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7 Synthesis 

7.1 Introduction 
To effectively manage the globally increasing risks associated with coastal flooding, 
improved estimates of extreme sea levels are needed. Therefore, the main objectives 
of this thesis were defined as: 

1. To develop a hydrodynamic modelling approach for improving the 
assessment of extreme sea levels globally; 

2. To advance the global assessment of coastal flood risk; 
3. To improve our understanding of the drivers and patterns of flood hazard 

and risk. 

This was achieved by addressing the five research questions defined in Chapter 1. 
This final chapter revisits these research questions, which were addressed in Chapter 
2 to 6, and summarizes the main findings. It then discusses the remaining challenges 
in the global modelling of coastal flood risk.  

7.2 Overview of the main findings 

How can currently available data and methods be used to assess both river 
and coastal flood risk globally, and what are the key limitations at this scale? 

Using Indonesia as a case study, we developed current and future risk projections 
for both river and coastal floods on the basis of existing global data. In Chapter 2 it 
is demonstrated that global data can be successfully used for a probabilistic analysis 
of future flood risk, including adaptation strategies. Using probabilistic projections 
of urban expansion, we quantified the uncertainties associated with the drivers of 
future risk and adaptation. From 2000 to 2030, urban expansion is projected to be 
the main driver of increasing flood risk, particularly on Java. Urban expansion will 
result in a more than six-fold increase in river flood risk, and in a more than two-
fold increase in coastal flood risk. While SLR will exacerbate this upward risk trend 
for coastal flooding by 19 to 37%, the impact of climate change on river floods is 
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highly uncertain. Climate change may lead to either an increase or a decrease in the 
flood hazard from rivers. However, rapid urban expansion drives such large 
increases in exposure that the overall projected trend will be an increase in risk. This 
makes the implementation of effective risk-reducing measures urgent, regardless of 
the wide uncertainties in climate change projections. Furthermore, we demonstrate 
that adaptation strategies, such as spatial planning and flood protection, can be 
extremely effective.  

In Chapter 2 we also identify several major limitations of global data, and of methods 
for assessing flood risk. A key limitation is that there has been little progress in 
coastal risk modelling in recent years, which is in contrast to rapid advancements in 
the global modelling of river floods. The main reason for this is the lack of 
approaches available for simulating extreme sea levels globally. As a result, global 
studies of coastal flood risk have largely focussed on the future impacts of rising 
mean sea levels, without addressing the considerable uncertainties in extremes under 
future and current climate conditions. While the SLR component is often modelled 
dynamically, simulations of global extreme sea levels are usually based on a static 
approach and are assumed to remain constant over time. Thus, current approaches 
do not exploit recent developments such as the increasing availability of global 
datasets and the decreasing computational costs of running hydrodynamic models 
on a large scale. Other limitations include the significant uncertainties of global 
elevation datasets, especially in flat low-lying coastal areas, which is a severe 
constraint for the accurate modelling of flood extents. In addition, no global dataset 
of subsidence rates exists, despite the fact that subsidence is an important driver of 
future flood risk in many parts of the world.  

How do extreme sea levels simulated using a global hydrodynamic model 
compare with observations and a static model approach? 

Chapter 3 we describe the development and application of the Global Tide and 
Surge Reanalysis (GTSR) dataset, which is the first global reanalysis of storm surges 
and extreme sea levels along the coasts. The surge levels of GTSR are based on the 
global hydrodynamic model Global Tide and Surge Model (GTSM), forced with 
wind and atmospheric pressure from the ERA-Interim climate reanalysis for the 
period 1979-2014 (Dee et al., 2011). Tides are modelled separately using the 
FES2012 model (Carrere et al., 2012). Surge levels and tides are superimposed to 
construct time series of total sea levels. In addition to the 36-year time-series, GTSR 
also provides estimates of return periods of extreme sea levels. The validation 
demonstrated that the performance of the global hydrodynamic model is similar to 
that of many regional hydrodynamic models. There is good overall agreement 
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between the modelled and the observed daily maxima, which is indicated by a 
Pearson correlation coefficient of 0.83 averaged over 472 tide gauge stations. There 
is a general underestimation of extremes, which is the inevitable result of the 
resolution effects of the hydrodynamic model grid, ocean bathymetry, and 
particularly the meteorological forcing. The latter is problematic for tropical cyclones 
in particular, which are not fully resolved by the relatively coarse climate models 
underlying the reanalysis datasets. The average correlation coefficient in regions with 
tropical cyclones is 0.77, which is significantly lower than the average correlation 
coefficient of 0.87 in extra-tropical regions.  

In order to assess the progress in applying a hydrodynamic approach on the global 
scale compared to a simplified static approach, a comparison of the return periods 
of the GTSR dataset against the return periods in the DINAS Coast Extreme Sea 
Lever (DCESL) database is presented in Chapter 4. Although there are relatively 
large deviations (>1.0 m) between the DCESL and GTSR datasets, both capture the 
spatial variability of extremes reasonably well. In comparison to the observations, 
the DCESL extremes are overestimated by 0.6 metres on average. The errors of the 
GTSR dataset are much smaller in comparison to the observations, and it 
underestimates extreme sea levels by 0.2 metres on average.  

How can we improve the assessment of global coastal flood risk using a 
hydrodynamic modelling approach, and what are the resulting spatial 
patterns of coastal flood exposure? 

Based on the comparison of the DCESL and GTSR datasets, we conclude in 
Chapter 4 that GTSR provides an improved basis for the assessment of the impacts 
of coastal flooding because it has a smaller observational biases. This means that the 
implementation of GTSR in global flood risk modelling will lead to an improved 
estimate of coastal risk. As a first application of the GTSR dataset (Chapter 3) for 
risk assessment, the estimated 1 in 100-year sea levels were combined with a simple 
inundation and impact module. It is estimated that 1.3% of the global population 
lives below the 1 in 100-year sea levels. A large proportion of the global exposure to 
the 1 in 100-year sea level is located in China, which accounts for 36% of the total. 
There are a number of countries in Asia with a high exposure to coastal flooding, 
including Vietnam, India, Bangladesh, and Indonesia. In addition, countries along 
the North Sea also have high exposure, such as the Netherlands, Germany, the 
United Kingdom, and Belgium. In Chapter 4, we assess the sensitivity of the coastal 
exposure to the 1 in 100-year sea levels from GTSR in comparison to the 1 in 100-
year sea levels from DCESL. This analysis indicates that the global exposed 
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population is 28% lower when based on GTSR rather than DCESL, because the 1 
in 100-year sea levels from DCESL are generally higher than those from GTSR. In 
general, the exposed population is higher in northwest Europe and East Asia when 
using GTSR than it is when using DCESL, and lower in other parts of the world. 
For six of the 10 countries with the largest exposed population, the estimated 
exposure is about 40-60% lower when based on GTSR than it is when based on 
DCESL.  

The global methodology of assessing coastal flood risk is further improved by 
correcting for the conflicting vertical datum of sea level extremes and land elevation, 
which has not been accounted for in previous global assessments. Converting the 
extreme sea levels from mean sea level to the EGM96 geoid is shown to be a critical 
step, and results in a 39-60% higher estimate of the exposed population. The changes 
are particularly large in East Asia, where there is a relatively large offset between 
mean sea level and the EGM96 geoid, combined with a relatively low-lying and 
densely populated coastal zone.  

How can we improve the representation of interannual climate variability in 
simulated sea-level time-series, and what is the influence of interannual 
climate variability on coastal flood exposure? 

Variations in sea level resulting from baroclinic or steric effects (i.e. density 
variations caused by changes in temperature and salinity) are not included in GTSM. 
In order to address this limitation and improve the representation of the seasonal- 
and inter-annual variability, we added monthly mean steric sea levels to the GTSR 
sea level time-series. This resulted in an average increase of 15% in performance in 
comparison to the monthly mean sea level without the steric component across all 
observation stations. This led to major improvements in the Pacific, while in regions 
where the range in seasonal and/or interannual cycle was below 0.1 m the 
representation of the relatively small variability in sea levels remains poor.  

The improved sea level time-series were used to assess the influence of ENSO on 
global coastal flooding. This indicated that the 95th annual percentile of both steric 
sea level and storm surges are strongly correlated with ENSO, both across the 
Pacific and in other regions. The average anomalies in the 95th percentile over the 
El Niño/La Niña years in comparison to neutral years show similar spatial patterns 
to the correlation analysis. However, when examining total sea levels (including 
tides) the significance of the anomalies largely disappears. This can be expected as 
tides are unrelated to climate variability and account for a large part of the variability 
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in extreme sea levels at many locations. We calculate the flood extents and number 
of people exposed to flooding during El Niño, La Niña, and neutral years. This 
shows that 0.8 million more people were exposed to flooding during El Niño years 
than during neutral years. The differences are larger on a regional scale, but are also 
statistically insignificant. We therefore conclude that there is a minor influence of 
ENSO on coastal flooding, but that the results are largely insignificant due to the 
considerable uncertainties in the datasets used. These uncertainties could be reduced 
by simulating longer time-series and using more accurate elevation dataset.  

How can tropical cyclones be fully included in the global hydrodynamic 
modelling framework, and what are the patterns and drivers of extreme sea 
levels along the North-Atlantic coastlines? 

Tropical cyclones are the main drivers of extreme sea levels in large parts of the 
world. This is also the case in the North-Atlantic basin. In Chapter 3 and 4 we 
demonstrate that tropical cyclones are underestimated in both the time-series and 
the return periods of the GTSR dataset, primarily because of relatively coarse 
meteorological forcing. In Chapter 6 it is shown how the model framework can be 
adapted for simulating storm surges resulting from tropical cyclones (TCs). In this 
approach, storm surges are simulated by forcing the global hydrodynamic model 
with high-resolution wind- and pressure fields derived from fitting a parametric 
tropical cyclone model to observed TCs tracks. We apply the model framework to 
the North Atlantic basin and estimate extreme sea levels for the US east coasts from 
1988 to 2015. With correlation coefficients above 0.7, the validation shows a good 
agreement between the modelled and the observed surge heights and total sea levels. 
The application of GTSM is limited in areas with a complex bathymetry, such as 
estuaries, and in regions where wave setup and tide-surge interaction are important. 
In such coastal regions, a higher model resolution would be required, including the 
simulation of other physics, such as river inflow, waves, and currents. Furthermore, 
the parametric tropical cyclone model has low accuracy when it comes to the 
asymmetry of wind fields and the transitioning to extra-tropical cyclones. In 
addition, accuracy is generally high near the TC eye and decreases away from the TC 
eye. However, it was found that reanalysis data can provide a good estimate of the 
wind fields for the region further away from the TC eye. As such, the combination 
of the surge simulations based on the tropical cyclone track and the climate reanalysis 
by taking the highest surge at each time step results in the best performance. Based 
on the validation, we conclude that the model framework can accurately reproduce 
large-scale spatial patterns of sea level extremes induced by tropical cyclones. By 
analysing the spatial patterns and drivers of extreme sea levels, we demonstrate that 
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tides and extra-tropical storms play a prominent role in determining the spatial 
pattern of sea level maxima along the Mid- and North Atlantic coasts, while TCs are 
the dominant driver for the Gulf coasts.  

7.3 Remaining challenges and ways forward 

7.3.1 Further advancement of the global modelling of extreme sea levels 
There are various challenges and possible ways forward in improving the global 
modelling of extreme sea levels. The underrepresentation of tropical cyclones in 
GTSR is a major limitation for its application to global risk modelling (Chapter 3 
and 4), particularly since a large share of the damages due to storm surges can be 
attributed to tropical cyclones (Mendelsohn et al., 2012; Peduzzi et al., 2012). It is 
therefore essential to improve the estimates of sea level extremes in regions prone 
to tropical cyclones. The modelling of storm surges due to tropical cyclones faces 
two major scientific challenges. The first issue is that global climate models and 
reanalysis products generally have a horizontal resolution in the order of 0.75°, 
which is too coarse to fully resolve the strong winds and low pressures of tropical 
cyclones. In Chapter 6 the first issue is addressed by explicitly modelling the wind 
and pressure of tropical cyclones by fitting best track data to a parametric model. 
The second issues is that the length of the simulations is generally too short, so that 
the resulting time-series contain insufficient numbers of TCs to apply statistics for 
detecting the probability of extreme events (Lin et al., 2014). Various methods have 
been developed to generate large numbers of synthetic tropical cyclones that are 
consistent with the statistical properties of the period observed. These synthetic 
tropical cyclones are then coupled with surge, inundation, and impact models to 
assess coastal risk. To date, these methods have been applied widely at local and 
regional scales. The coupling of the model framework developed in Chapter 6 with 
a dataset of synthetic tropical cyclones would enable the estimation of return periods 
of storm surges induced by tropical cyclones globally.  

Another limitation is that large-scale assessments of extreme sea levels generally 
consider tides and surges separately (e.g. Muis et al., 2016b; Vitousek et al., 2017; 
Vousdoukas et al., 2017). However, it is well known that there are non-linear 
interaction effects between tides and surges (Wolf, 2008), which largely affect 
regions with shallow and wide coastal shelves, such as the North Sea, north 
Australia, and the Malay Peninsula (Mawdsley and Haigh, 2016). These interactions 
are also relevant when considering SLR as tides may propagate differently due to the 
changes in total water depth due to SLR (Pickering et al., 2017, 2012; Wilmes et al., 
2017). Furthermore, surges and waves will be modified by an increase in the water 
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depth, and there may be local amplification of the total sea level close to the coast 
(Arns et al., 2017). Therefore, in moving forward the different sea level components 
should be modelled simultaneously. In order to address this, recent developments 
have been made to the Global Tide and Surge Model, such as the inclusion of self-
attraction and loading, and internal tides (Irazoqui Apecechea et al., 2017). As a 
result, it is now possible to simultaneously model astronomical tides, storm surges, 
and sea-level rise, including interaction effects. 

One of the advantages of a hydrodynamic modelling approach is that it also allows 
the assessment of extreme sea levels under future climates. As discussed in Chapter 
2, large-scale future projections of extreme river discharge are widely available (e.g. 
Dankers et al., 2013), but the number of future projections for extreme sea levels 
remains extremely limited, since global research has mainly focused on projections 
of mean sea level (IPCC, 2013b; Wahl, 2017). As a result of recent developments in 
the field, it is now possible to examine the potential impacts of changes in storminess 
at the continental to global scale. Vousdoukas et al. (2017, 2016a) conducted such 
an analysis for the European coast and simulated future changes in total sea level 
and storm surge. The results indicate that in certain areas, such as the Baltic Sea, the 
North Sea, and the Gulf of Cadiz, future changes in extremes may be significant, 
and may amplify or reduce the effects of SLR.  

Another direction for further improvement of the global modelling of extremes is 
by better representing waves and mean sea level variability. Wave set-up and run-up 
can contribute greatly to extreme sea levels, and are the main drivers of erosion and 
flooding along many stretches of coastline. This is especially true in regions with 
steep coastal slopes, such as Caribbean or Pacific islands. Waves may also dampen 
or enhance the effect of sea-level rise on coastal water-level changes at interannual 
to multi decadal timescales (Melet et al., 2018). While projections of waves in future 
climates have largely focussed on average wave conditions (Hemer et al., 2013), 
recent global studies include extreme wave components along the coast (Vitousek et 
al., 2017; Vousdoukas et al., 2017). Many large-scale studies do not include waves 
since the dynamic modelling of waves in coastal zones is complex and requires a 
high resolution. As such it is computationally too expensive to apply on a large-scale. 
However, Vitousek et al. (2017) used empirical relationships to convert the deep-
water wave height to the wave setup and wave run-up at the coast. The 
representation of mean sea levels variability could be further improved by 
implementing a full three-dimensional (3-D) model, rather than the depth-averaged 
two-dimensional (2-D) model. This would improve the overall skill of the model 
(Kodaira et al., 2016), and also capture the complex physics of storm surges 
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(Lapetina and Sheng, 2015; Zheng et al., 2013). While Delft3D FM allows for 3D 
modelling, this huge computational costs are currently limiting such applications. 

Finally, global modelling approaches typically address one hazard, such as either 
river- or coastal flooding. However, coastal cities are generally located in low-lying 
deltaic regions and are prone to both river and coastal flooding. There is increasing 
empirical evidence that it is important to consider interaction effects and 
compounding effects (Klerk et al., 2015; Leonard et al., 2014; Moftakhari et al., 2017; 
van den Hurk et al., 2015; Wahl et al., 2015). The first steps have been taken to 
integrate the riverine and coastal models. For example, Ikeuchi et al. (2017, 2015) 
modified the CaMa-Flood model, a state-of-the-art global river routing model, in 
order to represent the influence of dynamic sea surface levels on river discharges 
and water levels. The results indicate that water levels in deltas and estuaries are 
greatly affected by the interaction between river discharge, ocean tides, and storm 
surges. However, the full inclusion of the dynamics in complex estuaries and deltas 
may be beyond the scope of global modelling. It may make more sense in terms of 
accuracy and computational costs to nest local models within global models (Ward 
et al., 2015), in a similar way to the methods used in regional and global climate 
modelling (Rummukainen, 2010). 

7.3.2 Making better use of statistics to improve estimates of extremes  
Uncertainties in present-day extreme sea levels are much higher than uncertainties 
in sea-level rise projections (Wahl et al., 2017). In addition, Buchanan et al. (2017) 
demonstrated that simply adding SLR to extreme sea levels, as is frequently done, is 
not a suitable approach. Uncertainties can be reduced by implementing extreme 

(Arns et al., 2013; Haigh et al., 2010b). Another approach 
would be to extend the meteorological record by using longer climate simulations. 
This could be achieved by the use of the ECWMF seasonal forecasts, which, when 
combined, can result in thousands of years of simulations and greatly reduce the 
uncertainties associated with estimating the probabilities of extremes (van den Brink 
et al., 2005, 2004). Particular attention should be given to the representation of 
tropical cyclones, as they require long simulations and high-resolution models. 
Traditionally, studies have extended the observational record by generating synthetic 
tropical cyclone tracks and combining these with parametric wind models to 
simulate the storm surge caused by tropical cyclones (Emanuel et al., 2006; Haigh et 
al., 2013b; Lin et al., 2012). Using statistical models, a large number of synthetic 
tropical cyclones are generated that are statistically consistent with observed tropical 
cyclone tracks. However, high-resolution climate simulations may be an alternative 
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approach to synthetically extending hurricane tracks (Shimura and Mori, 2017). The 
resolution of global climate models is continuously increasing and today's 
operational models are able to resolve tropical cyclones (Bacmeister et al., 2016; 
Mizuta et al., 2012). Therefore, potentially high-resolution climate simulations could 
be used directly to force storm surge models. While the typical length of climate 
simulations (30 years) is too short to estimate the probabilities of tropical cyclones 
(Lin, 2013), there is a mega-ensemble project that provides thousands of years of 
high-resolution climate simulations (Shimura and Mori, 2017). 

Relying on a global hydrodynamic approach for the simulation of such long time-
series requires huge computational efforts, which may be unfeasible given current 
facilities. Therefore, it is worth exploring other approaches and it is possible that a 
combination of physical and empirical methods may provide a suitable approach for 
tackling these challenges. Statistical methods, such as regression methods and surge 
response functions, are widely used for regional to large-scale applications (Cid et 
al., 2018, 2017; Dangendorf et al., 2014b; Irish et al., 2009; Resio et al., 2009). For 
example, Cid et al. (2017) demonstrated that a regression model outperformed a 
hydrodynamic model for Southeast Asia. Moreover, machine learning techniques 
may be valuable for reducing the computational burden of hydrodynamic 
simulations (e.g. Gutierrez et al., 2011; Jager et al., 2017; Rueda et al., 2017). 

7.3.3 Making flood risk assessments more accurate and relevant 
The key contribution of this thesis is concerned with improving the global modelling 
of extreme sea levels, and therefore the other risk components have therefore 
received less attention. A major challenge that remains is that of improving large-
scale inundation modelling. At present, most global models assessing flood risk 
assume that any land lower than sea level will inundate (e.g. Hinkel et al., 2014), 
unless the sea levels is lower than the flood protection level. Studies analysing global 
flood exposure have used similar assumptions (Jongman et al., 2012b; Muis et al., 
2017, 2016). The use of such a static or  approach is widespread, since it is 
easy to perform in GIS systems and has low computational costs. However, in reality 
coastal flooding is a complex process in which the flood extent is affected by the 

on of the flood, and the roughness and 
slope of the land. Several studies have demonstrated that the static approach 
generally overestimates the flood extent, particularly in flat coastal areas (e.g. 
Ramirez et al., 2016; Seenath et al., 2016; Wadey et al., 2012). Recent studies have 
sought to improve on the static methods by accounting for water level attenuation 
due to surface roughness by including simplistic attenuation rates (e.g. Vafeidis et 
al., 2017). A fully physically-based dynamic approach could lead to considerably 
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more accurate flood extents, yet the high computational costs prohibit large-scale 
applications. However, there is potential for improvement in the application of 
dynamic, reduced complexity models (Vousdoukas et al., 2016b), like LISFLOOD-
FP (Bates et al., 2010).  

The accuracy of flood inundation modelling is highly dependent on the accuracy of 
the elevation data. Freely available global datasets with land elevation, such as the 
SRTM elevations, have large uncertainties, with biases exceeding 5 m (e.g. Rodríguez 
et al., 2006). Large vertical errors are found in densely urban and densely vegetated 
areas. The extensive flat land in part of the coastal zone makes estimates of coastal 
exposure extremely sensitive to differences in land elevation (Hinkel et al., 2014; 
Kulp and Strauss, 2016). While algorithms can be developed to improve accuracy by 
removing biases, errors, and vegetation (e.g. Baugh et al., 2013; Kulp and Strauss, 
2018; Yamazaki et al., 2017), the low vertical resolution of 1 m of SRTM elevation 
significantly limits our ability to model flood inundation and risk on the global scale. 
Therefore, improving global flood hazard models requires a new generation of high 
resolution and high vertical precision open access global digital elevation models 
(Sampson et al., 2016; Schumannm, 2014). If datasets with higher resolution and 
accuracy become publically available in the future (Schumann et al., 2016; e.g. Zink 
et al., 2014), this could kick-start considerable improvements in the accuracy of 
large-scale flood risk assessments.  

Another prerequisite for increasing the relevance of large-scale flood risk assessment 
is a comprehensive global database with accurate levels of flood protection. The 
FLOPROS dataset assembles global protection levels based on values from literature 
and modelling estimates (Scussolini et al., 2016), but is largely focused on river 
flooding. Other approaches have been used for coastal floods, such as 
complementing observed flood protection levels with expert judgment (Hallegatte 
et al., 2013) and empirical statistical functions based on demand for safety (Hinkel 
et al., 2014). Nevertheless, the current estimates of flood protection remain highly 
uncertain and large-scale flood risk assessment would directly benefit from a more 
coordinated and concentrated effort at improving the global protection data 
available. Furthermore, flood protection levels are not constant over time. Recent 
research has indicated that adaptation to flood risk is much more complex than the 
general assumptions included in global models. Vulnerability is not constant and will 
change with economic development (e.g. Jongman et al., 2015; Kinoshita et al., 2018; 
Tanoue et al., 2016), as governments enforce improved flood forecasting and flood 
protection. Moreover, households and other sectors may respond to the risk and 
implement their own measures (e.g. Haer et al., 2017). The inclusion of the decisions 
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made by households, insurers, governments, and other agents in response to risk 
may be a way forward in improving the representation of human behaviour 
dynamics in flood risk models (Aerts et al., 2018). In addition, many traditional flood 
risk assessments generally focus on the economic impacts expressed in relation to 
gross domestic product (Ward et al., 2017), thereby underestimating the societal 
impact on the poor (Bangalore et al., 2017; Koks et al., 2015; Winsemius et al., 2017). 
Risk assessments should broaden their scope and consider how values such as the 
loss of biodiversity and important ecosystems, or the disproportionate effects on 
poor people in developing countries, can be considered within the global debate on 
disaster risk reduction and climate change adaptation (Hallegatte and Mach, 2016; 
Hallegatte and Rozenberg, 2017). 

7.4 Implications for flood risk management and adaptation 
Increases in global flood losses have prompted the development of improved tools 
and datasets on flood risk (Bouwer et al., 2007). Numerous international agreements 
have called for increased efforts in disaster risk reduction and climate adaptation. 
For example, the Warsaw International Mechanism for Loss and Damage (L&D), 
initiated by the Conference of Parties (COP) of the United Nations Framework 
Convention on Climate Change (UNFCCC), highlights the importance of limiting 
the impacts of current and future climate-related hazards. In addition, the 
implementation of the Sendai Framework for Disaster Risk Reduction (SFDRR), 
coordinated by the United Nations Office for Disaster Risk Reduction (UNISDR) 
called for improved risk assessments.  

A well-informed flood risk assessment can effectively inform risk management and 
can provide the basis for decision-making regarding climate change adaptation and 
disaster risk reduction (Brown et al., 2018; Lincke and Hinkel, 2018). There is a wide 
array of risk management policies and solutions available to policymakers, including 
structural defences, early warning systems, and nature-based solutions. The decision 
regarding which of these options, or which combination of options, to take should 
be based on an accurate assessment of risk. The tools and data available for 
quantifying risk on the global scale are rapidly becoming more sophisticated. As a 
result, the results of global models are increasingly used by practitioners and 
decision-makers to assess flood risk (Ward et al., 2015). This thesis contributes to 
these developments by making publically available a global dataset of extreme sea 
levels based on a state-of-the-art hydrodynamic model, namely the GTSR dataset. 
The dataset is already widely used by various research groups (e.g. Ikeuchi et al., 
2017; Wahl et al., 2017; Wal et al., 2017). Moreover, the return periods are now 
implemented in updated versions of the DIVA model (Fang et al., 2017; Wolff et 
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al., 2018). These recent advancements and increased focus on the global modelling 
of extreme sea levels are also important for  the next IPCC assessment report, which 
until now has been primarily focused on mean sea level projections (Wahl, 2017). 
The extreme sea levels in GTSR can serve as a baseline for such studies. 

Accurate assessments of risk may help to locate where it is economically feasible to 
implement flood protection measures. Ward et al. (2017) demonstrated that the 
benefits of river flood protection may exceed the costs in large parts of the world, 
and could redu
economic growth. Similar findings are expected for coastal flooding, where 
investments in protection have often been inadequate (Nicholls et al., 2008). In order 
to avoid unacceptable levels of risk, new flood protection measures are needed, 
together with the upgrading of current protections levels (Hinkel et al., 2014), 
especially in cities where the largest increase in losses can be expected (Hallegatte et 
al., 2013). In the case of New York City, Aerts et al. (2014) demonstrated that the 
high costs of investment in flood protection will become economically attractive 
with climate change, despite large uncertainties. Improvements in the accuracy and 
use of global data enable a deeper understanding of where to invest in flood risk 
reduction measures. 

In order to feed into actual flood risk reduction decision-making, it is the important 
that the large amount of data generated by global models is transformed into 
actionable information for users. Efforts have been undertaken in this regard for the 
GTSR dataset, which is used as a basis for various web-based tools. One of these 
tools is ThinkHazard! (www.thinkhazard.org), which was developed by the Global 
Facility for Disaster Reduction and Recovery (GFDRR). The tool allows users to 
gain a general view of the hazards for a particular location, which can then be 
considered in project design and implementation. It also provides guidance on how 
to reduce the impact of these hazards, and where to find more information. The 
hazard levels for coastal flooding are derived from the GTSR dataset. The Surging 
Seas tool provided by Climate Central (ss2.climatecentral.org) also implements the 
return levels from the GSTR dataset. The global risk maps enable one to explore 

up to 30 meters, together 
with local sea level rise projections. Another tool is the Aqueduct Global Flood 
Analyzer developed by the World Resources Institute (www.wri.org/floods). This 
maps water risks in order to help companies, investors, policy-makers, and other 
users understand how water risks are emerging around the world. The Aqueduct 
Global Flood Analyzer 2.0 will be launched in 2018 and will include estimates of the 
exposed population, the exposed Gross Domestic Product (GDP), and the urban 
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damages for a wide range of sea-level rise projections and socio-economic scenarios, 
using data from GTSR as input. This tool has the functionality to allow users to 
assess how much risk could be avoided if flood protection standards were increased 
by building dikes or levees. Assessing the effectiveness of such strategies under 
future climate conditions can support decisions on climate change mitigation and 
adaptation (Ward et al., 2015, 2017). Such tools help to bridge the gap between 
scientists and stakeholders, which may help to further reduce the risk to coastal 
flooding, globally. 


