subjective, such that 𝛽 = 102αt−1. If a flood occurs, αt = 1. If no 

flood occurs at time-step t, αt = αt-1 / 1.6. This causes risk to be overestimated 

immediately after a flood, after which the perceived probability declines to an 

underestimation of risk. Boundedly rational residents have imperfect knowledge of 

climate change; thus, a random estimate (Appendix D7) is applied. 

 



Chapter 6 
 
 

122 

 

Residents do not adapt: Under this behavioural type, residents are assumed not to 

adapt. As the adaptive behaviour of residents is commonly not taken into account in 

climate-impact projections (1), this type is the baseline.  

 

6.2.6 Adaptive behaviour by governments 

 

In our model, governments can adapt each time-step in each administrative region in 

the EU (NUTS 3) by raising protection standards (i.e., 5-, 10-, 25-, 50-, 100-, 250-, 

500-, and 1,000-year), thereby reducing the potential hazard. Protection standards are 

raised by increasing protection heights in all the NUTS 3 grid cells (30″ x 30″) to the 

flood volume height associated with a certain return period (Appendix D9). Proactive 

governments make the decision in six-year cycles, or after a flood event. The six-year 

cycle is based on the approach of the Netherlands, one of the most proactive counties 

to invest in flood defences. Reactive governments only take this decision after a flood 

event in the NUTS 3 region.  

 

The decision to raise protection standards (i.e., to increase dike heights) is based on a 

cost-benefit analysis (CBA). Note that the NPV for strengthening a part of the dike is 

calculated in high resolution (30″ x 30″) and is summed for dike parts in the NUTS 3 

region (Appendix D9). Governments take climate change into account by adjusting 

the benefits at each future time-step with the predicted increase in flood risk for the 

country. Note that the benefit of raising dikes, or the reduction in EAD the dike 

height delivers, is calculated for the potential reduction of the total fluvial flood risk 

and not only for residential flood risk. The stylized equation (details provided in 

Appendix D9) for the NPV is as follows:  

 

NPV𝑃𝑆𝑖
= ∑ ∑

𝐵𝑡,𝑃𝑆𝑖,𝑛 − 𝐶𝑡,𝑃𝑆𝑖,𝑛

(1 + 𝑟)𝑡

𝐿

𝑡=1

𝑁

𝑛=1

− 𝐶0,𝑃𝑆𝑖,𝑛, | 6.2 | 

 

where PSi is the analysed protection standard, n is a cell, N is the total set of cells in a 

NUTS3 region, t is the current time step, L is the lifespan of the new dike, B is the 

benefit (reduction in EAD) that the PS will offer, Ct is the maintenance costs at time 

step t, C0 is the initial investment costs, and r is the discount rate. The social discount 

rate is set at 4%, which is the recommended rate for investments in Europe13. The 

behavioural types for the government are defined as follows. 

                                                      
13 http://ec.europa.eu/smart-regulation/guidelines/tool_54_en.htm 
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Proactive governments: Under this type, governments decide whether or not to 

increase dike heights to improve protection standards in regular decision cycles of six 

years or after a flood event (whichever is faster). This behaviour is modelled after the 

decision cycle in the Netherlands, which is one of the most proactive countries in the 

EU with respect to flood-risk management.  

 

Reactive governments: Under this type, governments decide whether or not to 

increase dike heights to improve protection standards only after a flood event (Section 

6.2.4). This reactive behaviour is commonly seen in countries with flood-prone 

regions (IPCC, 2012).  

 

2010 protection heights: This type projects flood risk as it would occur under the 

assumption that no adaptive actions by governments are taken. With constant 

protection heights and increasing water levels associated with different return periods, 

protection standards will drop. While this behavioural assumption is unrealistic, it is 

the common approach of many studies (Hirabayashi et al., 2013; Jongman et al., 2012). 

 

2010 protection standards: This type represents flood-risk projections if protection 

standards are kept constant. This means that dikes are heightened for each time-step 

when river discharges increase to offer the same protection standard as in 2010. This 

approach has been applied recently (Jongman, Hochrainer-Stigler, et al., 2014), but it 

is still a static assumption that does not represent the adaptive nature of humans. 

 

6.3 Results 

 

6.3.1 How adaptive behaviour shapes risk 

 

Our analysis shows that including dynamic adaptive behaviour in flood-risk 

assessments leads to substantial differences in projected residential flood risk for the 

EU, as shown here for the future RCP8.5-SSP5 scenario (Figure 6.2) and in the 

supplement for the RCP2.6-SSP1 scenario (Appendix D, Figure D1-5). As an 

illustration, compared to the static, “2010 protection height” behavioural type that is 

usually applied in flood-risk management studies, the residual risk to residential 

buildings is on average 35-50% lower after 2030 if residents adapt in a rational or 

boundedly rational manner and governments adapt reactively. If governments adapt 

reactively, the risk is even 72-79% lower. With respect to the static, “2010 protection 

standards” behavioural type, projections show an increase in risk of 6-35% after 2030 

if residents adapt in a rational or boundedly rational manner and governments adapt 
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reactively. However, projections for this type show a decrease in risk of 46-59% if 

governments adapt proactively. These differences show that the dynamic adaptation 

of residents and governments can lead to significantly different levels of residual risk 

that should be covered by L&D policies. 

 

Moreover, our results (Appendix D, Figure D1-6) show the significance of including 

the behaviour of residents on flood risk. Aggregating the effect of rationally behaving 

residents can reduce roughly up to 25% of the absolute residential flood risk in the 

EU. Boundedly rational residents, who in general underestimate risk, reduce risk by 5-

20%. While proactive governments are responsible for a large share in risk reduction 

compared to residents, the relative share of risk reduction taken on by both rational 

and boundedly rational residents largely outweighs the relative share taken on by 

reactive governments (Appendix D, Figure D1-6). When residents are rational while 

governments act reactive, they are projected to take on a share of more than 50% of 

the risk reduction over the period 2010-2080, and more than 75% in the initial years. 

If they are instead boundedly rational, they still are projected to take on 50% of the 

risk reduction. Note that the absolute risk reduction for reactive governments is lower 

than that for proactive governments (Appendix D). But even when governments are 

proactive, the results show that rational residents can have a substantial share in the 

risk reduction (Appendix D, Figure D1-6). When residents are rational while 

governments are proactive, they are projected to take on a relative share in risk 

reduction of more than 25% for the period until 2050.  When instead they are 

reactive, the relative share is between 10 and 20%, as governments take on most of 

the risk reduction. This highlights the importance and the possible manoeuvre space 

for adaptation policies to stimulate individual residents to act in a more rational way—

for instance, through financial incentives that stimulate cost-effective DRR 

investments (Haer, Botzen, Moel, et al., 2016). Furthermore, the difference between 

reactive and proactive government behaviour shows the potential benefit of macro-

level DRR policies, such as the EU flood directive (EU, 2007). Our results show that 

a transition from a reactive to a proactive approach can reduce the risk by €3.1-6.7 

billion/year in 2050 and by €14.4-18.5 billion/year in 2080. This provides an updated 

projection for the size of the required future compensation funds or insurance 

schemes in the EU. 

 

Our results also show that including dynamic adaptive behaviour can outweigh the 

effects of climate-change scenarios in our risk projections. When residents adapt 

either in a rational or boundedly rational fashion and governments act proactively, 

flood risk for the RCP8.5-SSP5 scenario is 17-37% lower in the period after 2030 than 
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in the RCP2.6-SSP1 scenario with static “2010 protection standard” behaviour types. 

Flood risk under those conditions is 55-66% lower than in the RCP2.6-SSP1 scenario 

with the static “2010 protection height” type (Appendix D, Figure D1-5). Even if 

governments adapt reactively under the RCP8.5-SSP5 scenario, the resulting flood risk 

is as low as in the RCP2.6-SSP1 scenario with the static “2010 protection height” 

behaviour type. 

 

 
Figure 6.2 | Projection of fluvial flood risk for residential buildings in the EU from 2010–

2080 under the RCP8.5-SSP5 scenario. The six combinations of behavioural types show large 

differences in projected risk in residential areas, underlining the importance of including 

dynamic adaptive scenarios to understand the development of risk. This is further emphasized 

by the significant differences between the static “business-as-usual” and the dynamic 

adaptation behaviour types.  

 

6.3.2 Interaction of behaviour and policy 

  

Figure 6.3 shows a spatial representation of the share of protected residential 

buildings and the achieved protection standards in the year 2080. Both depictions 

assume the RCP8.5-SSP5 scenario. On a micro-level, the rational behaviour of 

residents leads, on average, to 27% higher protection rates than boundedly rational 

behaviour. The effect of rational adaptation on risk reduction by residents is large 

throughout the EU, but it is smaller for countries that already have very high 

protection standards, such as the Netherlands. Our results also support the design of 

financial incentives (e.g., insurance) to stimulate DRR by residents—for instance, by 

offering discounts on flood-insurance premiums if loss-reducing measures are 

implemented (Haer, Botzen, Moel, et al., 2016). Offering such a discount to those 

who limit risk can also overcome so-called moral-hazard problems, which can occur 

when policyholders do not limit risk for properties for which they have insurance 

coverage.  
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Figure 6.3 | Modelled public and residential protection for the EU in 2080 under the 

RCP8.5-SSP5 scenario. The percentage of residential buildings that are either elevated or 

flood-proofed differs strongly between residents that are, (a) economically rationally risk-

averse or (b) boundedly rational (meaning that they generally underestimate the probability of 

a flood except after an event). The protection standard implemented by governments differs 

strongly when governments act either, (c) proactively (in six-year cycles) or (d) reactively (only 

after flood events). 

 

However, such insurance schemes need to be well designed to lead to an effective 

behaviour change and, for example, depend on whether the purchase of flood 

insurance is voluntary or mandatory. When flood insurance is voluntary, our 

additional analysis (Appendix D8) shows that boundedly rational residents do not 

increase DRR following a discount on the insurance (Appendix D, Figure D1-7), as 

they are not inclined to buy insurance in the first place and hence do not receive 

insurance incentives for risk reduction (Appendix D, Figure D1-8). In contrast, when 
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flood insurance is mandatory, boundedly rational residents increase the 

implementation of DRR measures by an average of 32% if a discount is offered on 

their insurance premium, compared to a mandatory insurance scheme without 

discounts (Appendix D, Figure D1-7). The discount thus steers behaviour toward 

rational behaviour, which leads to, on average, 38% more risk reduction by residents 

compared to an insurance that does not incentivize risk reduction (Appendix D, 

Figure D1-7). While the design of effective and viable insurance schemes is complex 

(Hudson et al., 2016; Erwann O. Michel-Kerjan and Kunreuther, 2011; Surminski et 

al., 2015), our analysis provides a bandwidth of the interplays between insurance 

incentives and behavioural effects with respect to DRR, and it thus underlines the 

importance of including behavioural aspects in developing insurance schemes.  

 

Figure 6.3 also shows that proactive behaviour by governments leads to step-wise 

upgrading of flood-protection standards, while a reactive course leads to a decline in 

flood-protection standards and a consequent increase in risk. While the benefits of a 

proactive course are persistent throughout Europe, Figure 6.3 shows that it is 

especially important in flood-prone regions such as western Europe and parts of 

central and southern Europe. These projections emphasize the importance of pushing 

proactive DRR policies, as is done by the EU Flood Directive (EU, 2007). All 

conclusions are robust over the full range of scenarios and behaviour types (Appendix 

D, Figure D1-9 to E1-12). 

 

6.4 Discussion and conclusion 

 

The recent flood disasters in the U.S. and Asia, and the projections of increasing 

climate risks and extreme events, again show the urgent need to improve disaster-

reduction policies, as underlined by the international agreement on L&D (UNFCCC, 

2013) and the Sendai Framework for DRR (UN, 2015). Such policies rely on accurate 

risk-assessment methods. Our multi-disciplinary modelling approach that includes 

behavioural adaptation significantly improves quantitative assessments of risk and 

adaptation (Mechler and Schink, 2016). Scientific advances on modelling complexity 

and human behaviour cover decades of work, and although there is no real consensus 

about what method fits best for a certain application (Page, 2015), it is commonly 

agreed that human behaviour is often neglected in quantitative approaches in the 

environmental sciences (Kunreuther et al., 2014). By focusing on flood-risk-

assessment models, risk perception and integrating proven behavioural theories, our 

study is shows that human behaviour indeed plays an important role in risk trends. 

Our methods—which are transferable to other regions and other natural hazards such 
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as storm surges, extreme winds, or earthquakes—provide insights into the potential 

manoeuvre space for DRR policies. Moreover, our study provides projections of the 

residual risk that need to be covered by L&D policies.  

 

Our results show how to prioritize efforts in adaptation and risk reduction, where 

effective adaptation is a combination of targeted, proactive government investments 

in flood protection and policies that support individual households in better preparing 

for flood risk (such as financial incentives to stimulate cost-effective DRR 

investments). Flood-insurance mechanisms (Erwann O. Michel-Kerjan and 

Kunreuther, 2011) could play an important role in this regard by providing premium 

discounts if residents implement loss-reducing measures (DRR policy). This could 

also aid in alleviating the increased stress on existing compensation mechanisms, such 

as the EU Solidarity Fund (EUSF) (Jongman, Hochrainer-Stigler, et al., 2014). 

 

Underlining the differences in risk projections between the static behaviour types and 

the adaptive behaviour types, we stress the importance of integrating the dynamic 

adaptive behaviour of key agents in disaster-risk assessments. Our results show the 

enormous aggregate potential of individual and adaptive behaviour that DRR policies 

could tap into. Thus, it is imperative for DRR research to shift its focus toward 

integrating individual adaptive behaviour and interactions with the main stakeholders 

involved in DRR (Mechler and Schink, 2016). 
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CHAPTER 7 

The safe development paradox: an agent-based assessment of 

flood risk in the European Union 

Abstract: Governments are under pressure to implement measures and adaptation 

policies that limit flood risk, because flood risk is increasing in many regions 

worldwide as a result of climate change and socio-economic developments. While 

integrated flood risk reduction approaches are being advocated, large-scale 

engineering structures are still the preferred option for many governments to reduce 

the flood hazard. However, research suggests that the sole focus on government-

funded flood protection adversely leads to an increase in exposure when people and 

economic activities tend to concentrate in protected areas. Moreover, planned 

adaptation can reduce the incentives for autonomous adaptation, meaning that people 

in protected areas are less inclined to reduce their vulnerability, for instance by flood-

proofing buildings. Consequently, the increased protection by governments can 

paradoxically also result in more severe consequences if an extreme flood event 

occurs. This phenomena, sometimes called the safe development paradox or levee 

effect, is generally not accounted for in existing models used to assess developments 

in future flood risk.  There is thus a gap in the modelling literature  on the scale of the 

safe development paradox, and potential impact of policies to reduce adverse effects. 

In this study, we present a large-scale agent-based model approach to assess the 

impact of extreme flood events for the European Union. We quantify (1) how the safe 

development paradox affects population growth and the consequential increase in 

exposed property values, (2) the reduction in demand for building-level investments as 

public protection increase, and (3) the increase in potential damage should a flood 

occur. For this analysis, we apply a state-of-the-art model that integrates the dynamic 

behaviour of governments and residents in a large-scale flood risk assessment 

framework, in which we include estimates for changing population growth. We find 

that especially in large metropolitan areas, the impact of extreme flood events 

increases considerably when governments provide high protection levels. Moreover, 

we show how policy that stimulates the flood-proofing of buildings can largely 

counteract the effects of the safe development paradox.  

 

This chapter is based on: 

Haer, T., Husby, T.G., Botzen, W. J. W. & Aerts, J. C. J. H. The safe development paradox: an 

agent-based assessment for flood risk in the European Union. Prepared for Global 

Environmental Change  
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7.1 Introduction 

 

In the past decade, floods in Europe affected over four million inhabitants and their 

assets, killing almost a thousand people and leaving over five thousand homeless 

(Guha-Sapir et al., 2017). The 2013 floods alone, which affected most of Central 

Europe, resulted in reported damages of 18 billion euro, and during the period of 

2006-2013 over two hundred minor and major floods led to a total of 52 billion euro 

in reported damages (Guha-Sapir et al., 2017). These already dire numbers are 

expected to be aggravated by increases in extreme events due to climate change 

(IPCC, 2012), and an increase in exposed assets due to socio-economic developments 

(Jongman et al., 2012). The high risk from flooding has prompted the development of 

several policy frameworks such as the Sendai framework for Disaster Risk Reduction 

(UN, 2015), the Warsaw International Mechanism for Loss & Damages (UNFCCC, 

2013), and the EU Flood Directive (EU, 2007). While these frameworks attempt to 

emphasize an holistic risk reduction approach, where governments, institutions, and 

households are all responsible for reducing risk, reality on ground is often different: in 

many countries, dikes and other large engineering structures remain the prevailing 

flood risk management strategies (Harries and Penning-Rowsell, 2011; Hartmann and 

Spit, 2016).  

 

Even though these large engineering structures are often cost-effective, they lead to 

the ‘promise of protection’ (Hartmann and Spit, 2016), creating a sense of safety 

among those that reside in the protected area. This sense of safety can lead to adverse 

effects, where, for instance, self-reliance, and reducing local scale vulnerability (e.g. 

through flood-proofing buildings) is neglected (IPCC, 2012). Hence, development in 

low-lying areas is often accelerated after flood protection is installed (Burby, 2006; Di 

Baldassarre et al., 2013; Ludy and Kondolf, 2012). Paradoxically, this means that 

reducing the hazard probability through increasing flood protection, may lead to an 

increase in exposure and vulnerability, and if a flood disaster strikes, its consequences 

are more severe than otherwise would have been (IPCC, 2012). This process, first 

described by White (1942), is often referred to as ‘the safe development paradox’ 

(Burby, 2006), the ‘levee effect’ (Tobin, 1995), or the ‘dike paradox’ (Hartmann and 

Spit, 2016). We will adopt the term safe development paradox in the remainder of this 

paper.   

 

Several recent studies have analysed how the safe development paradox increases 

population growth in protected areas, or, in contrast, decreases population growth in 

areas where a flood has recently occurred. For instance, Husby et al. (2014) analysed  
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population growth in Dutch municipalities after the major flood disaster in 1953 and 

the subsequent implementation of large flood defence structures. In their study, 

Husby et al. (2014) showed that the increase of protection indeed led to a higher than 

expected growth in population. Other studies by Collenteur et al. (2015) and Burby 

(2006) found similar results for the United States, confirming that increased flood 

protection has a positive effect on population growth, while flood events have a 

negative effect on population growth.   

 

Although the effects of flood protection on population growth are well known, 

current scientific models for flood risk projections commonly do not address the safe 

development paradox, and as such do not provide a realistic assessment of the impact 

of extreme events (Di Baldassarre et al., 2013, 2015). Besides neglected population 

dynamics, this gap in knowledge is partly caused by the common exclusion of micro-

level behaviour from flood risk assessments, such as adaptation efforts by households. 

Excluding micro-level behaviour reduces the capacity of analytical frameworks to 

quantify the risk reduction potential of policies that counteract the effects of the safe 

development paradox. For instance, a solution to the paradox might be found in 

building-level protection measures that reduce the impact of extreme events, such as 

wet-proofing (i.e. reducing damage while still allowing water to enter) and dry-

proofing (i.e. reducing damage by preventing water to enter) of buildings, or elevation 

(i.e. reducing damage by raising structures). When dikes fail or are overtopped, such 

building-level measures can greatly reduce the damage done by extreme events, as 

shown by Kreibich et al. (2005) and (Poussin et al., 2015). This means that to quantify 

the effects of the safe development paradox, and to guide policy makers in their 

decision making, the integration of micro-level decision making in flood risk 

assessments is important.   

 

In this study, we provide a first quantitative assessment of the safe development 

paradox by applying an augmented agent-based model (ABM) developed in Chapter 6, 

which integrates the dynamic adaptive behaviour of both governments and EU 

residents in a large-scale flood risk assessment model. In particular, the ABM includes 

a new module that estimates the change in population growth resulting from either 

increased public protection, or flood events, so that we can show how the safe 

development paradox affects population growth and the consequential increase in 

exposed property values. Moreover, we analyse the reduction in demand for building-

level investments as public protection increases, and the consequential increase in 

damage should a flood occur. Moreover, we show how this safe development effect 

can be largely counteracted by steering the behaviour of residents to economically 
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desired behaviour, for instance by providing financial incentives for flood-proofing 

buildings. Our work thereby contributes to the policy design of EU member states 

under the EU flood directive.  

 

7.2 Methods 

 

We use the model developed in Chapter 6, which incorporates the dynamic adaptive 

behaviour of governments and households in a flood hazard model, and returns the 

monetary expression of yearly average flood risk (expected annual damage, EAD) for 

the entire European Union. For purpose of clarity, we summarize the model in 

Sections 7.2.1-7.2.4. In the model, during each one-year time-step, the flood hazard 

and associated EAD changes dynamically and flood events occur stochastically 

(Section 7.2.1), socio-economic change affects exposed value and population, and 

population growth causes an increase in residential building surface and exposed value 

(Section 7.2.1). Moreover, governments can adapt by raising protection standards 

(Section 7.2.2), and residents can adapt by either dry-proofing or elevating residential 

buildings (Section 7.2.3). By modelling the adaptive responses of both the government 

and resident, we can analyse the interaction and feedback between the adopted 

protective strategies.  

 

 
Figure 7.1.|  Schematic representation of the safe development paradox in relation to the 

protective behaviour of governments and households.   

 

Building on the work in Chapter 6, we examine the absolute flood impact for different 

return periods (expected damage, ED), which is an underlying factor of the EAD 

(Section 7.2.1). By doing so, we can quantify how well-intended proactive government 
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strategies can lead to lower flood risk (EAD), but higher impacts of extreme events 

(ED) because households become less inclined to take protective efforts. This is 

schematically shown in Figure 1. Moreover, we integrate a new algorithm in the 

model, which accounts for the reported change in population growth (Burby, 2006; 

Collenteur et al., 2015; Husby et al., 2014) as a result of flood occurrence and 

increased governmental protection (Section 7.2.3.2).  

 

7.2.1 Flood risk and flood impact  

 

Flood inundation maps for the set of return periods (5-, 10-, 25-, 50-, 100-, 250-, 500-, 

and 1000-year return period) are developed on a 30”x30” resolution following the 

GLOFRIS modelling cascade (Ward et al., 2013; Winsemius et al., 2013), for current 

climate using EU-WATCH (Weedon et al., 2011), and for five Global Circulation 

Models (Hempel et al., 2013); HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-

CHEM,  GFDL-ESM2M, and NorESM1-M. As this study focuses on behaviour, and 

not on climate change scenarios, we show the results for the Representative 

Concentration Pathways (RCP) 8.5 in the main text. As a sensitivity analysis, we 

provide the results for the RCP2.6 scenario in the Appendix E1. Each 30”x30” cell 

has a specific exposed value based on the land-use class, the country, and the share of 

residential building surface (Chapter 6). The ED for each return period, for each 

30”x30” grid cell, is calculated as the product of the inundation depth in each cell, the 

exposure, and the depth-damage curve. The latter  describes the relation between 

inundation depth and damage to the value of exposure (de Moel et al., 2015; Merz et 

al., 2010; Ward et al., 2013).  

 

The exposure is based on (1) land-use values for each grid cell and (2) exposed 

residential building area, which follows a spatial-temporal function that estimates 

residential building surface based on population levels (Chapter 6). The yearly change 

in population levels initially follows Socio-Economic Pathway (SSP) data at 30”x30” 

resolution (van Vuuren et al., 2007). The RCP2.6 pathway is coupled here to the SSP1 

pathway, and the RCP8.5 pathway is coupled to the SSP5 pathway. Under the baseline 

settings, population levels, and therefore exposed residential building surface, is 

unaffected by the occurrence of a flood and the construction of a dike. This 

assumption is common in risk assessments, although it disregards the influence of 

flood events and increased protection on population growth observed in literature 

(Burby, 2006; Collenteur et al., 2015; Husby et al., 2014). In Section 7.2.3.2 we 

describe a new methodology that integrates changes in population growth as a result 

of flood occurences or increased government protection.   
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The ED is further influenced by the adaptive behaviour of governments and residents 

(Section 7.2.2 and 2.3). The EAD is then determined by approximating the integral 

over the ED of all return periods (de Moel et al., 2015; Merz et al., 2010; Ward et al., 

2013). Moreover, to be able to model reactive behaviour, flood events occur 

stochastically in model runs, with a probability associated with the return period: e.g., 

the yearly stochastic probability p associated with a 100-year return period is 0.01.  

 

7.2.2 Government decision-making 

 

Governments can adapt in each NUTS 3 region, by increasing dike heights to raise 

protection standards. Initial protection standards and dike heights at t=0 (2010) are 

derived from the FLOPROS database (Scussolini et al., 2016). The decision to raise 

protection standards is based on a cost-benefit analysis (CBA), calculated for each 

30”x30”grid cell and summed for the NUTS 3 region, which, in stylized form (for 

details see Chapter 6), follows:  

 

NPV𝑃𝑆𝑖
= ∑

𝐵𝑡,𝑃𝑆𝑖
− 𝐶𝑡,𝑃𝑆𝑖

(1 + 𝑟)𝑡

𝐿

𝑡=1

− 𝐶0,𝑃𝑆𝑖
 

 

| 7.1 | 

The net present value, NPV, is calculated for protection standards PS that protect 

against a return period i over the lifespan of a dike L. We use a lifespan of 100 years 

similar to Aerts et al. (2014). The benefit Bt,PSi is the net EAD reduced, i.e. the EAD 

reduced by the evaluated protection standard PSi minus the EAD reduced by the 

current protection standard PScurrent.  The additional yearly maintenance costs Ct,PSi are 

the net maintenance cost of raising the protection standard PSi above the current 

protection standard PScurrent.  The investment costs C0,PSi are the initial cost of 

increasing the dike height. We use a discount rate r of 4%, in line with the 

recommended discount rate in the EU14. We model two behaviour scenarios that 

represent current and optimal behaviour; one in which the government is reactive, 

and only decides to increase protection standards or not after a flood occurred, and a 

scenario in which the government is proactive, and decides to increase protection 

standards or not in six year cycles. These approaches are representative for currently 

observed behaviour (Adger et al., 2005; Albright, 2011; IPCC, 2012; Johnson et al., 

2005), and desired optimal behaviour, similar to the approach by the government in 

                                                      
14 http://ec.europa.eu/smart-regulation/guidelines/tool_54_en.htm 
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the Netherlands, which is currently one of the most proactive government concerning 

flood risk reduction (Kind, 2014). As both are based on CBA, the proactive 

governments will be more likely to raise protection standards, potentially being 

subjected to the safe development effects of dike construction on population levels 

and the adaptive behaviour of households.   

 

7.2.3 Household decision-making 

 

7.2.3.1 Adaptation decision  
 

The adaptive behaviour of households in each 30”x30” grid cell follows a model of 

Discounted Expected Utility (DEU), which is the mainstream economic theory for 

decision making under risk. Each time-step, households compare the DEU of two 

strategies; implementing a loss-reducing measures, and doing nothing. The strategy 

that yields the highest DEU is performed. The evaluation of DEU is done separately 

for the existing, unprotected building surface, which residents can dry-proof, and 

newly developed building surface, which residents can elevate. This is done as dry-

proofing is the cost-effective measure for existing buildings, while elevating is the 

cost-effective measure for newly developed buildings. Dry-proofing reduces 85% 

(Aerts and Botzen, 2011) of the damage to the existing, dry-proofed residential 

building surface, and elevating shifts the depth-damage curve upwards by 1 meter for 

the existing, elevated residential building surface in a grid cell. The stylized form of the 

DEU follows (for details Chapter 6): 

 

𝐷𝐸𝑈𝑠𝑡𝑟 = ∫ 𝛽𝑝𝑖𝑈(𝐸𝐴𝐵𝑠𝑡𝑟)𝑑𝑝
𝑝𝐼

𝑝𝑖

 

 

| 7.2 | 

The DEU is calculated for the two different strategies, str, as the integral over the 

probabilities p associated with each return period i, and the utility of the Expected 

Annual Benefits, EAB, of the strategy str. As the probability of a flood event can be 

reduced over time by government decision-making (Section 7.2.2), the decision by 

households is also influenced by government action, which can lead to the safe 

development paradox where households do not act as protection is already provided 

for. The utility function follows U(x) = ln x (Haer, Botzen, Moel, et al., 2016). The β 

= 102αt−1 represents how perceived flood probabilities deviate from objective 

probabilities, where αt = 1 if a flood occurs in the NUTS 3 region where the resident 

resides, and αt = αt-1 / 1.6 if no flood occurs. This represents boundedly rational 

households that overestimate the probability of a flood if one just occurred, and start 
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to underestimate the probability of a flood in periods where no flood occurs (Haer, 

Botzen, Moel, et al., 2016), behaviour that is often observed in real-life (Kunreuther, 

1996; Kunreuther et al., 1985). We also run the model for β = 1, causing equation 2 to 

reflect a rational, risk averse decision process where the perceived risk is  equal to the 

objective risk.  The rational, risk averse decision process reflects households that are 

not influenced by under- or overestimation, and have perfect knowledge of the risk 

situation. Such behaviour can for instance be stimulated by providing incentives to 

correct for boundedly rational behaviour, as explained further in Section 7.2.4 

behaviour scenarios.  

 

7.2.3.2 Location decision  
 

Moreover, we model the change in population growth (i.e. households moving in or 

out of the area) resulting from flood occurrence or increased protection (Di 

Baldassarre et al., 2015). Previous ABM’s have included the location decision explicitly 

(Tonn and Guikema, 2017), but such studies implement ad hoc decision rules due to 

lack of empirical data for calibration and validation. On a small-scale, studies by 

Filatova et al. (2015; 2011)  do show how agent-based models can be combined with 

empirical data to model for instance the urban housing market that is influenced by 

risk and steered by the presence of local amenities. However, as large scale empirical 

data is often missing to derive behavioural rules, we choose to model the location 

decision implicitly based on empirical results and applied to the EU, by adjusting the 

percentage growth as given by the SSP (Section 7.2.1) with the marginal impact on 

population growth from flood events and increased protection, as empirically 

determined by Husby et al. (2014) (Table 7.1). Husby et al. (2014) carried out a so 

called dynamic difference-in-difference statistical analysis on municipality-level 

population data of the Netherlands in the period 1960-2000. This study offers the 

only empirical data for changes in population growth as a result of both flood 

occurrence and increased protection we are aware of. In this difference-in-difference 

analysis, Husby et al. (2014) compared the population growth in areas that were 

affected by increased public protection, with population growth in areas that were not 

affected, using municipality-level census data. Note that the change in population 

growth influences the exposed value, and thus potentially increases EAD and ED. 

However, an increase in exposed value could also lead to increased protective efforts 

by governments (Section 7.2.2) and households (Section 7.2.3.1), and can thus 

indirectly reduce EAD and ED. As such, including the effect on population is a 

neutral change with respect to the adaptive behaviour.  
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Table 7.1 | Percentage-point change in population growth as a result of an event, which is 

either a flood event, or construction of dikes.  

 

Flood  Protection 

Time period 

(year) 

Estimate 

(Δ %) 

Upper 

bound 

(Δ %) 

Lower 

bound 

(Δ %) 

 

Estimate 

(Δ %) 

Upper 

bound 

(Δ %) 

Lower 

bound 

(Δ %) 

Event  -0.00747 -0.00061 -0.01433  -0.00262 0.002675 -0.00792 

Event + 1 0.000999 0.004739 -0.00274  0.006459 0.012588 0.00033 

Event + 2 0.003199 0.007978 -0.00158  0.008387 0.014519 0.002254 

Event + 3 0.001904 0.007296 -0.00349  0.005651 0.013791 -0.00249 

Event + 4 -0.00219 0.001913 -0.00628  0.00706 0.013161 0.000959 

Event + 5 -0.00532 -0.00074 -0.00991  0.008815 0.015149 0.00248 

Event + 6 -0.00075 0.00494 -0.00644  0.010022 0.017794 0.002251 

Event + 7 -0.00084 0.005787 -0.00746  0.007403 0.013531 0.001275 

Event + 8 -0.00447 0.003985 -0.01293  0.010347 0.017717 0.002977 

Event + 9 -0.00358 0.001532 -0.00869  0.009942 0.017097 0.002788 

Event + 10 -0.00388 -4.22E-05 -0.00771  0.008795 0.015393 0.002196 

Event + 11 -0.0014 0.005167 -0.00796  0.009364 0.014929 0.003798 

Event + 12 0.000696 0.009225 -0.00783  0.006491 0.011528 0.001455 

Event + 13 0.004223 0.010531 -0.00208  0.0042 0.008513 -0.00011 

Event + 14 0.000918 0.006702 -0.00487  0.007572 0.013313 0.001832 

Event + 15 0.003611 0.012444 -0.00522  0.003245 0.00835 -0.00186 

Event + >y15 0.001718 0.004261 -0.00083  0.006094 0.00768 0.004507 

 

To our knowledge Husby et al. (2014) is currently the only study that provides the 

detailed empirical data on the effect of the safe development paradox on population 

from both increased protection and flood events. Therefore we use these results as a 

proxy for other countries in the European Union. To address the uncertainty 

associated with extrapolating these population growth dynamics in the Netherlands to 

Europe, we assume that for any given country the growth effects in a specific year lies 

within the triangular distribution of the estimate found for the Netherlands. In the 

event a flood occurs in a region or when a dike is constructed, the growth according 

to the SSP data is adjusted with a draw from the triangular distribution from the time 

period ‘Event’. In subsequent years after the event, the SSP data is adjusted with a 

draw from the triangular distribution of the appropriate time period. In addition to 

this stochastic approach to account for uncertainty, we provide a sensitivity analysis 

(see Appendix E2) in which we analyse the change in expected damage resulting from 

population change if the estimates in Table 7.1 are twice as large, or twice as small. 
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We run this sensitivity analysis for the regions in three distinctly different countries: 

The Netherlands, where government protection is high, Bulgaria, where government 

protection is low, and Italy, where some regions have high, and others have low, 

government protection against flooding.  

 

7.2.4 Behaviour scenarios 

 

To quantify the effects of the safe development paradox, we run the model for 

scenarios that exclude or include the population dynamics resulting from dike 

construction or flood events (SFDpop). By doing so, we can compare the common 

approach in flood risk assessment studies to a more realistic approach where the 

population effects are taken into account. Furthermore, we assume as the baseline 

that households are boundedly rational (BouRaHH), so that they under- and 

overestimate risk, and that governments act reactive (ReaGov). We compare this 

scenario to a scenario in which governments are proactive (ProGov), as envisioned by 

the EU Flood Directive. Moreover, to analyse a shift towards not only a proactive 

government, but also towards policies that steer households to rational behaviour, we 

include a scenario where households behave rational (RaHH) which we discuss in 

result Section 7.3.3. Although we do not explicitly model the policies to steer toward 

rational behaviour, they can for instance entail a discount on a flood insurance 

premium if households install flood-protection measures. This can be achieved by 

providing financial incentives that represent the uncertain outcome of the future (e.g. 

the perceived risk reduction obtained from flood-proofing a home) in a more certain 

direct financial incentive (e.g. a tax reduction or discount on an insurance premium 

which reflects the reduced objective risk by flood-proofing a home). For example, if 

households take up voluntary or mandatory flood insurance, the insurance companies 

can offer a risk-based discount on the insurance premium if households decide to 

elevate or flood-proof their house. Such a premium discount serves as an incentive for 

households to display more rational behaviour since they would act upon the benefits 

of the actual risk reduction that flood-proofing delivers. Alternatively, governments 

can offer subsidies or tax reductions for installing risk reducing measures. If well-

designed, such policies steer behaviour towards rational behaviour, which is modelled 

here by assuming  β = 1. The different combinations of behavioural scenarios 

described in this section are summarized in Table 7.2.  
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7.3 Results 

 

7.3.1 Reducing flood risk 

 

Figure 7.2 shows the flood risk, expressed in EAD, after adaptation by governments 

and residents for different scenarios for the EU. The results show that flood risk is 

only marginally influenced by including or excluding SFDpop, despite the increase in 

exposed value caused by population growth (see Appendix E3). As the EAD results 

from the integral over the ED of flood events with different return periods, events 

with more frequent return periods (i.e. high probabilities) count heavy towards the 

EAD, and those with less frequent return periods (i.e. low probabilities) count only 

little towards the EAD.   

 

Table 7.2 | Behaviour scenarios and summary of the behaviour of governments and 
households for each scenario. 

Scenario ID Description 

ReaGov+BouRaHH Reactive governments and boundedly rational households 
ProGov+BouRaHH Proactive governments and boundedly rational households 
ReaGov+BouRaHH+SFDpop Reactive governments and boundedly rational households 

Population growth is influenced by protection and flood 
events 

ProGov+BouRaHH+SFDpop Proactive governments and boundedly rational households 
Population growth is influenced by increased protection or 
flood events  

ProGov+RaHH+SFDpop Proactive governments and rational households 
Population growth is influenced by increased protection or 
flood events 

 

Even in the reactive scenarios, over 50% of the regions offer a protection standard of 

50 years or more, and therefore any increase in exposed value will only cause a minor 

change in EAD. The results thus show that including SFDpop does not significantly 

change earlier conclusions towards the EAD (Chapter 6); proactive behaviour leads to 

a significant reduction in EAD compared to reactive behaviour. Proactive behaviour 

that follows economically optimal decision making can even cancel out the increase in 

risk caused by climate change and socio-economic growth. When the EU 

governments act proactively, the EAD to residential buildings is approximately 4.5 

billion euro in 2050. In contrast, the EAD rises to approximately 10 billion when EU 

governments remain reactive. While this establishes the economic benefit of proactive 

behaviour, a potential increased impact of extreme events due to the safe 

development paradox is not clearly visible when analysing the EAD, which is a yearly 
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average. Therefore we investigate the ED, which is an absolute value, for three 

extreme return periods in Section 7.3.2.  

 

 
 

Figure 7.2 | Flood risk to residential buildings, expressed in EAD, for the period 2010-2050 

for the RCP8.5-SSP5 scenario. The results are shown for proactive and reactive governments, 

both including and excluding influence of increased protection and flood events on population 

growth.  

  

7.3.2 Increasing flood impact 

 

7.3.2.1 Increased impact due to changing population growth 
 

Figure 7.3 shows how including the SFDpop influences the ED in 2050 for three 

extreme return periods; 100-year, 500-year and 1,000 year. The top panels (A-C) show 

the difference in ED for the scenarios in which the government act reactive and 

where we include or exclude the safe development effects on population growth 

(EDReaGov+BouRaHH+SFDpop - EDReaGov+BouRaHH). In the reactive scenario, dike heights 

often remain at the same level as they are initialized in 2010. While flood risk 

increases, flood events can still be considered infrequent, and as a result, so is the 

reactive response of raising the protection standards. The difference in ED between 

the two reactive scenarios that include or exclude SFDpop is therefore relatively small. 

We find that when including SFDpop, there is a mean increase of 58, 164 and 183 

thousand  euro/km2 for the 100-year, 500-year and 1,000 year return period 

respectively between the reactive scenarios. However, these results are skewed upward 

by some regions with high exposed value. When comparing the medians, we find an 
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relatively small increase of 15, 42, and 45 thousand euro/km2 for the 100-year, 500-

year and 1,000 year return period respectively.  

 

 
 

Figure 7.3 | The average difference in expected damage in euro/km2 in 2050 under RCP8.5-

SSP5 conditions when including and excluding SFDpop. A-C: Difference between the 

scenarios in which the government acts reactive (EDReaGov+BouRaHH+SFDpop - EDReaGov+BouRaHH) 

for the 100-, 500-, and 1,000-year return periods respectively. D-F: Difference between the 

scenarios in which the government acts proactive (EDProGov+BouRaHH+SFDpop – EDProGov+BouRaHH) 

for the 100-, 500-, and 1,000-year return periods respectively. Values are set to zero if the 

protection standards in a scenario is higher than the return period.  

 

The bottom panels (D-F) of Figure 7.3 show the difference in ED for the scenarios in 

which the government act proactively and in which we include 

(EDProGov+BouRaHH+SFDpop) and exclude (EDProGov+BouRaHH) the influence of government 

protection and flood events on population growth. In contrast to the reactive 

scenario, when governments act proactively, the protection standards are frequently 

raised. As a consequence of frequently raising protection standards and the related 

population growth in the SFDpop scenario, there is a stronger increase in exposed 
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value in the proactive scenarios than in the reactive scenarios. Now the results show 

that there is an average increase of 99, 530, and 925 thousand euro/km2 and a median 

increase of 16, 142, and 240 thousand euro/km2 for the 100-year, 500-year and 1,000 

year return period respectively.  

 

When aggregating the ED of all regions in the European Union, we find that 

including the SFDpop in the reactive scenario increases the ED by approximately 4, 

12, and 14 billion euro for the 100-year, 500-year and 1,000-year return period 

respectively. Including SFDpop in the proactive scenarios leads to an aggregated 

increase of approximately 3, 38 and 67 billion euro for the 100-year, 500-year and 

1,000-year return period respectively. Note that these high numbers do not represent 

single event damage, as the low probability events will not occur simultaneously 

throughout the EU. In reality, floods with these return periods have a very low 

probability of coinciding, and yearly damages are substantially lower as shown by the 

EAD in Section 7.3.1.  However, the values do provide an indicator for the 

significance of the effect  of accounting for the influence of dike construction and 

flood events on population growth in flood impact studies. For the RCP2.6-SSP1 

conditions we find a similar pattern with lower values: an increase between 3 and 9 

billion euro across return periods for the reactive government scenarios, and between 

3 and 39 billion euro for the proactive government scenarios (Appendix E1). In the 

subsequent Sections 7.3.2.2 and 7.3.3 we include the SFDpop in all scenarios.  

 

7.3.2.2 Increased impact due to proactive instead of reactive government strategies 
 

Besides the influence of dike construction and flood events on population, well-

intended proactive policy strategies can also potentially increase the impact of extreme 

events, as households are less likely to protect themselves if they are protected by 

large engineering structures. Figure 7.4 show the inter-comparison of ED between the 

proactive (EDProGov+BouRaHH+SFDpop) and reactive (EDReaGov+BouRaHH+SFDpop)  government 

strategies for the different return periods. Indeed, the results show an increase in ED 

for all return periods when governments act proactively (i.e. higher protection 

standards) instead of reactively. 

 

In absolute terms, the ED increases on average with approximately 151 , 715 and 

1,203 thousand euro/km2 for the 100-, 500-, and 1,000-year return period respectively 

if governments act proactively instead of reactively. In relative terms, this translates 

into an increase between 4.4% for the 100-year return period and 8.6% for the 1,000-

year return period. When analysing the median instead of the mean, we find an 
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increase in ED of approximately 23, 187, 268 thousand euro/km2 for the 100-, 500-, 

and 1,000-year return period respectively.  

 

 
 

Figure 7.4 | The average difference in expected damage in euro/km2 in 2050 under RCP8.5-

SSP5 conditions when comparing the proactive and the reactive scenarios with boundedly 

rational households, that including SFDpop (Difference = EDProGov+BouRaHH+SFDpop - 

EDReaGov+BouRaHH+SFDpop). A: 100-year return period. B: 500-year return period. C: 1,000-year 

return period. Values are set to zero if the protection standards in a scenario is higher than the 

return period.  

 

The median relative increase ranges from 4.4% for the 100-year return period, to 

5.9% for the 1000-year return period. However, a quarter of the regions has a relative 

increase of 10% or higher across return periods, and between 2% and 5% of the 

regions even shows a relative increase in ED of 30% or higher, with some regions 

showing a twofold increase in ED. The aggregated values for all regions in the EU 

further highlight the effect of the safe development paradox, as the ED increases with 

approximately 4, 53 and 84 billion euro for the 100-year, 500-year and 1,000-year 

return period respectively. For the RCP2.6-SSP1 scenario we estimate an increase of 

approximately 4, 28, and 40 billion euro for the 100-year, 500-year and 1,000-year 

return period, respectively (Appendix E1). Figure 7.4 highlights the geospatial 

distribution of the results. As can be expected, the greatest effect on ED in absolute 

numbers can be seen in areas with high levels of exposure, such as in large 

metropolitan areas. A proactive course in general leads to high protection standards in 

cities, excluding them from the comparison of impacts for return period below 1,000 

years. However, when disaster strikes (flood with a 1,000-year return period), our 

results show that the moving from a reactive to a proactive government strategy leads 

to an increase in ED of 3 million euro/km2 for the NUTS 3 area around Berlin, 5 
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million euro/km2 for Rome, 6 million euro/km2 for Prague, 17 million euro/km2 for 

Paris and Brussels, and 22  for million euro/km2 London in the year 2050. In relative 

terms the impact is more equally spread, with most of England, Ireland, France, 

Belgium, and the Czech republic showing an increase of 7% or more in ED. The 

same is true for central Italy, eastern Spain, and southern Scandinavia. The main 

driver behind the increase in ED when governments act proactively, lies in the 

decrease in protective measures taken by residents. When analysing the share of 

residential areas protected by flood-proofing or elevating, we find a mean of 39% 

across regions for the reactive scenario and  a mean of 36% for the proactive scenario, 

which in relative terms is an 8% decrease. Moreover, if we analyse the regions in the 

lowest quartile of share of protected buildings, we find that in the reactive scenario 

16% of the residential buildings is protected by flood-proofing or elevating, while the 

proactive scenario this decreases to 11%. In relative terms this is a decrease of 31%. 

While increased protection standards in the proactive scenario lead to a significant 

decrease in flood risk (EAD), it also leads to a decrease in protective efforts by 

households, and consequently an increase in the impact of extreme events (ED). 

 

7.3.2.3 Providing incentives to adapt 
 

 
 

Figure 7.5 | The average difference in expected damage in euro/km2 in 2050 under RCP8.5-

SSP5 conditions when comparing the proactive scenario in which households act rational, and 

the reactive scenarios in which households act boundedly rational, and where both include 

SFDpop (Difference = EDProGov+RaHH+SFDpop - EDReaGov+BouRaHH+SFDpop).  A: 100-year return 

period. B: 500-year return period. C: 1,000-year return period. Values are set to zero if the 

protection standards in a scenario is higher than the return period.  
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Figure 7.5 shows a comparison between the proxy scenario for the current situation 

(EDReaGov+BouRaHH+SFDpop), and a scenario in which governments not only act proactively, 

but households also act rationally  (EDProGov+RaHH+SFDpop). The results show that, even 

with an increase in protective efforts by the government, the ED is reduced as a result 

of an increase in households taking building-level measures.  

 

For both the 100-year and 500-year return periods, the proactive strategy in which 

households act rationally leads to a reduction in ED in all examined regions. For the 

1,000-year return period, most regions show a reduction in ED, and the regions with 

an increased ED still have a lower ED than they would have had if governments acted 

proactively and households behaved rationally (Figure 5.4). Regions in north-western 

and central Europe which face frequent flooding and in general have higher exposed 

value show a larger reduction in ED. 

 

When households exhibit rational behaviour, the average reduction in ED amounts to 

511, 1,835, 1,503 thousand euro/km2 for the 100-, 500-, and 1,000-year return periods 

respectively. Note that the 1,000-year return period yields a lower average reduction, 

as some regions that were excluded in the 500-year return period (i.e. regions where 

protection standards are >=500-year), are included in the 1,000-year return period 

analysis. When analysing the median instead of the mean, we find a reduction of 147, 

440, and 343 thousand euro/km2 for the 100-, 500-, and 1,000-year return periods 

respectively when moving towards a proactive government strategy in which 

households are steered towards rational behaviour. In relative terms we find a median 

reduction of 21%, 14%, and 9% across analysed regions for the 100-, 500-, and 1,000-

year return periods respectively. If we aggregate the change in ED for all regions in 

the EU, we find that there is a reduction in ED of approximately 13, 96, and 88 

billion euro for  the 100-, 500-, and 1,000-year return periods respectively. For the 

RCP2.6-SSP1 scenario we estimate an reduction of approximately 14, 52, and 53 

billion euro for the 100-year, 500-year and 1,000-year return period respectively 

(Appendix E1). These show the significant gain from steering adaptive behaviour 

towards the implementation of more building-level measures. 

 

7.4 Discussion and conclusion 

 

7.4.1 Safe development parameters 

 

While this study provide key insights in the quantitative impact of the safe 

development paradox, the scope is limited to the economic damage caused by 
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extreme events. However, the consequences of the safe development paradox 

potentially reach further. Our model includes a mechanism of population response by 

which population in flood-prone region increases as a result of increased protection, 

in line with results found by Collenteur et al. (2015), Husby et al. (2014), and Burby 

(2006). As we show in the Appendix E3, population in flood-prone areas increases 

significantly over the years when governments act proactively, leading to roughly 76 

million people in flood-prone areas in 2050 compared to 66 million people in flood-

prone areas in the baseline SSP scenario. Even when governments act reactively, there 

are one million more people in flood-prone areas compared to the baseline. This 

increase in population is a proximate warning for the potential increase in loss of life 

if disaster strikes – an important input in models used for determining the optimal 

flood protection levels (Jonkman and Vrijling, 2009).  

 

Moreover, there are additional impacts to consider, such as the increased societal 

disruption, or the increase in indirect damages as a result of the safe development 

paradox. Koks et al. (2015) showed for a case-study of an extreme event in the 

Rotterdam harbour that for low-probability extreme events, the indirect losses can 

outweigh the direct damages. Such indirectly losses can be aggravated if prior to a 

flood economic activities in flood-prone areas increased after protection standards 

were increased. This effect might also cause indirect damage in non-affected regions if 

an extreme event causes damage to critical infrastructure (Koks et al., 2015). Further 

research should therefore combine an analyses of direct damages as shown here, with 

an analyses of the indirect impact of extreme events (Giesecke et al., 2012).  

 

In this study, we use the only empirical data available on the effects of flood 

occurrence and levee construction on population growth (Husby et al., 2014). 

However, as this data was specifically obtained for the Netherlands, uncertainties are 

involved when applying it to different regions. Nevertheless, our sensitivity analysis 

(see Appendix E2), shows that assuming that the effect is twice as large or twice as 

small has a minor influence on the overall ED results. When the effect on population 

growth is twice as small, the effect on the ED is on average 2.62% smaller. When the 

effect on population growth is twice as big, the effect on the ED is on average 6.12% 

larger. However, the sensitivity analysis also shows that for individual regions, under 

certain circumstances, the percentage change with respect to the main growth effect 

assumption can larger. This is not only a result of the sensitivity, but can also result 

from (1) the stochastic occurrence of flood events, (2) the timing of increased 

government protection, and (3) the stochastic draw from the triangular distribution 

for each event and each subsequent year. Further research should therefore focus on 
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obtaining a wider range of data on the effect of the safe development paradox on 

population growth for different regions, to be able to provide a more detailed and 

robust analysis on a smaller scale.  

 

Furthermore, it is important to realize that the results on the safe development 

paradox presented here are based on scenarios where all governments are either 

reactive or proactive, and all households are either boundedly rational or rational. In 

reality, there will most likely be a gradual shift towards proactive government action in 

the EU following the EU flood directive. Moreover, policies that steer household 

behaviour towards rational behaviour might not achieve this completely, and it will 

surely not be implemented at the same time or in the same way in different EU 

member states. However, our results effectively give an upper and lower bound of the 

effects of the safe development paradox for the European Union, and it signals the 

importance of developing policy measures to counteract the negative effects.  

 

7.4.2 Policy implications 

 

Our results confirm that the increasing protection through large engineering 

structures can cause an increased impact of extreme events due to increased exposure. 

This increase in exposure results from population growth effects after increased 

protection or flood events, and increased vulnerability, as people neglect to take 

building-level measures. While the reduction of yearly average risk remains an 

important input variable for economic decision-making, our results show that a 

careful consideration is needed for the negative side-effects of proactive policies. 

Frameworks, such the EU flood directive (EU, 2007), the Sendai framework for 

Disaster Risk Reduction (UN, 2015) and the Warsaw International Mechanism for 

Loss and Damage (UNFCCC, 2013) do acknowledge and stimulate local measures 

that could reduce the adverse effects, but not in the context of countering adverse 

effects of well-intended large-scale measures. Without explicitly incorporating policies 

against these adverse effects in adaptation strategies, extreme flood events will cause 

more damage, leading to large scale disruption of society.  

 

To reduce the economic impact of extreme events, governments or local authorities 

could stimulate voluntarily or mandatory building-level measures. Measures such as 

flood-proofing or elevating would reduce the economic damage caused by floods that 

overtop the design level of protection standards. While such measures would often be 

economically rational to take (Aerts, Botzen, Emanuel, Lin, de Moel, et al., 2014; 

Kreibich et al., 2011; Poussin et al., 2015), people are in general not inclined to 
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implement them. An example of this is the Netherlands, were high protection 

standards lead to low awareness and few measures being implemented at the 

household level, while households situated outside of the embankments often have 

elevated houses. Therefore, when choosing a proactive government strategy aimed at 

large scale protection, policies need be aimed at stimulating the implementation of 

building-level measures to reduce the impact of extreme events that overtop the 

design levels of dikes and levees.   

 

While governments are well-positioned to stimulate such building-level measures 

through tax deduction, subsidies and building codes, implementation of policy and 

regulation by governmental institutes is usually slow (Surminski et al., 2015). In 

contrast, market mechanisms can lead to swift changes in behaviour, and might 

therefore be better positioned to stimulate household adaptation (Surminski et al., 

2015). Previous studies suggest that the insurance sector could play a vital role in 

stimulating the implementation of loss-reducing measures (Botzen et al., 2009b; 

Kunreuther, 1996). For instance, insurance against flood damage could be combined 

with an insurance premium discount if households install flood-proving or elevate 

their house. Botzen et al. (2009b) showed that households might indeed be willing to 

adopt loss-reducing measures if they receive a premium discount, and Haer et al. 

(2016) showed that this could significantly contribute to reducing the impact of flood 

events.  

 

Moreover, our results show that a major role should be played in large metropolitan 

areas such as the NUTS 3 regions around Paris and Brussels metropolitan areas. In 

relative terms they might not be more subject to the safe development paradox, but as 

a result of high exposed value, they are hit hardest in absolute terms. While 

government led initiatives can force or stimulate cities to reduce their vulnerability to 

extreme events, cities themselves are more and more becoming leaders in climate 

adaptation. For instance, initiatives like the C40 cities15 and the sustainable cities 

institute16 are emerging, in which cities themselves take on the responsibility to reduce 

their vulnerability to climate change and associated impacts. In this study we signal the 

importance of combining large-scale protective efforts with local- or building-level 

measures. Considering the knowledge of the local situation, cities themselves can best 

determine where extreme events could impact for instance critical infrastructure, 

businesses, or social and cultural hotspots. As such, they can stimulate or implement 

                                                      
15 www.c40.org 
16 www.sustainablecitiesinstitute.org 
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tailor-made policies, regulations and measures that are appropriate for infrequent but 

highly disruptive events.  

 

The solutions offered to combat the adverse effects of the safe development paradox 

are not limited to building-level measures. Studies have shown that flood-prone 

regions experience large growth in development (Hallegatte et al., 2013), which in 

combination with increased public protection can lead to a significant larger impact of 

extreme events as shown in this study. Therefore, it has to be carefully considered if 

new development is desirable in face of flood risk and the safe development paradox, 

or if new development has to be regulated by, for instance, mandatory flood-proofing, 

or even withdrawn from certain high risk areas (Stevens et al., 2010). This of course 

has to be carefully weighted, as the benefits of development in risk areas might be 

larger than potential losses. Therefore, it is important to institutionalize flood 

awareness and flood adaptation strategies in local government planning, for instance 

by forcing local governments to include adaptation planning in comprehensive 

development plans (Burby, 2006).  

 

The results shown here also signal a the importance of a timely response to address 

the safe development paradox. A corollary of the safe development paradox is that 

increased protection can, ultimately, lead to a technical lock-in to prevent increasing 

flood risk. For example, in the Netherlands, where risk reductions have primarily 

taken the form of protection, there are severe challenges with implementation of 

other risk reduction strategies, despite a decade of focus on spatial adaptation 

measures. One probable reason is that Dutch citizens perceive safety as high and 

expect to be compensated by the government in case of a disaster (INTERREG, 

2013). As such, experience from the Netherlands suggests that the reduction of 

residual risk in an environment of high protection standards is challenging. Limited 

autonomous adaptation combined with increasing exposure justifies even higher levels 

of protection, potentially leading to a spiral of ever-increasing protection levels and, 

consequently, costs. A more timely focus on household level adaptation, stimulated by 

for instance the EU flood directive or the Sendai framework for disaster risk 

reduction, could prevent such a technical lock-in of large scale protective measures.  

 

7.4.3 Conclusion 

 

In this study, we analyse and quantify the economic consequence of the so-called safe 

development paradox for the European Union, using an agent-based model that 

integrates adaptive behaviour of governments and households with a large-scale flood 
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rid risk assessment.  We adapt this model to better capture the change in population 

growth which can occur after a flood event, or after governments increase protection, 

as this in turn leads to higher exposed values. This study provides the first 

quantification of the economic impact of the safe development paradox on a 

continental scale which results in three main conclusions.  

 

First, can conclude based on our findings that the change in population growth 

caused by the safe development paradox is an important addition to risk assessments, 

as it leads to higher exposure and higher damages. Depending on how governments 

act, which in our model can be reactive or proactive, including this effect on 

population growth leads, for example for the 500-year return period, to an increase in 

expected damages between, 12 and 38 billion euro under RCP8.5-SSP5 conditions, 

and between 8 and 26 billion euro under RCP2.6-SSP1 conditions. Note that this is 

not single event damage, but the aggregated increase in expected damages for extreme 

events summed for all regions in the EU.  

Second, proactive government decision-making leads to lower yearly flood risk, but 

higher impact of extreme events compared to a reactive approach, if there are no 

policies in place to stimulate building-level protective efforts by households. In this 

case, the aggregated expected damage of floods with extreme return periods in the EU 

is estimated to increase with 53 billion euro for the 500-year return period under 

RCP8.5-SSP5 conditions, and 28 billion euro under RCP2.6-SSP1 conditions. While 

this should not be interpreted as single event damage, it does signal the significant 

negative effect of proactive large-scale protection decisions by governments.  

 

Third, can conclude that based on our findings that steering household behaviour 

towards rational behaviour (i.e. no under- or overestimation of risk) leads to higher 

implementation of building-level measures, counteracting the negative effect of 

proactive government action. We do not go into depth into steering mechanisms, but 

this can for instance be a discount on an insurance policy if the household implements 

risk reducing measures. When indeed households are steered towards fully rational 

behaviour, the aggregated expected damage is actually lowered across return periods. 

For instance, for the 500-year return period, expected damages are 96 billion euro 

lower under RCP8.5-SSP5 conditions, and 52 billion euro lower under the RCP2.6-

SSP1 conditions, despite the proactive instalment of large-scale protection by 

governments.   

 

This research provides the first quantification of the economic effects of the safe 

development paradox. However, we also highlight more aspects that should be 
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addressed by further research, such as the effect on loss of life, business interruptions, 

and impact on critical infrastructure. Further research can also focus developing 

detailed regional data that can feed into the large-scale model, and acquiring detailed 

empirical data on behavioural aspects, which could help in improving the estimates 

for household behaviour.  
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CHAPTER 8 
 

Synthesis and outlook 
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8.1 Introduction 

 

The research presented in this dissertation shows how human decision making under 

risk can influence flood risk both now and in the future at different spatial scales. To 

achieve this, the research applies a range of different techniques to incorporate human 

behaviour in flood risk analysis, from static, scenario-based cost-benefit analyses to a 

dynamic integration of decision making by governments, insurers, and households in 

an agent-based model.  

 

The main findings of the previous Chapters are that:  

 

1. Combining traditional flood risk models with cost-benefit analysis can provide 

information to guide economically optimal decision making on flood protection 

standards. An example is provided for Mexico, where optimal protection 

standards are determined for each state for different climate change scenarios, 

showing that especially states along the Gulf of Mexico could benefit from large 

investments in flood protection.  

 

2. Households can play a significant part in taking responsibility to reduce risk. The 

results of a case study in an area in Rotterdam (the Heijplaat) show that 

households that take dynamic decisions lead to a factor two reduction of risk. For 

the European Union, this dissertation shows that households that take 

autonomous adaptation decisions take on a share of approximately 25% of the 

risk reduction that can be achieved by households and governments combined.  

 

3. Insurers can play an important role in stimulating disaster risk reduction by 

providing incentives (e.g., premium discounts, deductibles) to households to 

implement loss-reducing measures. Such incentives steer the more common 

boundedly rational behaviour of households towards more rational decision 

making. For Europe, such an incentive could lead to a reduction of flood risk by 

38%, provided that it is well designed.  

 

4. Government agents play a vital role in risk reduction by providing large-scale 

protection measures. Moreover, they can apply more soft measures to stimulate 

disaster risk reduction, such as awareness-raising communication campaigns. 

However, when governments invest in flood protection infrastructure, 

households may become less inclined to protect themselves.  
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5. Agent-based models provide a suitable method for integrating dynamic behaviour 

of the main agents in flood risk analysis, as they can capture the dynamic actions 

and interactions between governments, households, insurance, and the flood 

environment.  

 

The following sections will address the research questions of this dissertation. 

 

8.2 Overview of findings 

  

Research question 1: How can the traditional flood risk framework be 

combined with cost-benefit analysis to support economically rational decision 

making about large-scale flood adaptation by governments?  

 

Chapter 2 explores how the flood risk framework can be combined with a cost-

benefit analysis to guide economically rational adaptation strategies for Tabasco, 

Mexico and to estimate risk reduction if flood protection is provided by the 

government. Using the standard risk framework (where risk is a function of hazard, 

vulnerability and exposure), the benefit is estimated by calculating the amount of risk 

reduction achieved by investing in flood protection (costs). These costs and benefits 

are input for a cost-benefit analysis, which calculates the net present values for 

investments in different protection standards. For river floods in Tabasco, the results 

show that the economically rational decision would be to implement a protection 

standard of 100 years. This applied for a range of climate scenarios, assumptions 

about the indirect economic damages, discount values, and floodplain widths. For 

coastal floods, Chapter 2 shows that the 1000-year protection standard is 

economically desirable. However, only the 10-, 100- and 1000-year return periods 

were examined for coastal floods, and it is possible that  intermediate protection 

standards, such as the 250-year or 500-year protection standard, are economically 

more desirable than the 1000-year option. Therefore, the chapter concludes that 

implementing at least a 100-year protection standard is the economically rational 

decision for coastal floods. Depending on the climate change scenario, implementing 

a 100-year flood protection standard would reduce flood risk by 6.8-9.9 billion USD 

in 2080 for river floods, and 3.0-3.1 billion USD in 2080 for coastal floods.  

 

Chapter 3 expands and modifies the model setup of Chapter 2 to analyse 

economically optimal protection standards for all states in Mexico. The chapter 

demonstrates the use of global models and datasets, such as GLOFRIS (GLObal 

Flood Risk with IMAGE Scenarios), GTSR (Global Tide and Surge Reanalysis), and 
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FLOPROS (FLOod PROtection Standards) database, to support the flood risk and 

cost-benefit analysis on a country scale. By using these datasets and combining the 

risk analysis with the cost-benefit analysis, Chapter 3 shows first that the combined 

coastal and river flood risk for the states in Mexico will increase from 7 billion USD in 

2010 to roughly 126 billion USD in 2080 if protection standards remain at current 

levels. The costs for providing economically optimal protection standards range 

between 75 and 120 billion USD over the lifespan (100 years) of river and coastal 

protection standards, but these costs are outweighed by the benefits of risk reduction. 

This is especially true for the states along the Gulf of Mexico such as Tamaulipas and 

Yucatan, which face high risk from river floods. However, when following the cost-

benefit analysis to implement the economically optimal protection standards, river 

flood risk can be reduced by between 15% for Chihuahua and almost 100% for 

Queretaro for different climate conditions. When the decision to implement optimal 

coastal protection standards is made, risk for most coastal states can be reduced by 

90%.  

 

In summary, Chapters 2 and 3 demonstrate how the risk derived from hazard, 

exposure, and vulnerability data can serve as an input for a cost-benefit analysis. In 

data-scarce areas, the input for risk analyses can be obtained from global datasets. 

When combined with information on current protection and costs, the cost-benefit 

analysis provides information on whether investing in additional adaptation measures 

is economically desirable. Moreover, it provides information on what the 

economically preferred adaptation strategy would be, providing a basis for rational 

decision making by governments.  

 

Research question 2: How can the behaviour of governments and other main 

agents in a flood context, such as insurers and households, be integrated with 

the traditional flood risk framework to simulate dynamic decision making both 

now and in the future?  

 

Chapters 2 and 3 show how the traditional flood risk framework can be combined 

with cost-benefit analysis to support economically rational decision making on large-

scale flood adaptation by governments. However, this approach does not take into 

account the behaviour of governments and other agents such as insurers and 

households, which respond dynamically to changing flood risk (e.g. based on their 

perceived risk) and to each other’s decisions. Chapters 4-7 explore how the behaviour 

of the main agents in the flood context (government, households, insurers) can be 

integrated in flood risk analysis using agent-based models.  
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Households 

 

In Chapter 4, an agent-based model is developed for a case-study area in the 

Netherlands, based on PMT, which is a psychosocial decision model that explains 

why people take (non-)protective action. The social network of each household agent 

is explicitly modelled by connecting them to other agents based on empirical 

information on social networks in the Netherlands. This Chapter provides a first 

example of modelling household behaviour by explicitly modelling aspect of the PMT 

as household characteristics, where agents make decisions over time while they are 

being influenced by risk communication from the government. Chapter 4 applies the 

PMT for assessing the effectiveness of different communication strategies to stimulate 

risk reduction measures. In the model, households are either targeted by mass-media 

or with a more personal approach (e.g., house-to-house communication or focus 

group meetings) to receive information on not only risk but also how to cope with the 

risk. However, empirical data to support the PMT is scarce, making it difficult to 

integrate decision behaviour in flood risk analysis.  

 

Chapters 5, 6, and 7 apply behavioural models based on well-developed micro-

economic theories such as the expected utility theory and the prospect theory, which 

are behavioural models describing individual decision making under risk. Chapter 5 

explores the use of different micro-economic models for the small-scale Heijplaat 

neighbourhood in the Netherlands, in which households can choose to install loss-

reducing measures or take out insurance. First, a standard expected utility model is 

applied, in which households act in a rationally risk-averse way. Second, the standard 

expected utility model is compared to a prospect theory model, in which households 

act boundedly rationally, overweighting low probabilities and underweighting high 

probabilities in their decisions. Third, these two more static models are compared to 

an adjusted prospect theory model that includes a process of Bayesian updating, 

where households are influenced by the actions of their social network, media 

coverage of flood risk, and flood experience.  

 

The results of Chapters 5-7 demonstrate that the Bayesian model seems to represent 

real-world behaviour patterns, unlike the static approaches that do not show reported 

behaviours such as increased implementation rates of loss-reducing measures after a 

flood. Flood experience is found to be an especially major factor in driving the 

implementation of risk reduction measures. Building on the knowledge of Chapter 5, 

Chapters 6 and 7 apply a stylised household behaviour model to enable the simulation 

of micro-scale behaviour, where agents are influenced by flood experience on a 
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macro-scale, namely by the European Union. To overcome computational constraints 

and data limitations, these Chapters used representative household agents for 0.5 x 0.5 

km2 areas, representing existing and new residential buildings, and residential buildings 

that have flood-reducing measures installed or not. This approach facilitates the 

modelling of micro-scale behaviour in macro-scale flood risk assessments.  

 

Governments 

 

Chapters 2 and 3 demonstrates how cost-benefit analysis can be used in combination 

with flood risk analysis on a small scale (Tabasco) and large scale (Mexico) to prioritise 

investments in flood risk adaptation strategies. The cost-benefit approach applied in 

Chapters 2 and 3 are stylised, yet they are similar to approaches adopted by countries 

such as the Netherlands that follow a proactive course in flood risk management. 

Moreover, governments can also proactively influence flood risk in an indirect way, 

for instance by stimulating household micro-scale adaptation. Chapter 4 demonstrates 

how an agent-based model can be used to explore how providing flood risk 

information through government campaigns can raise awareness and subsequently 

increase implementation rates of loss-reducing measures. However, governments 

often behave in a boundedly rational way, only increasing protection against flooding 

after flood events affect a region. This means that, in order to assess a realistic 

development of future flood risk, reactive government behaviour needs to be included 

in flood risk analyses to address temporally explicit stochastic flood events. Therefore, 

Chapters 6 and 7 explore two types of government decision making: the rational 

proactive government that invests proactively on the basis of cost-benefit analysis, 

and the boundedly rational reactive government that invests only after a large flood 

event. The latter represents decision making as often observed in reality, while the 

first represents economically rational decision making. The comparison between the 

more realistic reactive government type and the proactive government can help 

determine the risk reduction that can be achieved by motivating governments towards 

proactive behaviour, as has been done by the EU flood directive and the Sendai 

Framework for DRR.   

 

Insurers 

 

While governments and households can directly change risk through their actions, 

insurance companies are well positioned to influence the decision-making process of 

households in flood management, as shown in Chapters 5, 6, and 7. Insurers are 

therefore important agents to include in risk analyses. In this dissertation, different 



Synthesis and outlook 
 
 

161 
 

stylised insurance schemes have been explored to investigate how they can steer 

boundedly rational decision-making processes of households towards more rational 

decision making. Chapter 5 includes in the applied agent-based model an insurance 

company that offers a voluntary flood insurance scheme to households in the form of 

a discount to households if they implement loss-reducing measures, or not. This 

Chapter, but also Chapters 6 and 7, demonstrate how such an incentive can steer 

behaviour towards rational decisions, and how it consequentially influences the 

projection of risk. However, as Chapters 5 and 6 have shown, the uptake of voluntary 

insurance schemes can be relatively low, reducing its capacity to have a significant 

impact on flood risk reduction. Therefore, Chapter 6 compares the voluntary 

insurance scheme to a mandatory scheme. The agent-based models developed in 

Chapters 5, 6, and 7 show how including this stylised form of insurance can influence 

the behaviour of the household agents, illustrating the importance of insurers as a 

main agent in flood risk assessments.  

 

In summary, Chapters 4 through 7 demonstrate different approaches to integrating 

the dynamic adaptation behaviour of households and governments in ABMs, for 

instance by modelling behaviour based on psycho-social behaviour models, micro-

economic theory, and cost-benefit analysis. Furthermore, the Chapters show how the 

influence of insurers can be taken into account. Including the hazard, exposure, and 

vulnerability components of flood risk in the developed ABMs allows for agents to 

directly influence flood risk, for instance when governments build dykes to reduce the 

hazard, or households elevate their house to reduce their vulnerability. The Chapters 

have demonstrated how feedbacks between risk and behaviour can be modelled and 

analysed.  

 

Research question 3: How does the simulated adaptation behaviour of 

governments and household agents dynamically influence the projected flood 

risk over time? 

 

This dissertation shows that incorporating the adaptation behaviours of governments, 

insurers, and households changes the projected flood risk significantly and 

dynamically on different spatial scales over time. First, Chapter 5 signals a reduction in 

projected future flood risk by 19-56% in 2100 for the case-study area of the Heijplaat 

when only the adaptation behaviour of households is integrated in the flood risk 

analysis, compared to when this adaptation behaviour is excluded. This change in risk 

resulting from the adaptation behaviours of households is dependent on the choice of 

behavioural models and the behavioural aspects that are included in these models. 
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Chapter 5 shows that when applying the standard expected utility theory to model 

rational, risk-averse households, the projected risk is 16% lower than when behaviour 

is excluded. When instead applying the prospect theory, in which households 

overestimate low probability flood events, flood risk is approximately 56% lower. A 

similar percentage in risk reduction (approximately 54%) is found when including the 

influence of social networks, media coverage, and flood experience on the decision 

making of households in the prospect theory model. However, as the latter is 

influenced by stochastic factors, the uncertainty bounds are larger with respect to the 

unmodified prospect theory model as different events occurring at different times 

influence risk reduction behaviour. The results illustrate the importance of carefully 

considering which processes to incorporate when including adaptation behaviour in 

flood risk analysis. Including social interaction, media information, and the occurrence 

flood events, can each drastically alter the understanding of the development of risk. 

Flood events (and their effect on risk perception) are found to especially cause a large 

increase in the implementation rates of loss-reducing measures, significantly altering 

risk.  

 

Chapters 6 and 7 apply a stylised behaviour ABM model derived from the models in 

Chapter 5 to simulate the aggregate effect of micro-scale (household) adaptation on a 

macro scale for the European Union. The ABM model includes not only boundedly 

rational and rational household agents that can adapt to changing flood risk, but also 

proactive and reactive government agents that make dynamic decisions on adaptation 

to flooding. Like the small-scale analysis in Chapter 5, the continental scale analysis 

shows the importance of including such adaptation behaviour, as including rational 

households and proactive governments results in up to 79% lower projections of risk 

compared to simulations where no adaptation takes place, and up to 59% lower 

projections of risk compared to simulation where a fixed adaptation path is assumed. 

The results show that when disaster risk reduction policies are steered from more 

realistic boundedly rational and reactive behaviour, towards more desired rational and 

proactive behaviour, flood risk in the EU is reduced by €6.7 billion/year in 2050 and 

by €18.5 billion/year in 2080. When households act rationally, they are responsible for 

25% of the total risk reduction. 

 

In summary, the Chapters show that the influence of behaviour on flood risk is 

dependent on a multitude of factors and that it differs strongly over regions. High risk 

profiles, having experienced a flood, obtaining information on flood risk, or seeing 

neighbours implement measures could all lead to a higher implementation rate of loss-

reducing measures by households, thereby reducing risk. In contrast, flood risk is 
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often lower when assuming that agents are rational and proactive than when they are 

boundedly rational and reactive. The results provide an indication of how much risk 

can be reduced by implementing policies that steer current boundedly rational 

behaviour towards rational behaviour.  

 

Research question 4: To what extent does the large-scale protection offered by 

governments lead to less protective behaviour by households? 

 

Chapters 4 and 5 of this dissertation explore how governments can influence micro-

scale adaptation by providing objective information, which generally leads to a 

positive effect on adaptation efforts on a micro scale. However, macro-scale 

adaptation by governments can also negatively influence micro-scale behaviour, for 

instance when an increase in large-scale flood protection increases population growth 

and consequently increases exposed values, a process called the safe development 

paradox or levee effect. Chapter 7 explicitly explores this interaction effect using the 

model developed in Chapter 6. This model is expanded with a module that captures 

the effects of floods and increased protection on population growth, the latter which 

increases exposed property values. The results for the 500-year floods, highlighted in 

Chapter 7, illustrate how the economic impact of extreme events increases due to this 

new module. When comparing the model without these population dynamics to the 

extended model that does include these population dynamics, the aggregated expected 

damage of a 500-year flood return period in the European Union increases by 8 to 26 

billion EUR under RCP2.6-SSP1 conditions, and by 12 to 38 billion EUR under 

RCP8.5-SSP5 conditions. While these are aggregated numbers because such a flood 

would not occur simultaneously in all regions in the EU, the results underscore the 

importance of including these processes in risk analysis focusing on extreme events. 

 

Moreover, Chapter 7 explores how a proactive course from governments by raising 

flood protection standards can paradoxically lead to higher impacts of extreme events 

compared to the more common reactive path. The reason for this result is that while 

proactive government strategies lower the flood probability, they increase population 

growth in protected but still flood-prone areas, also reducing the demand on 

households to implement local scale protection (e.g., flood proofing buildings). In 

particular, the results show that, for the 500-year return period, the impact from 

extreme floods increased by 28 billion EUR under RCP2.6-SSP1 conditions and 53 

billion EUR under RCP8.5-SSP5 conditions, respectively. These values are (partly) 

cumulative to the increase in the previous paragraph, where excluding or including 

population dynamics were compared, since both behaviour types being compared 
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already included the population dynamics caused by the safe development paradox. 

The results of Chapter 7 thus confirm that the large-scale protection offered by 

governments can lead to an increased impact of extreme events as a result of 

increasing exposure and higher vulnerability. The underlying causes of this increased 

impact are population growth effects after increased protection or flood events, and 

people neglecting to take building-level measures as protection is already provided by 

the government. 

 

In summary, the results illustrate the extent to which adaptation decisions from 

governments can negatively influence risk and the impact of extreme events, as 

households might become less inclined to protect themselves if protection is already 

provided for. As these effects are shown to be quite significant, more emphasis is 

needed in flood management to counter the adverse effects of government 

adaptation.  

 

Research question 5: To what extent can current and future flood risk be 

reduced by steering the current boundedly rational behaviour of individuals 

towards rational behaviour through different policies such as communication 

campaigns and discounts on insurance premiums? 

 

Chapters 4 and 5 explore how providing information on flood risk can steer 

boundedly rational decision making towards more rational decision making. In 

Chapter 4, an agent-based model is applied to compare different flood risk 

communication strategies and their effect on risk reducing behaviour by households. 

The communication strategies included comparing top-down campaigns using mass 

media and a more people-centred approach, testing whether providing only 

information on risk is effective communication or whether it is more effective to also 

provide information on what measures are available to reduce flood risk. The results 

show that a tailored, people-centred campaign leads to 2.5 times higher 

implementation rates of loss-reducing measures than a top-down mass media 

campaign, and that communicating on coping with both floods and flood risk can 

lead to up to 6.5 times higher implementation rates of risk-reducing measures than 

communicating on risk alone. Note that the latter is often the strategy in practice. 

Chapter 5 did not specifically address a type of government campaign, but instead 

investigated how increasing the availability of objective information on flood risk (e.g., 

on the news, through awareness campaigns, on a public government website) can lead 

to higher implementation rates of loss-reducing measures and consequently a 

reduction of risk. The results of Chapter 5 show that moving from a society with low 
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media input on flood risk towards a society where individuals are constantly 

confronted with objective information on flood risk can result in a significant 

reduction in EAD of up to roughly 20,000 EUR per year on a total potential risk of 

approximately 140,000 EUR per year.  

 

Additionally, Chapters 5, 6 and 7 focus on how adaptation behaviour can be steered 

by offering financial incentives to reduce risk. While different financial incentives such 

as tax and subsidies are possible, these Chapters focus on an incentive in the form of 

a discount on the insurance premium offered by insurers. Insurers are important 

agents in flood risk analysis as they can share and segregate risk, but are also well-

positioned to stimulate the implementation of loss-reducing measures. The results of 

this dissertation suggest that such a discount can indeed be an effective tool to 

stimulate risk reduction. In Chapter 5, simulations show that offering a premium 

discount as an incentive to households can lead to an extra reduction of risk of up to 

29% for the Heijplaat in the Netherlands. However, Chapter 5 also highlights that 

care has to be taken when designing the insurance schemes, especially when flood 

insurance is voluntary. When households do not own insurance yet but did reduce 

their risk, and when the insurance company does not offer a discount to reflect the 

reduction in risk, then households will be less inclined to take up insurance. Similarly, 

if a household did have insurance but also decides to install measures, then they will 

be inclined to cancel insurance if the premium does not reflect the reduced risk of the 

policy-holder. Similar results are found in Chapter 6, which shows that for the 

European Union offering a discount can lead to an average risk reduction of up to 

38% for rational and boundedly rational households combined. However, this is only 

true when flood insurance is mandatory. If flood insurance is voluntary, boundedly 

rational households that underestimate risk will not be inclined to take out insurance 

in the first place, and any premium discount offered thus has little effect. Rational 

households do take up voluntary insurance, although less than when the insurance is 

mandatory, leading to a risk reduction of about 25%. While the insurance schemes in 

this dissertation are stylised and less complex than realistic insurance schemes, the 

analysis does provide a bandwidth of the effectiveness of insurance schemes and 

discounts offered, highlighting the importance of carefully designing flood insurance 

schemes to achieve maximum risk reduction.  

 

Finally, Chapter 7 shows that incentives offered on a flood insurance premium can 

also limit the safe development paradox effects, where households are less inclined to 

protect their homes, when flood protection is provided for by the government. The 

results show that offering a premium discount can lead to a significant increase of 
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building-level protection measures, reducing the impact of extreme events even if the 

government provides high protection levels. For instance, Chapter 7 shows that for 

the 500-year return period the European Union flood losses are is 52 to 96 billion 

euro lower under RCP2.6-SSP1 and RCP8.5-SSP5 conditions respectively if premium 

discounts are offered compared to when no discount is offered. The results of 

Chapters 5, 6 and 7 underline the important role that insurance companies play in 

reducing both average risk and the impact of extreme events. 

 

In summary, using the agent-based models developed in this dissertation, the 

Chapters provide examples of how communication and financial incentives can steer 

risk reduction. The Chapters show that incentives and communication can be 

effective, but that the extent to which they are effective depends greatly on other 

factors such as the risk profile and behavioural characteristics of agents. Especially 

flood risk communication targeting both risk and coping appraisal of individuals are 

shown to be effective to stimulate the implementation of risk reducing measures, 

increasing risk implementation by a factor of 6.5. Moreover, financial incentives from 

insurers in the form of a discount on the insurance premium would steer boundedly 

rational behaviour towards more rational decision making, for instance leading to a 

38% increase in risk reduction for the European Union.  

 

Uncertainties in modelling human behaviour in agent-based models 

 

Throughout the dissertation, key uncertainties have been addressed that relate to 

modelling human behaviour in flood risk assessments. As human behaviour is driven 

by cultural, economic, and societal drivers, it is complex and not easily captured. This 

is true for macro-level government decisions, but especially for micro-level household 

decisions. This micro-level behaviour is particularly diverse due to differences in, for 

example, knowledge, preferences, memory and abilities, and because, while decisions 

are partly rational, they are also controlled by emotions. In the face of low-probability 

high-impact flood events, modelling decision making becomes more difficult due to a 

lack of empirical data on how people decide to protect, and what processes influence 

these decisions. Although more survey data is becoming available on human 

behaviour and decision making under risk, more research is needed to capture 

behavioural dynamics. This dissertation did not set out to disentangle and model the 

full complexity of why human behaviour is what it is, but rather tried to capture the 

relevant higher-level processes that influence flood risk. Inevitably, this leads to 

emerging uncertainties, which this dissertation addresses in the three following ways. 
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First, since empirical data is often lacking, the modelling of human decision making is 

based on existing, well-founded theories. For instance, Chapter 4 applies the 

protection motivation theory to capture decision making under risk, a theory which 

has a track record of explaining protective behaviour in the field of health sciences, 

but is gaining ground in natural hazard studies. In Chapters 5 through 7, in which the 

focus is on economic decision making, well-developed theories for decision making 

under risk are applied. These theories include the expected utility theory and prospect 

theory, which form the basis for modelling household adaptation. Chapters 6 and 7 

also include government and insurer agents, for which standard methods such as cost-

benefit analysis and risk-based premiums are applied. While further development of 

these theories in the face of low-probability high-impact events is needed, the use of 

existing theories ensures both a solid scientific basis and that the results are 

understandable and reproducible.  

 

Second, the parameter settings for the different behaviour models were based (where 

possible) on existing literature on behavioural economic experiments and 

questionnaires about flood risk perceptions and flood preparedness in flood-prone 

areas. In Chapter 4, the behaviour of households is based on the protection 

motivation theory, for which the parameters are calibrated with an existing empirical 

dataset obtained from a household survey in flood-prone areas along the Rhine. In 

Chapter 5, 6, and 7, the parameters for the economic models for household decisions 

are calibrated using a host of literature that derived these parameters from economic 

experiments. By doing so, the uncertainties related to the decision parameters is 

reduced.  

 

Third, to address remaining uncertainties, a range of settings for behavioural models 

was tested by sensitivity analyses using different settings for behaviour types and 

under different climate conditions. For instance, Chapter 4 applied close to 200,000 

runs for different probabilities for a communication campaign successfully reaching 

and altering behaviour, as well as testing for different benchmarks of what constitutes 

a social network. In Chapter 5 through 7, different behaviour types are tested under a 

variety of climate change scenarios with different parameter settings.  

 

8.3 Outlook to future research 

 

While uncertainty can be reduced by applying existing theories, calibrating parameters 

with existing literature, and running sensitivity analysis, the uncertainty related to the 

outcome is not eliminated entirely. However, by applying different techniques, this 
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dissertation provides insights and details on how different assumptions about human 

behaviour influence flood risk both now and in the future. Still, further research is 

needed to better capture human behaviour in the face of low-probability high-impact 

risk in agent-based models. Here, some recommendations are provided: 

 

Flood risk modelling 

 

This dissertation demonstrates how behaviour can influence flood risk, where flood 

risk is modelled as a function of the hazard, the vulnerability, and the exposure. Apart 

from integrating behaviour, this dissertation also highlights some key advances that 

can be made to further improve flood risk assessments. This thesis partly applies 

global-scale hazard maps for continental-scale flood risk analysis, on which local-scale 

computations are done. While the purpose of this choice is to work with consistent 

flood hazard maps throughout the analysis, more high-resolution continental or global 

hazard maps based on high-resolution meteorological data, detailed river 

geomorphology, and higher resolution global digital elevation models would improve 

the local-scale flood risk computations. This is also true for the data regarding the 

exposure of vulnerable assets, which are often land-use maps, and the depth-damage 

curves that describe vulnerability.  

 

Behavioural modelling 

 

Over the past years, flood risk science has evolved from only investigating the hazard 

component to including vulnerability and exposure to derive flood risk. This 

dissertation explores the next step, in which human behaviour becomes a major driver 

of evolving flood risk, reflecting a more real-world situation. However, as human 

behaviour is complex in all its aspects, especially when faced with low-

probability/high-impact events, there are several advancements needed that future 

research should address. One of the major challenges in modelling behaviour under 

risk is providing the empirical data to support the choice of behaviour model and the 

calibration thereof. Throughout this dissertation, behaviour models are, where 

possible, based on available empirical data and on theories that describe decision 

making under risk. A range of behaviour types were modelled that describe 

differences in real-world and desired behaviour. However, it remains difficult to 

empirically capture the dynamic behaviour processes in flood risk over time, as flood 

events are often characterised by low probability and high impact. Future research 

could further disentangle components of the behavioural models applied in this 
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research specifically for such low-probability/high-impact events, for example 

through computer laboratory experiments or long-term surveys in flood-prone areas.  

 

Future research questions 

 

This dissertation capture several decision-making processes of three main agents in 

flood risk: governments, insurers, and households. The analyses show how agent-

based models can be applied to capture the dynamic behaviour of these agents over 

time. There are a range of important topics for future research. For instance, 

community action has not been addressed here, but could prove to be an important 

bottom-up driver of risk reduction. Also, this dissertation focusses mainly on financial 

incentives provided by an insurer, other (market-based) instruments such as tax 

rebates, subsidies, marketable permits, and caps could also be explored in future 

research. Other interesting factors that can be addressed are, for instance, the 

influence of political change on adaptation, as well as the influence of development 

and adaptation aid from developed countries to developing countries, and 

transformative cultural processes that might influence risk. Finally, this dissertation 

shows several methods of integrating behaviour in risk analysis. However, further 

integration and coupling of models from both the natural and social sciences is 

possible and would provide additional insights into how humans shape the landscape 

and vice versa. For instance, a full integration of hydro-dynamic models with 

behaviour can provide insights into how decision making leads to changes in the 

hydrological cycle, and in turn changes to risk and behaviour.  
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Appendix A 

Supplement to Chapter 3: Coastal and river flood risk analyses for guiding 

economically optimal flood adaptation policies: a country-scale study for Mexico. 

 

 
 

Figure A1. Modelling flow for analysing current and future flood risk to determine 

economically optimal protection standards. 

 

Benefit and cost estimates 

 
Benefits 

In this study, we assess the benefits of raising dike structures to provide a specific 

protection standard, corresponding to the modelled flood return periods (i.e. 5-, 10-, 

25-, 50-, 100-, 250-, 500-, and 1000-year protection standards). These benefits 

correspond to the EAD that is reduced when implementing each protection standard 

compared to the EAD of keeping the standard constant. For instance, for a 

protection standard of 25 years, the reduction of risk is expressed as the integral over 

damage from floods with a return period of 25 years or lower. Note that the benefits 
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change over time, as the EAD is influenced by socio-economic growth and changing 

climate conditions. 

 

Costs 

River – For each protection standard, we estimate the need for investing in extra dike 

height by setting it to the corresponding water height in the river as calculated by 

PCR-GLOBWB (Van Beek et al., 2011) (the hydrological component of GLOFRIS). 

We subtract the estimate for the initial dike height, corresponding to the initial 

protection standards, from the estimate of the needed dike height. When a protection 

standard falls between the return periods calculated by GLOFRIS (5-, 10-, 25-, 50-, 

100-, 250-, 500-, and 1000-year return periods), we interpolate the water height 

between the two proximate return periods to obtain the corresponding dike height. 

For investment costs and maintenance costs we use the estimate for Mexico by Haer 

et al. (2017); 2.87 million USD/ km (length) / metre (height) investment costs and 

0.08 million USD/km (length) yearly maintenance costs. These costs are derived from 

the construction costs for dikes in the United States (Bos, 2008), and corrected for an 

estimate applicable to the mostly rural areas in Mexico. The values are converted to 

2010 values using the an international construction price index (Consultants Compass 

International, 2009).  

Coast-  The estimate of the initial dike height and needed dike height for coasts follows 

the same approach as for rivers, with the difference that the coastal inundation maps 

are used instead. Moreover, coastal dikes in general need to be stronger than river 

dikes, as they need to be able to withstand the impact energy of storm surges, which 

means that coastal dikes investments are in general more expensive than river dikes. 

There is only a limited number of studies available that estimate the costs of coastal 

dikes. Here we use the average estimates for New Orleans and the Netherlands by 

Jonkman et al. (2013). As relative construction costs differ across countries, we 

convert these construction values to Mexican values using an international 

construction price index (Consultants Compass International, 2009), and from euro to 

USD and from 2009 values to 2010 values, resulting in a unit cost of 7.7 million USD 

per km length per meter height. We assume that the factor between maintenance costs 

and investment costs for coastal dikes is similar as it is for river dikes, leading to a 

yearly maintenance costs estimate of 207 thousand USD per kilometre dike length. 

The length and height of dikes needed is determined per cell (350x350m) by 

overlaying the coastal inundation maps with the coastline for each Mexican state.    
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Validation of flood extent 

 

River – For river floods we apply the inundation maps generated by GLOFRIS (Ward 

et al., 2013; Winsemius et al., 2013). The hydrological-hydraulic modelling component 

of GLOFRIS (PCR-GLOBWB) has been validated previously on discharge (Van Beek 

et al., 2011), terrestial water storage (Wada et al., 2012), the generated flood volumes 

(Ward et al., 2013), and flood extents (Winsemius et al., 2013). More recently, the 

flood extents from GLOFRIS were benchmarked against flood extents from local 

modelling studies for eight locations (in the USA, Europe, and Asia). Carrying out this 

benchmarking at the native resolution of GLOFRIS (30” x 30”) led to hit rates 

between 0.65 and 0.87 and false alarm ratios between 0.13 and 0.52 [8].  As observed 

data on flood extent and water depth are scarce for Mexico, further validation of the 

GLOFRIS inundation maps for Mexico specifically is difficult. Furthermore, observed 

flood extent and the hazard maps are in principle not directly comparable, as the 

hazard maps show all areas where, for a certain return period, inundation could occur, 

while observed data only shows single event data or aggregated data for shorter time 

periods (Winsemius et al., 2013). However, the Darthmouth Flood Observatory 

(DFO)17 does provide a flood extent map for the area of Tabasco, showing historic 

flood extent from 1998-present. As Tabasco was also hit by a 100-year flood event in 

2007 (Ramos et al., 2009), this map can to some extent be compared with the 

GLOFRIS results. As Figure A2 shows, the flood extents generated by GLOFRIS 

match quite well with the observed flood extent. Especially central Tabasco seems to 

have performed well, with the presence of two large river systems, for which 

GLOFRIS has previously shown to perform well (Winsemius et al., 2013). The flood 

extent in the western part of Tabasco shown by DFO is less well represented by the 

model, possibly as this flooding is related to overland flow, or flooding from direct 

precipitation (Winsemius et al., 2013). This area has limited urban areas, and large 

sections of nature with low exposure value, reducing the error in final risk estimates. 

The small dispersed inundation shown in the DFO flood extent in the states Chiapas 

and Oaxaca are not shown by the modelled flood extent, but they are most likely 

explained by the fact that the DFO often misrepresents shadows in mountainous 

areas as flooded1. Note that the modelled flood extent clearly follows the river 

systems, which are flood-prone to some extent. This is not always shown in the DFO 

map, as the DFO does not show the probability if an area can be flooded, but rather if 

it has flooded between 1998-present. Since we obtained geotiff data from DFO1, we 

were able to calculate hit rates for Tabasco. For this, the DFO data were resampled 

based on majority to the GLOFRIS resolution (30 arcseconds), and compared to 
                                                      
17 http://floodobservatory.colorado.edu/ 
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GLOFRIS to find hit rates and false alarms. We find that a hit rate of 0.64, and a false 

alarm of 0.22, which is relatively good performance for a global dataset considering its 

limitation described here and in previous studies (Ward et al., 2013; Winsemius et al., 

2013).  

 
 

Figure A2 | (a) river flood extents for the 100-year return period hazard maps for the 

Tabasco area generated by GLOFRIS. Note that there are many waterbodies and swamps in 

this area, which lead to high estimated waterdepths. (b): DFO flood extent observed between 

1998 and present for the Tabasco area. The DFO flood extent data does not provide 

waterdepths.  

 
Coast – For coastal floods, we apply a GIS based inundation model that takes into 

account water level attenuation and is forced by the Global Tide and Surge Reanalysis 

(GTSR) dataset. Validation of coastal flood extent is difficult, as to our knowledge no 

specific storm surge flood extent data are available for Mexico. However, simulated 

flood extent visualizations are available for other areas along the Gulf of Mexico, such 

as Houston and New Orleans. For these areas, the United States National Oceanic 

and Atmospheric Administration (NOAA) provide surge hazard maps generated by 

the SLOSH model18, which estimates historical storm surges by taking into account 

atmospheric pressure, size, forward speed, and track data, as well as simplified shallow 

water equations to resolve coastal inundation (Jelesnianski et al., 1992). Figure A3 

compares the SLOSH storm surge estimates for New Orleans during hurricane 

Katrina. A storm like Katrina is estimated to occur once every 21 years along the Gulf 

coast of Mexico from Texas to Alabama, but it remains difficult to estimate the exact 
                                                      
18 https://www.nhc.noaa.gov/surge/slosh.php 
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return period for the New Orleans area specifically. Moreover, while historic 

hurricanes tracks are included in GTSR (Muis et al., 2016), there is a need for further 

research with synthetic tracks to improve the statistics on extreme surge levels related 

to hurricanes. Here we compare the SLOSH surge extent for Katrina to the modelled 

extent of a 100-year return period. Figure A4 shows the comparison between the 

SLOSH flood extent and the modelled flood extent in this study for Houston during 

hurricane Ike. Ike is reported to be 500-year or 1000-year storm. Considering that 

hurricanes are not well statistically represented in the GTSR dataset used for 

inundation modelling in this study, we compare the SLOSH results to the 1000-year 

return period hazard map. Both Figure A3 and Figure A4 show that the modelled 

flood extent seems to compare well to the SLOSH flood extent. Note that the 

resolution of SLOSH is coarser than the resolution applied in this study, which might 

also lead to differences.  

      

 
Figure A3 | (a) Modelled inundation extent for hurricane Katrina by the SLOSH model19. (b) 

Inundation modelled in this study for the 1000-year return period. Values are given in feet to 

be comparable to the SLOSH output. Modelled flood extents are shown to be quite well 

estimated compared to the SLOSH flood extent.   
 

In this study, we linearly scale the attenuation factor to permanent water percentage in 

a cell, where river and lake cells have an attenuation factor of 0 m/km and cells with 

100% permanent water have 50 cm/km attenuation. The percentage of permanent 

water was derived from the global surface water occurrence maps at 30 meter 

resolution, a derivative product of 30 years landsat images [33]. Figure A5 shows the 

differences between this approach, and an approach where the attenuation factor is 

not scaled. Considering the comparable results of the scaled factor to SLOSH extents 

shown in Figure A3 and Figure A4, Figure A5 shows that our scaling approach 

improves the modelled flood extents compared to the SLOSH extents.  

                                                      
19 https://www.nhc.noaa.gov/surge/HistoricalRuns/index.php?large& 
parm=2005_katrina#contents.   
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Figure A4| (a) Modelled inundation extent for hurricane Katrina by the SLOSH model20. (b) 

Inundation modelled in this study for the 100-year return period. Values are given in feet to be 

comparable to the SLOSH output. Modelled flood extents are shown to be quite well 

estimated compared to the SLOSH flood extent.   

 

 
Figure A5 | The modelled flood extents for scaling the attenuation factor to permanent water 

(lightblue) and using a fixed attenuation factor (purple). (a) Flood extents for Houston for the 

1000-year return period and (b) flood extents for New Orleans for the 100-year return period.  

 
Figure A6 | Relative difference in EAD for river flooding in 2080 between the RCP2.6 and 

the CONSTANT climate scenarios, the RCP8.5 and the CONSTANT climate scenarios, and 

the RCP2.6 and RCP8.5 climate scenarios. 

 

                                                      
20 https://www.nhc.noaa.gov/surge/HistoricalRuns/?large&parm=1900_galveston 
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Figure A7 | Risk reduction corresponding to the optimal protection standards (main tekst, 

Figure 3) for river floods for three future (2080) conditions under only socio-economic 

development (left) and socio-economic development combined with the RCP2.6 (middle), 

RCP8.5 (right) and a discount rate of 10%.  The gray areas depict states where no investments 

are required as protection standards are already as high as (or higher than) the economic 

optimum.   

 

 

Figure A8 | Risk reduction corresponding to the optimal protection standards (main tekst, 

Figure 4) for coastal floods for five future (2080) climate conditions and a discount rate of 

10%. The gray areas depict states where no investments are required as protection standards 

are already as high as (or higher than) the economic optimum.   
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Appendix B 

Supplement to Chapter 4: The effectiveness of flood risk communication strategies 

and the influence of social networks—Insights from an agent-based model 

 

 

Figure B1 | Framework for social network setup.

Table B1 | Odds ratios (Adapted from Bubeck et al. (2013).) 

 Odds ratios 

Household attribute (i) Adaptive 

building use 

Flood 

insurance 

Flood 

barriers 

Structural 

measures 

Social network 1.507 1.361 1.885 1.435 

Response efficacy 1.506 2.046 1.808 0.925 

Self-efficacy 1.097 2.043 1.379 1.439 

Perceived probability 1.273 0.911 1.013 1.110 

Perceived consequence 0.974 0.866 1.434 1.039 

Avoidance 0.903 0.686 0.982 0.987 

Wishful thinking 0.855 0.995 0.919 0.555 

Postponement 0.768 0.978 0.690 0.715 

Protected area 1.191 2.518 1.487 2.388 

Income* - - - 2.430 

Age 1.035 0.944 1.359 1.192 

Flood experience 1.798 0.478 1.661 1.592 

Constant (C) 0.036 0.025 0.000* 0.101 
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Appendix C 

Supplement to Chapter 5: Integrating Household Risk Mitigation Behaviour in Flood 

Risk Analysis : An Agent-Based Model Approach. 

 

 

Figure C1 | Framework for household behaviour.
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Appendix D 

Supplement to Chapter 6: Advancing disaster policies by integrating dynamic adaptive 

behaviour in risk assessments. 

 

D1. Modeling approach summary 

 

Figure D1-1 depicts the modelling flow and the input data for the behavioural risk 

model, which is summarized here and described in more detail in the subsequent 

sections. This is the first model that integrates dynamic adaptive behaviour of 

residents and governments on the continental scale, with changing fluvial flood risk 

and socio-economic conditions. The core strength is, therefore, the addition of 

adaptive behaviour of both residents and governments to a scientifically sound and 

acknowledged flood risk assessment model. For purpose of clarity, the flood risk 

assessment methods will be described first, followed by the behavioural approaches.  

 

While shown schematically here, all calculations are made on a high-resolution (30″ x 

30″, approximately 0.5x0.5 km2 in Europe), spatially explicit grid of the European 

Union, including all main river basins. At the start of each simulation (i.e. 2010), 

residents are unprotected, but all grid cells have a baseline protection standard against 

river floods, derived from the FLOPROS database (Scussolini et al., 2016), and a 

baseline dike-height associated with the flood protection standard (Appendix D2). 

The protection standard is the flood return period against which a dike protects, i.e. a 

5-, 10-, 25-, 50-, 100-, 250-, 500-, or 1,000-year flood (Appendix D3).  

 

During each model time-step, which represents one year, the flood volume and 

inundation heights for each return period simulated by the hydrological and hydraulic 

GLOFRIS model cascade (Appendix D3) are updated. Due to changing flood volume 

heights over time as a result of climate change, protection standards can become 

lower if dike heights are not increased to the new flood volume heights. In addition to 

the changing flood risk, each time-step, GDP, and population size in each grid cell 

change following the shared socio-economic pathway (SSP) projections (van Vuuren 

et al., 2007) (Appendix D4). The change in GDP, which represents economic growth, 

drives a change in land-use values, which are derived from the CORINE database 

(EEA, 2014) (Appendix D5), and the change in population size drives a change in 

residential building surface in each grid cell (Appendix D5). During each time-step, 

floods can occur stochastically in any EU NUTS 3 region (Appendix D6). Finally, 
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based on both the changed climatic and socio-economic conditions for each grid cell 

at each time-step, residents (Appendix D7) and governments (Appendix D9) can 

display adaptive behaviour by implementing DRR measures. Additionally, we analysed 

how the availability of flood insurance and incentives to reduce risk change adaptive 

behaviour (Appendix D8). Depending on the behavioural types described in this 

section, the occurrence of a flood might drive this adaptive behaviour. To provide a 

comprehensive analysis, we run the model for different climate- and socio-economic 

scenarios (representative concentration pathways (RCPs) and different SSPs, 

respectively), and six combinations of behaviour types for residents and governments. 

 

 
Figure D1-1 | Model framework. 
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Scenarios 

 

Although in principle all RCPs can be linked to all SSPs, we run the model for two 

plausible combination scenarios that represent a lower and upper bound to climate 

change; RCP2.6-SSP1 and RCP8.5-SSP5. Previous studies (Veldkamp et al., 2016; 

Winsemius et al., 2016) have shown the applicability of these combinations for 

hydrological risk research.   

 

 RCP2.6-SSP1: Under RCP 2.6, ambitious greenhouse gas emission 

reductions are achieved, leading to a radiative forcing of 2.6 W/m2 by 2100. 

The pathway matches with the SSP1 pathway, which is the sustainable green 

road SSP. Under SSP1, the world shifts gradually to a society that respects 

perceived environmental boundaries.  

 RCP8.5-SSP5: The RCP 8.5 represents a pathway where fossil fuels are the 

dominant energy source, with no policy change to reduce greenhouse gas 

emissions. Emissions in this pathway lead to a radiative forcing of 8.5 W/m2 

by 2100. The pathway matches with the SSP5 pathway, which is the fossil-

fuel based SSP. SSP5 is characterized by increased globalization and a rapid 

development in developing countries.  

 

Behaviour types 

 

We run the model for six combinations of resident and government behaviour types 

as shown in Table D1-1 and described further below. Combinations 1-4 represent 

dynamic adaptive behaviour. As we model flood events stochastically, the behaviour 

of the residential and government agents can vary under a similar model setup. To 

account for this stochasticity, we run all combinations 50 times. Combinations 5 and 

6, in which governments show static behaviour and residents do not adapt, are 

business-as-usual (BAU) representing common approaches in flood risk assessment 

studies. These simulations are also run 50 times. We run all simulations on a high 

performance computing (HPC)21 cluster to facilitate modelling micro-level behaviour 

at macro-scale with multiple repetitions. 

 

Table D1-2 provides a short description for the behaviour types for residents and 

governments. The first two resident behaviour types are adaptive, in which residents 

can take action on a year-to-year basis. The last resident behaviour type is the BAU 

                                                      
21The LISA HPC cluster facility of SURFsara: https://www.surf.nl/en/about-
surf/subsidiaries/surfsara/ 
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type representing the common approach of neglecting micro-level behaviour in flood 

risk assessment studies. Appendix D7 describes the adaptive behaviour of residents in 

detail. Moreover, we analyse a case-study on policy incentives from insurance to steer 

adaptive behaviour, which is described in Appendix D8. 

 

Table D1-1 | Combinations of resident and government behaviour types for which the model 
is run. 

Combination of 
behaviour types 

Resident behaviour type Government behaviour type 

1 Rational residents Proactive governments 
2 Rational residents Reactive governments 
3 Boundedly rational residents Proactive governments  
4 Boundedly rational residents Reactive governments 
5  Residents do not adapt 2010 protection heights 
6  Residents do not adapt 2010 protection standards 

 

The first two behaviour types of governments are dynamic adaptive behaviour in 

which governments potentially take action on a yearly basis. The latter two 

government types are BAU types, which follow common assumptions on adaptation 

in many climate impact studies (Feyen et al., 2012; Hallegatte et al., 2013; Hirabayashi 

et al., 2013; Jongman et al., 2012; Jongman, Hochrainer-Stigler, et al., 2014; Rojas et 

al., 2013). These serve as a comparison to show the importance of including dynamic 

behaviour in flood risk assessments and Appendix D7 describes the adaptive 

behaviour in detail.  

 

Table D1-2 | Brief description of behaviour types 

Resident behaviour types 

Rational residents 

 

Under this type, it is assumed that residents make fully informed 

rational decisions to either elevate newly developed buildings or dry-

proof residential buildings, if these are the most cost-effective measures 

for these types of buildings (38). Adaptive behaviour for rational 

residents is represented by a model of subjective discounted expected 

utility theory (39). We apply the expected utility theory because it is the 

standard economic model of individual behaviour under risk. Rational 

residents are fully informed about the flood risk they face, and 

therefore consider the probability of a flood to be equal to the 

objectively calculated return period of a flood (Appendix D3).   

Boundedly rational 

residents 

The assumption of fully rational behaviour is often criticized, as 

individuals are likely to be bounded by limited information processing 

capacities and limited information availability (Filatova et al., 2009; 

Petrolia et al., 2013; Safarzyńska et al., 2013; Simon, 1972). Therefore, 

under this type, residents are bounded rational. Although they also 
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follow a model of subjective discounted expected utility theory, their 

perception of risk is low if no flood occurs for a period of time, or high 

after a flood event. Consequently, they overestimate the probability of 

a flood after a flood event, and generally underestimate the probability 

in periods without flooding. This behaviour is in line with empirical 

observations, which show that people are generally less inclined to take 

action before a flood (Bubeck, Botzen, Kreibich, et al., 2012; 

Kunreuther, 1996; Thieken et al., 2007), that a flood event triggers a 

response seen in both loss-reducing investments (Bubeck, Botzen, 

Kreibich, et al., 2012; Thieken et al., 2007) and the housing market (Bin 

and Landry, 2013), and that after a flood, behaviour returns to prior 

conditions over time (Bin and Landry, 2013; Kunreuther, 1996).  

Residents do not 

adapt 

Under this behavioural type, residents are assumed not to adapt. As 

adaptive behaviour of residents is commonly not taken into account in 

climate impact projections (1), this type is the baseline. 

Government behaviour types 

Proactive 

governments 

Under this type, governments decide whether or not to increase dike 

heights to improve protection standards in regular decision cycles of six 

years or after a flood event (whichever is faster). This behaviour is 

modelled after the decision cycle in the Netherlands, which is one of 

the most proactive countries in the EU on flood risk management.   

Reactive 

governments 

Under this type, governments only decide whether or not to increase 

dike heights to improve protection standards after a flood event. This 

reactive behaviour is commonly seen in countries with flood-prone 

regions (IPCC, 2012).   

2010 protection 

height 

This type projects flood risk as it would occur under the assumption 

that no adaptive actions by governments are taken. With constant 

protection heights, and increasing water levels associated with different 

return periods, protection standards will drop. While this behavioural 

assumption is unrealistic, it is the common approach of many studies 

(Hirabayashi et al., 2013; Jongman et al., 2012).   

2010 protection 

standard 

This type represents flood risk projections if protection standards are 

kept constant. This means that dikes are heightened for each time-step 

when river discharges increase to offer the same protection standard as 

in 2010. This approach has been applied recently (Jongman, 

Hochrainer-Stigler, et al., 2014), but is still a static assumption that does 

not represent the adaptive nature of humans. 
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D2. Protection standards and dike protection heights 

 

For each grid cell (30″ x 30″) we derive the initial protection standards (i.e. for the year 

2010) from the FLOPROS database (Scussolini et al., 2016), which is an evolving 

global database of flood protection standards. Additionally, the initial protection 

height (dike height) in each grid cell with a river is set to the flood volume height 

(Appendix D3) of the return period associated with the dike’s protection standard. 

For example, if the protection standard is 100 years according to FLOPROS, and the 

flood volume height associated with the return period of 100 years is 2 meters as 

modelled by GLOFRIS, than the initial protection height is set to 2 meters. For 

FLOPROS protection standards that fall between the modelled return periods (i.e. 5, 

10, 25, 50, 100, 250, 500, and 1,000 years), we extrapolate the initial protection height. 

 

Due to increasing flood volumes as a result of climate change in many river basins 

(Appendix D3), the protection standard offered by the dike decreases if the flood 

volume becomes higher than the protection height. For example:  

 

As schematically shown in Figure D1-2, the protection standard at time-step t is 100 

years and the protection height h is 2 meters in a river grid cell. In time-step t+1 the 

flood volume associated with a 100-year return period increases to 2.10 meters. As 

this surpasses the dike-height, the protection standard is no longer 100 years. The new 

protection standard is set to the first return period below the 100-year return period 

for which the protection height does protect (for instance to 50 years, if the flood 

volume associated with that return period is below 2 meters). Whether or not 

protection standards are upheld after 2010 depends on the adaptive behaviour of 

governments, who can decide to increase protection height h to the new flood volume 

height (Appendix D7).  

 

 
Figure D1-2 |Schematic representation of changing protection standards due to changing 

flood risk. With increasing flood volume height at t+1, the protection standard of the dike 

drops from a 100-year to a 50-year flood event, even though protection heights remain at the 

same level as at t.   
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D3. Flood hazard and flood risk projections 

 

Flood hazard data, for rivers, for all grid cells (30″ x 30″) for the RCP2.6 and RCP8.5 

pathways are generated by the GLOFRIS modelling cascade, which has been 

described in detail in previous studies (Ward et al., 2013; Winsemius et al., 2013, 

2016). Here we summarize the model as described in (Ward et al., 2013; Winsemius et 

al., 2013, 2016); the GLOFRIS modelling cascade applies (I) hydrological and 

hydrodynamic modelling to construct daily time-series of flood volumes, (II) extreme 

value statistics to obtain flood volumes for different return periods, and (III) 

inundation modelling to convert the flood volume to high-resolution inundation maps 

for different return periods.  

 

(I)  Using metrological input data (precipitation, temperature, global radiation), 

the GLOFRIS modelling cascade simulates daily gridded discharge and flood volumes 

at a 0.5° x 0.5° resolution (Van Beek et al., 2011). The GLOFRIS model is forced with 

EU-WATCH data for the period 1960–1999, representing climate conditions in 1980 

(Weedon et al., 2011). For future climate conditions, the GLOFRIS model is forced 

with daily bias-corrected outputs (Hempel et al., 2013) from five global climate 

models (GCMs): HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, GFDL-

ESM2M, and NorESM1-M. In this study, we use the climate conditions modelled for 

the periods 2030–2069 and 2060–2099 representing climate conditions in 2050 and 

2080, respectively.  

(II)  The GLOFRIS model cascade obtains annual hydrological year time-series of 

maximum flood volumes from the daily gridded flood volumes (Ward et al., 2013). By 

fitting a Gumbel distribution, and by using the resulting Gumbel parameters, The 

GLOFRIS model cascades estimates flood volumes for each grid cell (0.5° x 0.5°) for 

different return periods: 5, 10, 25, 50, 100, 250, 500, and 1,000 years. 

(III)  The GLOFRIS model cascades converts the 0.5° x 0.5° flood volume maps 

to high-resolution (30″ x 30″) inundation maps using the inundation downscaling 

model of GLOFRIS (Winsemius et al., 2013). In this study, we model adaptation in 

year-to-year time-steps, and therefore we convert the static inundation maps to maps 

of yearly inundation change, by linearly extrapolating inundation depths for each 

return period for each cell between 1980 and 2050, and 2050 and 2080. 

   

We use the output from the GLOFRIS model cascade to determine the flood risk 

from rivers, expressed in the common monetary metric of expected annual damage 

(EAD). In this study, we take into account the loss-reducing measures implemented in 

residential buildings when calculating the EAD. The EAD is determined each time-
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step for each grid cell by approximating the integral of damages for each return period 

under the exceedance probability curve. In short, the estimated damage for one return 

period for a grid cell is a function of (a) the maximum value in the grid cell that can be 

damaged, (b) the inundation depth for the return period, and (c) the depth-damage 

relation, which describes the relation between the inundation depth and the 

percentage of the maximum value that is damaged. Equation D1-1 shows the stylized 

form of the integral. For each grid cell n, the EAD is calculated by approximating the 

integral over a set of events I, with a probability pi for each event i. The events I are 

floods with different return periods, or the event i in which no flood occurs. The 

probability p is the inverse of the return period (e.g. for a 100-year return period, p = 

0.01). The damage D caused by an event i in a grid cell n is a function of the 

inundation depth of the event, inun, and the depth-damage curve, ddc. Furthermore, if 

dikes offer a protection standard PS against an event i, then D is zero for that event 

(e.g. if the protection standard is 50 years, then the events with a return period of 5, 

10, 25, and 50 years cause zero damage). 

 

𝐸𝐴𝐷𝑛 =  ∫ 𝑝𝑖𝐷𝑖,𝑛(𝑖𝑛𝑢𝑛𝑖,𝑛, 𝑑𝑑𝑐𝑛,𝑙𝑢𝑐/𝑟𝑒𝑠, 𝑃𝑆)𝑑𝑝
𝑝𝐼

𝑝𝑖
   |D1-1| 

 

 

Maximum damage and depth-damage curves are specific to country and land-use 

class, luc (Appendix D5). In addition to a land-use class, each grid cell has a share of 

residential building surface, which changes over time, as well as a specific maximum 

damage and depth-damage curve res (Appendix D5). Parts of the residential building 

surface in a grid cell can be elevated or dry-proofed, depending on the adaptive 

behaviour displayed by residents in each time-step (Appendix D7). If, for example, a 

building is elevated by 1 meter, then the depth-damage curve for the elevated area in a 

grid cell effectively shifts upwards by 1 meter (i.e. the first meter of inundation has no 

effect, after which the normal depth-damage curve is applied). If dry-proofed, 85% 

(Aerts and Botzen, 2011) of the expected damage for each event i for the dry-proofed 

residential surface area is reduced, but only if the inundation depth remains below 1 

meter (Aerts and Botzen, 2011). The EAD in each grid cell is thus the sum of the 

EAD for the land-use class, and the EAD for residential building. The EAD for 

residential building is the sum of the EAD for elevated residential building surface 

area, the EAD for dry-proofed residential building surface area, and the EAD for 

unprotected residential building surface area.  
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D4. SSP projections 

 

For each time-step, in each grid cell (30″ x 30″) both GDP and population increases 

or decreases depending on the socio-economic scenario used. We derive this change 

in GDP and population from high-resolution (30″ x 30″) projections for the socio-

economic pathways SSP1 and SSP5, which are generated by external-input-based 

downscaling for population, convergence-based downscaling for GDP and emissions, 

and linear algorithms to reach grid levels (van Vuuren et al., 2007). We converted the 

static data for the current, short-, and long-term projections (2010, 2030, 2100, 

respectively) into yearly change per grid cell by linearly extrapolating between the 

static projections in each grid cell. The SSP1 scenario ‘sustainability’, which here is 

coupled to the RCP2.6 climate change scenario, represents a path with few challenges 

for greenhouse gas mitigation (O’Neill et al., 2014). The SSP5 scenario ‘fossil-fuelled 

development’, which is coupled to the RCP8.5 climate change scenario here, 

represents a path with high challenges to greenhouse gas mitigation (O’Neill et al., 

2014). The GDP growth is used to model changing values (Appendix D5), and the 

population growth is used to model change in residential building surface (Appendix 

D5). 

 

D5. Land-use data and residential building surface projections 

 

Each grid cell (30″ x 30″) has: (a) a specific land-use class, and (b) a dynamically 

changing percentage of residential building surface, of which a share is possibly 

protected by elevation or dry-proofing, depending on the adaptive behaviour of 

residents (Appendix D8).  

 

(a) Each grid cell is assigned a land-use class based on the CORINE Land Cover 

2012 dataset (Huizinga, 2007). Each land-use class has a country-specific depth-

damage curve and associated maximum value (Huizinga, 2007), similar to the EU-

wide flood damage modelling approach of Jongman et al. (Jongman, Hochrainer-

Stigler, et al., 2014). As there are no consistent future land-use projections (Jongman, 

Hochrainer-Stigler, et al., 2014), the spatial distribution of land-use classes remains 

fixed. To account for economic growth, the value of the exposed assets is scaled to 

reflect the change in GDP, similar to Jongman et al. (Jongman, Hochrainer-Stigler, et 

al., 2014).  

(b) For residential areas, the existing CORINE dataset has three limitations that we 

address by providing an improved analysis. The first limitation is that the residential 

surface area, expressed as the percentage of a cell, does not change over time, while in 
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reality changes can significantly influence adaptive behaviour. The second limitation is 

that only specific land-use classes, such as urban and semi-urban, have a residential 

surface, while in reality all land-use classes can have a residential surface. The third 

limitation is that the dataset shows residential surface, not residential building surface. 

As the cost of adaptation for residents is based on building surface, the CORINE 

dataset does not provide the detail needed for estimating these costs. To overcome 

these limitations, here we provide a more realistic estimate by using the following 

steps. First, we remove the low-detail percentage of residential area estimate for each 

30″ x 30″ grid cell from the CORINE dataset. Second, we replace it with a spatial-

temporally explicit estimate of percentage of residential building surface. In short, the 

future estimate for each grid cell is derived from the relation between population 

density and the current percentage of residential building surface. The function is 

obtained by overlapping high-resolution population density data (GEOSTAT22) with 

high-detail object-level data (OpenStreetMap). As OpenStreetMap (OSM) data is 

incomplete for Europe, a selection of regions is made which shows: (1) complete 

coverage of building data, and (2) a uniform spread of population density. Table D1-3 

presents the coordinates of the selected regions.  

 
Figure D1-3 | A: Gridded population density data at 1 km2 resolution (GEOSTAT) and 

residential object data (OSM). The percentage of residential building surface area is calculated 

for each grid cell. B: The resulting relation between the percentage of residential building 

surface (S) and population density (pop). 

 

Figure D1-3. A shows the basic principle of the analysis. In brief, we estimate the 

relation between population density and the percentage of residential building surface 

by applying a regression analysis. To determine the most appropriate functional form 

of the regression, we compared the Akaike information criterion (AIC) of different 

                                                      
22 The GEOSTAT dataset contains high-resolution (1 km x 1 km) population data for Europe, 
obtained from the national bureau of statistics of each country.  
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regression models, and found that the power regression function shown in Figure D1-

3B performs best. We applied the relation shown in Figure D1-3B to each grid cell in 

each time-step, as shown in Equation D1-2.  

 

 

As population changes over time in each grid cell (Appendix D4) so does the 

percentage of residential building surface St. Residential building surface does not 

deteriorate if population density decreases.  

 

𝑆𝑡 = {
0.07819𝑝𝑜𝑝𝑡

0.6002

 
𝑆𝑡

                
𝑓𝑜𝑟 0.07819𝑝𝑜𝑝𝑡

0.6002 >  𝑆𝑡−1

 
𝑓𝑜𝑟 0.07819𝑝𝑜𝑝𝑡

0.6002 ≤  𝑆𝑡−1
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For each grid cell, the percentage of residential building surface in a cell is further 

subdivided into four categories. The St,unprotected, existing and St,new are inputs for the adaptive 

behaviour of residents, and they can become St,dry-proofed, existing or St,elevated, existing as a result 

of this behaviour (Appendix D7). All surface categories are inputs for the calculation 

of risk, as different surfaces have different depth-damage curves, as described in 

Appendix D3. The categories, shown schematically in Figure D1-4, are:   

 St,unprotected, existing: Existing, unprotected (not dry-proofed, not elevated), 

residential building surface at time-step t, expressed as a percentage of total 

cell surface. 

 St,dry-proofed, existing: Existing, dry-proofed, residential building surface at time-

step t, expressed as a percentage of total cell surface. 

 St,elevated, existing:  Existing, elevated, residential building surface at time-step t, 

expressed as a percentage of total cell surface. 

 St,new: Newly developed residential building surface at time-step t, expressed 

as a percentage of total cell surface. 

The percentage of newly developed residential area St,new is modelled as: St,new = St – 

St-1. Depending on the residents’ adaptive behaviour, St,new becomes part of either 

St,elevated or St,unprotected, existing, depending on the adaptive behaviour choice described in 

Appendix D7.  
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Figure D1-4. Schematic representation of a grid cell. Each grid cell has a specific land-use 

class, and can contain: (1) existing, unprotected, residential building surface, (2) existing, dry-

proofed, residential building surface, (3) existing, elevated, residential building surface, and (4) 

newly developed residential building surface.  

 

Table D1-3 | Selected regions for analysing the relation between population density and 

residential building surface. All regions show: (1) complete coverage of building data, and (2) a 

uniform spread of population density. 

  

WGS coordinates 

Included urban 

centre 

Area 

(km2) 

East 

longitude 

West 

longitude 

South 

latitude 

North 

latitude 

Berlin 1,311 12.72 13.47 52.44 52.69 

Innsbruck 1,136 11.07 11.69 47.17 47.39 

Paris 515 2.07 2.48 48.78 48.97 

Prague 1,226 14.27 14.99 49.92 50.17 

Rotterdam 2,098 3.97 4.88 51.65 52.00 

Salzburg 1,327 12.69 13.39 47.71 47.96 

Verona 1,313 17.96 18.58 59.21 59.39 

Stockholm 541 10.77 11.41 45.33 45.58 

Total area (km2) 9,468 

     

D6. Flood events 

 

During each time-step, floods occur in each NUTS 3 region following the probability 

associated with the different return periods (e.g. a 1 in 100 year event i has a yearly 

probability of occurring of pi = 0.01). If a flood occurred, the damage D is calculated 

as the function of (1) the inundation depth for return period i in each grid cell in the 

NUTS 3 region, and (2) the depth-damage curve as described in detail in Appendix 

D3. In this study, we focus on damage to residential surface. The damage D is 

corrected for any residential loss-reducing measures (elevation and dry-proofing – 

Appendix D3). This means that for the elevated residential building surface in a grid 
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cell, the depth-damage curve is shifted upward by 1 meter. For a dry-proofed 

residential building surface, this means that 85% of the damage is reduced if the 

inundation depth remains below 1 meter (Aerts and Botzen, 2011). Depending on the 

behaviour type, the occurrence of a flood can trigger adaptive behaviour from 

residents (Appendix D7) or governments (Appendix D9).   

 

D7. Adaptive behaviour by residents 

 

We model the adaptive behaviour by residents for each time-step for high resolution 

grid cells (30″ x 30″), which is done separately for the existing unprotected residential 

area, Sunprotected, existing, and the newly developed residential area, Snew. Adaptive behaviour 

by residents in each grid cell follows a subjective discounted expected utility (DEU) 

model as shown in Equation D1-3, which depends on rational or boundedly rational 

perceptions of flood risk. For each time-step in each grid cell, the DEU is calculated 

and compared for two strategies: 

 

 Strategy 1: implement a loss-reducing measure (elevation or dry-proofing), or 

 Strategy 2: do nothing, thus accepting the flood risk.  

 

For both Sunprotected, existing and Snew, the strategy that yields the highest DEU is taken. For 

Sunprotected, existing, studies have shown that the most cost-effective loss-reducing measure is 

dry-proofing (Aerts and Botzen, 2011), and therefore the decision is made based on 

dry-proofing as the loss-reducing measure. For Sunprotected, existing, if strategy 1 yields the 

highest DEU then Sunprotected, existing becomes Sdry-proofed, existing. Dry-proofing reduces damage 

caused by inundation of up to 1 meter by 85% (Aerts and Botzen, 2011). Inundation 

above 1 meter overtops the dry-proofing, causing full damage. For newly developed 

residential buildings, studies have shown that elevation is the most cost-effective 

measure (Aerts and Botzen, 2011), and therefore the decision for the newly developed 

residential area is made based on elevating buildings. For Snew, if strategy 1 yields the 

highest DEU then Snew becomes Selevated, existing. Elevation is of up to 1 meter, which is 

considered optimal by FEMA (FEMA, 2014) because this average height prevents 

considerable flood damage costs, and does not disrupt landscape views or city 

planning policies. Note that for each grid cell, equation S3 is consequently used four 

times; twice to compare the two strategies for Sunprotected, existing, and twice to compare the 

two strategies for Snew. Table D1-4 summarizes the differences between the adaptive 

behaviour types. The DEU equation is as follows: 
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𝐷𝐸𝑈𝑠𝑡𝑟 = ∫ 𝛽𝑝𝑖𝑈(𝐸𝐴𝐵𝑠𝑡𝑟)𝑑𝑝
𝑝𝐼

𝑝𝑖
=  ∫ 𝛽𝑝𝑖,𝛽𝑈 (

𝑁𝑃𝑉𝑠𝑡𝑟

𝐴𝑡,𝑟
)

𝑝𝐼

𝑝𝑖
𝑑𝑝 =

 ∫ 𝛽𝑝𝑖𝑙𝑛 (
∑

𝑊𝑡−𝐷𝑖,𝑡,𝑠𝑡𝑟

(1+𝑟)𝑡 −𝐶0,𝑠𝑡𝑟
𝑇
𝑡=1

1−(1+𝑟)−𝑇

𝑟

)
𝑝𝐼

𝑝𝑖
𝑑𝑝   
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DEUstr: We apply a DEU model that includes a discount rate r for individual time 

preferences. For Sunprotected, existing, the DEUstr of dry-proofing (strategy 1) is compared to 

the DEUstr of doing nothing (strategy 2), and the strategy that yields the highest value 

is taken. For Snew, the DEUstr for elevation (strategy 1) is compared to the DEUstr of 

doing nothing (strategy 2).   

 

pi: Each event i has a specific probability p of occurring, equal to the inverse of the 

return period of event i (e.g. a 100-year return period has a p of 0.01). Individual 

perceptions of pi can be either rational or boundedly rational as determined by the 

factor β described below.  

 

I: The DEUstr is calculated as the approximation of the integral over a set of events I 

with different return periods i. The inundation depths for the set of events are 

generated by the GLOFRIS flood hazard model cascade for the return periods of 5, 

10, 25, 50, 100, 250, 500, and 1,000 years. The set of events I includes the probability 

that no flood occurs, which has a probability above the highest return period included 

here; a return period of 5 years. 

 

i: One event in the set of events I with a specific return period and specific inundation 

depth.  

 

β: The factor β represents a perception of residents which is dependent on the 

objective probability p of an event i. In the ‘rational residents’ behaviour type, 

residents behave in a fully informed way, such that they perceive the probability p of 

an event i equal to the inverse of the return period, and thus β=1. In the ‘boundedly 

rational residents’ behaviour type, residents have a variable perception of risk. This 

causes them to overestimate the probability of a flood if one has just occurred, which 

later declines and subsequently results in an underestimation if a flood does not occur. 

We adapted the methodology by Haer et al. (Haer, Botzen, Moel, et al., 2016) in 

stylized form, such that β = 102αt−1 for boundedly rational residents, where αt = 1 if 

a flood occurs in the NUTS 3 region where the resident resides, and αt = αt-1 / 1.6 if 

no flood occurs. For details on the empirical data used for calibrating these equations, 

we refer to Haer et al. (Haer, Botzen, Moel, et al., 2016).  
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U(x): Similarly to the approach of Haer et al. (Haer, Botzen, Moel, et al., 2016), 

residents follow the general utility function 𝑈(𝑥) = 𝑥1−𝛿 1 − 𝛿⁄ , which is a function 

of constant relative risk aversion (Bombardini and Trebbi, 2012; Harrison et al., 2007). 

In line with common findings (Bombardini and Trebbi, 2012; Harrison et al., 2007), 

residents are modelled to be slightly risk-averse. This is represented here with a δ of 1, 

in which case 𝑈(𝑥) = 𝑙𝑛 𝑥.   

 

EABstr: As the probability p is expressed in probability per year, the NPV is 

transformed into a yearly monetary amount, the equivalent annual benefits (EAB), 

which is obtained by dividing the NPV by the present value of the annuity factor, At,r.  

 

At,r: The present value of the annuity factor, calculated as: (1 − (1 + 𝑟)−𝑇)/𝑟.  

 

r: The discount rate represents the rate of pure time preference for residents. 

Following Tol (Tol, 2008), the discount rate r is set to 3%.  

 

NPVstr: The NPV of the strategy’s costs (the investment costs of either elevation, dry-

proofing, or doing nothing) or the costs of doing nothing, and the benefits (potential 

damage reduction).  

 

T: The DEU is calculated over the lifespan of the loss-reducing measure. The lifespan 

of dry-proofing is 75 years (Aerts and Botzen, 2011), and there is no reported lifespan 

for elevation. Here it is set to 100 years, similar to the life-span of dikes, which we 

argue is a reasonable assumption because of the long lifespan of buildings in Europe. 

Considering that both investment costs and damages are discounted based on time 

preferences, slightly increasing or decreasing this lifespan value has no considerable 

effect on the model results.  

 

t: Time-step. Each time-step is one year.  

 

W: The wealth (value) of the residential area of either Sunprotected, existing or Snew. This is 

calculated by multiplying either the Sunprotected, existing or Snew at time-step t by the specific 

area of the grid cell and the value per m2 of residential buildings. The value per m2 is 

country-specific, following Huizinga et al. (Huizinga, 2007), and is corrected at time-

step t for economic growth (Appendix D4). 

 

Di,t: The damage associated with an event i at time-step t. Damage is calculated 

following the approach described in Appendix D3 under climate conditions at time-
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step t. Protection standards are taken into account when deciding to take loss-

reducing measures (strategy 1). In the case of doing nothing (strategy 2), it is 

assumed that full damage is incurred and that residents have a notion of increasing 

risk due to climate change. In the ‘rational residents’ type, residents are fully informed 

and they ‘know’ the relative increase in risk for their country of residence. The 

estimated damage Di,t at each time-step t over the period T is adjusted accordingly. In 

the ‘boundedly rational residents’ type, residents estimate risk as being somewhere 

between the relative increase of risk for their country and zero increase in risk. This 

value for boundedly rational residents differs for each grid cell and is determined from 

a random-uniform distribution at the start of each 2010–2080 simulation, and 

represents imperfect knowledge about how climate change influences flood risk.  

 

C0: Investment costs for the loss-reducing measure. The investment costs for 

elevating new buildings are estimated at €31.08 per surface (m2) per height (m) 

(converted from dollars (Aerts and Botzen, 2011)). The total investment costs for 

elevation are the cost per m2 multiplied by the percentage of new residential building 

surface Snew and the grid cell area. Dry-proofing is more complex, and includes a water 

sealant for the walls (unit: length (m)/height (m)), a drainage line around the perimeter 

(unit: length (m)/height (m)), flood shields for doors and windows (unit: m2 per 

building), plumbing check valves (unit: number per building), and sump and sump 

pump (unit: number per building). We translated all costs into an average cost per 

meter length and meter height, resulting in €165.71 per meter length per meter height 

of dry-proofing. Furthermore, using the same approach as in Appendix D4, we 

derived a relation between residential building surface and residential building 

perimeter. We find that a power function best describes this relation, as an increase in 

surface leads to an increase in perimeter, but with a decline in the marginal increase of 

the perimeter. The resulting equation for the costs of dry-proofing per grid cell is as 

follows:   

 

 𝐶0,𝑑𝑟𝑦−𝑝𝑟𝑜𝑜𝑓𝑖𝑛𝑔

= 165.71 × (5.296
×  (𝑆𝑢𝑛𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑,𝑒𝑥𝑖𝑠𝑡𝑖𝑛𝑔 × 𝑐𝑒𝑙𝑙_𝑎𝑟𝑒𝑎)0.736) 
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Table D1-4 | Summary of differences between types of adaptive behaviour of residents. 

Type Characteristics of residential adaptive behaviour 

Rational residents 
(Dynamic) 

Rational residents know the estimated relative increase in risk 
for their country of residence, and apply this increase factor 
when determining the DEU (equation S3) or EU (equation S5). 
Rational residents have perfect knowledge of the probability of 
an event. The perception β of the probability p is objective, 
such that β = 1. 

Boundedly rational 
residents 
(Dynamic) 

Boundedly rational residents have imperfect knowledge on how 
risk will develop. For each country and each grid cell, the 
increase factor used in the DEU (equation S5) or EU (equation 
S7) equations is random-uniform between the relative risk 
increase in the country and zero. 
The perception β of the probability p is subjective, such that 

𝛽 = 102αt−1. If a flood occurs, αt = 1. If no flood occurs at 
time-step t, αt = αt-1 / 1.6. This causes risk to be overestimated 
immediately after a flood, after which the perceived probability 
declines to an underestimation of risk. 

No residential adaptation 
(Static) 

There is no adaptive behaviour in residential areas. 

 

D8. Insurance uptake behaviour by residents 

 

In addition to the main analysis of adaptive behaviour, we also  investigate the case 

where either voluntary or mandatory flood insurance is available, and where residents 

gain incentives to reduce risk or not. A large variety of flood insurance arrangements 

exist in different EU countries, including voluntary and mandatory markets and 

arrangements with flat insurance premiums that do not depend on risk and with 

premiums that depend on the flood risk faced by policyholders (Porrini and Schwarze, 

2014). For this analysis, we explore how risk changes under four stylized scenarios of 

insurance systems which capture the diversity of flood insurance in the EU. 

 

 Insurance uptake is voluntary, and premium discounts are offered if 

residents implement loss-reducing measures, such as dry-proofing or 

elevating. 

 Insurance uptake is voluntary, and premium discounts are not offered, 

even if residents reduced their risk. This is now common in the EU, but it 

leads to high premiums that do not represent reduced risk.  

 Insurance uptake is mandatory, and premium discounts are offered if 

residents implement loss-reducing measures, such as dry-proofing or 

elevating.  
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 Insurance uptake is mandatory, and premium discounts are not offered, 

even if residents reduced their risk. 

 

Following (Haer, Botzen, Moel, et al., 2016), we assume that there is a deductible (δ) 

of 10%, and that the flood premiums are fair premiums based on the flood risk. 

Voluntary flood insurance can be taken or cancelled every year, and therefore 

insurance behaviour by residents in each grid cell follows a normal subjective 

expected utility (EU) model as shown in Equation D1-5. If flood insurance is 

mandatory, residents simply have insurance. For each time-step in each grid cell, the 

EU is calculated and compared for two strategies: 

 

 strategy 1: take insurance, accepting the deductible, or 

 strategy 2: cancel (or do not take) insurance, thus accepting the flood risk.  

 

The decision whether to take or cancel insurance is done separately for Sunprotected (either 

new or existing), Sdry-proofed, existing, and Selevated, existing in each grid cell. Note that for each grid 

cell, Equation D1-5 is consequently used 2x6 times; twice for offering discounts and 

not offering discounts, and then to compare the two strategies for Sunprotected, to 

compare the two strategies for Sdry-proofed, existing, and to compare the two strategies for 

Selevated, existing. Table D1-4 summarizes the differences between the adaptive behaviour 

types. The subjective EU equation is as follows: 

 

𝐸𝑈𝑠𝑡𝑟 =  ∫ 𝛽𝑝𝑖

𝑝𝐼

𝑝𝑖

𝑈(𝑊𝑡 − 𝐷𝑖,𝑡 ∗ 𝛿 −  𝐶𝑝𝑟𝑒𝑚𝑖𝑢𝑚,𝑡 −  𝑑𝑝𝑟𝑒𝑚𝑖𝑢𝑚,𝑡)𝑑𝑝 
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EUstr: We apply an EU model to represent the decision to take or cancel flood 

insurance. The comparison is made separately for  Sunprotected, Sdry-proofed, existing and Selevated. 

 

 pi, I, i, β, t, U(x), Di,t: Similar to Appendix D7. 

 

Wt: Similar to Appendix D7, but for Sunprotected, Sdry-proofed, existing and Selevated. 

 

δ: The deductible, which is 0.1 (10% needs to be paid by residents) for deciding to 

take insurance, and 1 (100% needs to be paid by residents) for deciding to cancel (or 

not take) insurance.  
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Cpremium,t: For the decision to take insurance, the premium corresponds to (1 – 

δ)*EADt for Sunprotected, Sdry-proofed, existing and Selevated separately, but without taking into 

account the loss-reducing measure. This is the common approach to determining 

insurance premium. Note that the difference originates from different W for the three 

different types of residential protection. For the decision to cancel (or not take) 

insurance, Cpremium,t is 0.  

 

dpremium,t: For the scenario in which no discounts are offered, Dpremium,t is 0 for both 

strategies. For the scenario in which premium discounts are offered, and for the 

decision to take insurance, Sdry-proofed and Selevated receive a discount equal to the EAD 

reduced by their respective loss-reducing measures. Sunprotected does not receive a 

premium discount and therefore Dpremium,t is 0. For the decision to cancel (or not take) 

insurance, Dpremium,t is 0. 

 

Taking flood insurance premiums and potentially receiving discounts, influences the 

decision to implement loss-reducing measures (Equation D1-3, Appendix D7) in the 

following two ways:  

 

 If residents take or have insurance, than the damage variable Di,t,str in 

Equation D1-3 becomes Di,t,str * δ as all damage except the deductible is 

considered to be covered.   

 If a discount is offered, than the annual benefits variable EABstr in Equation 

D1-3 becomes EABstr + dpremium, as residents consider the yearly discount on 

the flood premium together with the decision to implement a loss-reducing 

measure.  

 

D9. Adaptive behaviour by governments 

 

In our model, governments can adapt each time-step in each NUTS 3 region by 

raising protection standards (i.e. 5-, 10-, 25-, 50-, 100-, 250-, 500-, and 1,000-year). 

Protection standards are raised by increasing protection heights in all the NUTS 3 grid 

cells (30″ x 30″) with rivers to the flood volume height associated with a certain return 

period. Proactive governments make the decision in six-year cycles, or after a flood 

event. The six-year cycle is based on the approach of the Netherlands23, one of the 

most proactive counties to invest in flood defences. Reactive governments only take 

this decision after a flood event in the NUTS 3 region.  

                                                      
23 Regulated in the Dutch Waterlaw (Waterwet, 2009) 
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The decision to raise protection standards (i.e. to increase dike heights) is based on a 

cost-benefit analysis (CBA). The net present value (NPV) is calculated for raising the 

protection standard one or two standards higher than the current protection 

standards. Note that the NPV for strengthening a part of the dike is calculated in high 

resolution (30″ x 30″), and is summed for dike parts in the NUTS 3 region. Costs for 

increasing dike heights only occur in cells with a river. If neither of the evaluated 

protection standards yields a positive NPV, dikes are not raised. If one or both new 

standards yield a positive NPV, the dike heights are increased in each cell with a river, 

up to the flood volume height associated with the desirable protection standard (i.e. 

the return period).  

 

Governments take climate change into account by adjusting the benefits at each 

future time-step with the predicted increase in flood risk for the country. Note that 

the benefit of raising dikes, or the reduction in EAD the dike height delivers, is 

calculated for all land-use classes, and not only for residential areas. Table D1-5 

summarizes the differences between the adopted adaptive behaviour types. The 

equation for the NPV is as follows:   

 

NPV𝑃𝑆𝑖
= ∑ ∑

𝐵𝑡,𝑃𝑆𝑖,𝑛 − 𝐶𝑡,𝑃𝑆𝑖,𝑛

(1 + 𝑟)𝑡

𝐿

𝑡=1

𝑁

𝑛=1

− 𝐶0,𝑃𝑆𝑖,𝑛

= ∑ ∑
(𝐸𝐴𝐷𝑟𝑒𝑑𝑡,𝑃𝑆𝑖,𝑛−𝐸𝐴𝐷𝑟𝑒𝑑𝑡,𝑃𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ,𝑛) − (𝐶𝑡,𝑃𝑆𝑖,𝑛 − 𝐶𝑡,𝑃𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ,𝑛)

(1 + 𝑟)𝑡

𝐿

𝑡=1

𝑁

𝑛=1

− 𝐶0,𝑃𝑆𝑖,𝑛 
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𝐍𝐏𝐕𝑷𝑺𝒊
: The NPV of raising protection standards is calculated for the NUTS 3 

region. Dike height will be increased if it yields a positive NPV. The height of the new 

dike in each grid cell n with a river corresponds to the flood volume height for that 

grid cell generated by the GLOFRIS modelling cascade for a specific return period i, 

such that it offers a protection standard PSi.   

 

𝑷𝑺𝒊: The NPV is calculated for two protection standards higher than the current 

protection standard. The protection standard is similar to the return period i that it 

protects against; e.g. a 100-year protection standard protects against a flood with a 

100-year return period.  
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𝑷𝑺𝒄𝒖𝒓𝒓𝒆𝒏𝒕: The current protection standard offered by dikes in the NUTS 3 region. 

 

N: While the adaptation decision is made on a NUTS 3 level, the NPV of raising 

protection standards is in fact calculated in high-resolution as the sum of the NPV 

over all grid cells N in the NUTS 3 region.  

 

n: One grid cell (30″ x 30″) in the NUTS 3 region. Grid cells also contain information 

on the total river length contained within.  

 

L: The NPV is calculated over the lifetime of a dike L. The lifespan is 100 years, 

following (Aerts and Botzen, 2011). 

 

t: Time-step. Each time-step is one year. 

 

𝑩𝒕,𝑷𝑺𝒊,𝒏: The benefits at time-step t for the protection standard PSi in grid cell n. The 

benefits are the EAD reduced by the evaluated protection standard 𝐸𝐴𝐷𝑟𝑒𝑑𝑡,𝑃𝑆𝑖,𝑛, 

minus the EAD that has already been reduced by the current protection standard 

𝐸𝐴𝐷𝑟𝑒𝑑𝑡,𝑃𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡,𝑛. Due to changing flood risk as a result of climate change, the 

benefits change over time. For each country, the relative increase in EAD calculated 

with the ‘2010 protection standard’ behaviour type is used to estimate the relative 

increase in benefits.  

 

EADred: The EAD reduced by a protection standard PS is calculated similarly to the 

EAD equation (Appendix D3), but only up to the return period i that it protects 

against (i.e. for a protection standard of 100 years, the EADred is calculated as the 

approximation of the integral of the expected damages for the return periods 5, 10, 

25, 50, and 100 years). The net EADred is the EADred of the evaluated protection 

standard PSi minus the EADred of the current protection standard PScurrent.  

 

C0: The investment costs of raising the dikes to a protection standard PSi. The 

increase in dike height for a grid cell n for a protection standard PSi is equal to the 

flood volume height of the associated return period (Appendix D3) minus the current 

dike-height. The dike-height and dike-length (2x river length) are multiplied by the 

cost of a dike. For grid cells in urban areas, as classified by CORINE, investment 

costs are estimated at €6.17x106 per length (km) per height (m), which are the costs 

(converted from dollars from (Aerts and Botzen, 2011)) for high urban density dikes. 

For grid cells in non-urban areas, as classified by CORINE, investment costs are 
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estimated at €3.09x106 per length (km) per height (m), which are the costs (converted 

from dollars from (Aerts and Botzen, 2011)) for low urban density dikes.  

 

Ct: The maintenance costs of dike strengthening, which are the costs for the 

protection standard PSi under evaluation minus the costs of the current protection 

standard PScurrent. High-density urban dikes have estimated maintenance costs 

(converted from dollars from (Aerts and Botzen, 2011)) of €0.08x106 per km, and 

low-density urban dikes have estimated maintenance costs (converted from dollars 

from (Aerts and Botzen, 2011)) of €0.04x106 per km. Maintenance costs do not 

significantly increase with dike-height. Cells with no rivers have no dike maintenance 

costs.  

 

r: The social discount rate is set at 4%, which is the recommended rate for 

investments in Europe24. 

 

Table D1-5 | Summary of differences between types of adaptive behaviour of governments. 

Type Characteristics of government adaptive behaviour 

Proactive governments 
(dynamic) 

The decision on whether or not to raise dikes (and 
consequently the protection standards) is made in six-year 
cycles, or after a flood event. The decision is based on the CBA. 

Reactive governments 
(Dynamic) 

The decision on whether or not to raise dikes (and 
consequently the protection standards) is made only after a 
flood event in the NUTS 3 region. The decision is based on the 
CBA.  

2010 protection standards 
(Static) 

Protection standards are kept constant at 2010 standards. This 
behaviour type does not apply the CBA.  

2010 protection heights 
(Static) 

Dike heights are assumed to remain at 2010 heights. Protection 
standards will drop if flood volume for a return period covered 
by the protection standards increases above the dike height. 
This behaviour type does not apply the CBA. 

 

 

                                                      
24 http://ec.europa.eu/smart-regulation/guidelines/tool_54_en.htm 
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Figure D1-5| Projection of fluvial flood risk for residential areas in the EU from 2010–2080 

under the RCP2.6-SSP1 scenario. Shown here at the same scale as for the RCP8.5-SSP5 

scenario (see Figure 6.2). The six combinations of behavioural types show similar relative 

differences in projected risk in residential areas to the RCP8.5-SSP5 scenario, underlining the 

importance of including dynamic adaptive behaviour in order to understand the development 

of risk. This is further emphasized by the significant relative differences between the business-

as-usual and adaptive behaviour types. 
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Figure D1-6 | The average absolute contribution of residential adaptation to the reduction of 

EAD. Shown under (a) RCP2.6-SSP1 and (b) RCP 8.5-SSP5, and the average relative 

contribution of micro-level adaptation to the reduction of EAD, shown under (c)  RCP2.6-

SSP1 and (d) RCP 8.5-SSP5. The absolute contribution of micro-level adaptation is measured 

with respect to the ‘2010 protection height’ behaviour type, in which no adaptation takes place. 

The relative contribution of micro-level adaptation is the share of the EAD reduction that can 

be attributed to it, which together with macro-level adaptation totals 100% of the reduced 

EAD. 
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Figure D1-7 | Relative change in residential flood risk for the RCP8.5-SSP5 scenario. Shown 

for (a) when a discount is offered on the insurance premium if houses are dry-proofed or 

elevated, (b) compared to when no discount is offered. For both voluntary and mandatory 

insurance the static BAU scenario’s show zero change as residents do not adapt. The influence 

of the discount for voluntary insurance is largely dependent on the insurance uptake, which is 

low for boundedly rational residents and high for rational residents. Under mandatory 

insurance, the discount is a large stimulus for reducing risk.  
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Figure D1-8 | Insurance uptake rates for voluntary insurance. Shown for (a) a discount is 

offered when residents elevate or dry-proof, and (b) no discount is offered. Rational residents 

perceive risk similar to the risk determined by the insurance, so their uptake rate is high. 

Insurance uptake is even slightly higher if no discount is offered, which can be explained by 

the reduced tendency to protect trough measures, and thus a higher need for insurance. The 

effect is however marginal. Boundedly rational residents mostly underestimate risk, and 

consequently their insurance uptake is very low. Even if a flood event would trigger an 

increase in uptake rates, cancelation rates in subsequent years will also be high. 
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Figure D1-9 | The percentage of dry-proofed or elevated residential building surface for 

RCP2.6-SSP1 in 2080. The differences between the ‘rational residents’ and ‘boundedly rational 

residents’ behaviour types are relatively large. The differences between the ‘proactive 

governments’ and ‘reactive governments’ behaviour types are relatively small. 

       
Figure D1-10 | Protection standards for RCP2.6-SSP1 in 2080. The differences between the 

‘proactive governments’ and ‘reactive governments’ behaviour types are relatively large. The 

differences between the ‘rational residents’ and ‘boundedly rational residents’ behaviour types 

are relatively small. 

  



 
 
 

207 
 

 
Figure D1-11 | The percentage of dry-proofed or elevated residential building surface for 

RCP8.5-SSP5 in 2080. The differences between the ‘rational residents’ and ‘boundedly rational 

residents’ behaviour types are relatively large. The differences between the ‘proactive 

governments’ and ‘reactive governments’ behaviour types are relatively small. 

      
Figure D1-12 | The protection standards for RCP8.5-SSP5 in 2080. The differences between 

the ‘proactive governments’ and ‘reactive governments’ behaviour types are relatively large. 

The differences between the ‘rational residents’ and ‘boundedly rational residents’ behaviour 

types are relatively small. 
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Appendix E 

Supplement to Chapter 7: The safe development paradox: an agent-based assessment 

for flood risk in the European Union. 

 

E1. Sensitivity analysis, RCP2.6-SSP1 scenario 

Table E1-1 | Median changes in ED/km and aggregated changes in ED for all regions in the 
European Union. Descriptions of the scenarios are summarized in Table E1-2. 

Comparison 
Return period 
(year) 

Median EU 
(ED/km2 x 
thousand euro) 

Aggregate EU 
(total ED x 
billion euro) 

Including or excluding SFDpop in 
the ReaGov scenario 
(EDReaGov+BouRaHH+SFDpop - 
EDReaGov+BouRaHH) 

100 10 3 

500 27 8 

1,000 30 9 

Including or excluding SFDpop in 
the ProGov scenario 
(EDProGov+BouRaHH+SFDpop – 
EDProGov+BouRaHH) 

100 19 3 

500 95 26 

1,000 132 39 

Comparing the 
ProGov+BouRaHH to the 
ReaGov+BouRaHH, both 
including SFDpop 
(EDProGov+BouRaHH+SFDpop - 
EDReaGov+BouRaHH+SFDpop) 

100 28 4 

500 96 28 

1,000 132 40 

Comparing the ProGov+RaHH 
tp the ReaGov+RaHH, both 
including SFDpop 
(EDProGov+BouRaHH+SFDpop - 
EDReaGov+BouRaHH+SFDpop) 

100 -120 -14 

500 -171 -52 

1,000 -86 -43 

 

Table E1-2 | Behaviour scenarios and summary of the behaviour of governments and 
households for each scenario. 

Scenario ID Description 

ReaGov+BouRaHH Reactive governments and boundedly rational households 
ProGov+BouRaHH Proactive governments and boundedly rational households 
ReaGov+BouRaHH+SFDpop Reactive governments and boundedly rational households 

Population growth is influenced by protection and flood 
events 

ProGov+BouRaHH+SFDpop Proactive governments and boundedly rational households 
Population growth is influenced by increased protection or 
flood events  

ProGov+RaHH+SFDpop Proactive governments and rational households 
Population growth is influenced by increased protection or 
flood events 



 
 
 

209 
 

E2. Sensitivity analysis, changing population growth 

 

Changes in population growth after flood occurrences and increased protection are 

based on (the only available) empirical data for the Netherlands from Husby et al. 

(2014). To test the sensitivity of applying this data to the European Union we ran 

simulations where the effects as modelled according to Table 7.1 in Section 7.2.3 are 

twice as large (factor 2), or twice as small (factor 0.5). The effects are drawn from the 

new triangular distribution for each event, and each year after the event. We ran the 

sensitivity analysis for all regions in three distinctively different countries; the 

Netherlands, where government protection is high, Bulgaria, where government 

protection is low, and Italy, where some regions have high government protection, 

and some regions have low government protection.  

 

As Table E2-1 shows, the mean change in ED in 2050 is small. When assuming that 

the effects of the safe development paradox on population growth are twice as small, 

the percentual change is mostly negative with a minimum mean of -2.62%. When the 

effects are twice as large as initially assumed, the percentage change is mostly positive, 

with a maximum mean of 6.12%. Even when we analyse the mean ± standard 

deviation, the percentual change mostly deviates no more than 5%, although some 

scenarios show change up to 17%.  

 

While this provides confidence in the robustness of the large-scale analysis, Figures 

E2-1 to E2-3 also show how for some runs for some regions, initial differences can 

lead to larger percentual changes. This is not only caused by the sensitivity settings, 

but can also lead from (1) the stochastic occurrence of flood events, (2) the timing of 

increased government protection, and (3) the stochastic draw from the triangular 

distribution for each event and each subsequent year, as described in the main 

manuscript.  
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Table E2-1 | Mean and standard deviation percentage change in ED in 2050 when assuming 

half (factor 0.5) and double (factor 2) the effect of flood events and increased public 

protection on population growth.  

 

250 year return period 500 year return period 1000 year return period 

Factor 0.5 Factor 2 Factor 0.5 Factor 2 Factor 0.5 Factor 2 

country 

Behavior 

scenario mean sd mean sd mean sd mean sd mean sd mean sd 

It
al

y 

ProGov+  

RaHH+  

SFDpop -0.67 3.12 0.76 2.37 -1.32 2.72 2.47 2.79 -1.29 1.44 3.26 2.67 

ProGov+  

BouRaHH+ 

SFDpop 0.7 16.32 4.86 10.86 -1.11 15.35 5.17 7.03 -2.62 2.48 5.39 5.52 

ReGov+ 

BouRaHH+ 

SFDpop -0.25 3.08 1.22 3.34 -0.33 2.88 1.25 3.07 -0.28 2.92 1.31 2.98 

T
h

e 
 

N
et

h
er

la
n

d
s 

ProGov+ 

RaHH+ 

SFDpop -0.14 0.58 0.48 2.09 -0.32 1.36 0.57 1.5 -1.2 1.98 5.27 3.26 

ProGov+ 

BouRaHH+ 

SFDpop 0.21 0.93 0.67 2.9 -0.14 3 0.55 2.8 2.8 3.36 6.12 3.74 

ReGov+ 

BouRaHH+ 

SFDpop -0.06 0.29 -0.08 0.87 -0.14 0.56 -0.01 0.59 -0.1 0.28 0.09 0.3 

B
u
lg

ar
ia

 

ProGov+ 

RaHH+ 

SFDpop -0.59 1.31 1.13 1.39 -0.53 0.97 1.48 2.02 -0.59 1.03 1.69 2.25 

ProGov+ 

BouRaHH+ 

SFDpop 0.17 5.48 4.01 7.55 0.14 5.16 4.43 7.58 0.23 4.94 4.2 7.08 

ReGov+ 

BouRaHH+ 

SFDpop -1.38 4.5 2.71 4.95 -1.23 4.19 2.43 4.72 -1.15 3.5 2.19 4.57 
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Figure E2-1 | Percentage change in ED, for each region in Bulgaria for each year, when 

comparing the sensitivity runs, which assume half (factor 0.5) or double (factor 2) the effect of 

flood occurrence or levee construction on population growth, to the main model results. 

Results are shown for Bulgaria for the ProGov+BouRaHH+SFDpop scenario, the 

ProGov+RaHH+SFDpop scenario and the ReGov+BouRaHH+SFDpop. Table E2-1 shows 

the mean and standard deviation of the results in 2050. 
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Figure E2-2 | Percentage change in ED, for each region in Italy for each year, when 

comparing the sensitivity runs, which assume half (factor 0.5) or double (factor 2) the effect of 

flood occurrence or levee construction on population growth, to the main model results. 

Results are shown for Italy for the ProGov+BouRaHH+SFDpop scenario, the 

ProGov+RaHH+SFDpop scenario and the ReGov+BouRaHH+SFDpop. Table E2-1 shows 

the mean and standard deviation of the results in 2050 scenario.  
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Figure E2-3 | Percentage change in ED, for each region in the Netherlands for each 

year,  when comparing the sensitivity runs, which assume half (factor 0.5) or double 

(factor 2) the effect of flood occurrence or levee construction on population growth,  

to the main model results. Results are shown for The Netherlands for the 

ProGov+BouRaHH+SFDpop scenario, the   ProGov+RaHH+SFDpop scenario and 

the ReGov+BouRaHH+SFDpop scenario. Table E2-1 shows the mean and standard 

deviation of the results in 2050 scenario. 
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E3 Population growth 

 

 
 

Figure E3-1 | The change in population growth for the entire European Union under 

different scenarios for RCP85-SSP5. In the baseline scenario, population growth occurs 

according to the SSP scenarios. In the other scenarios, population growth is also affected by 

the occurrence of a flood, or the increase in government protection. Details on the scenarios 

can be found in the main manuscript. 
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