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Abstract. Coastal flood risk is a serious global challenge
facing current and future generations. Several disaster risk
reduction (DRR) measures have been posited as ways to re-
duce the deleterious impacts of coastal flooding. On a global
scale, however, efforts to model the future effects of DRR
measures (beyond structural) are limited. In this paper, we
use a global-scale flood risk model to estimate the risk of
coastal flooding and to assess and compare the efficacy and
economic performance of various DRR measures, namely
dykes and coastal levees, dry-proofing of urban assets, zon-
ing restrictions in flood-prone areas, and management of
foreshore vegetation. To assess the efficacy of each DRR
measure, we determine the extent to which it can limit fu-
ture flood risk as a percentage of regional GDP to the same
proportional value as today (a “relative risk constant” ob-
jective). To assess their economic performance, we estimate
the economic benefits and costs of implementing each mea-
sure. If no DRR measures are implemented to mitigate fu-
ture coastal flood risk, we estimate expected annual dam-
ages to exceed USD 1.3 trillion by 2080, directly affecting
an estimated 11.5 million people on an annual basis. Low-
and high-end scenarios reveal large ranges of impact uncer-
tainty, especially in lower-income regions. On a global scale,
we find the efficacy of dykes and coastal levees in achiev-
ing the relative risk constant objective to be 98 %, of dry-
proofing to be 49 %, of zoning restrictions to be 11 %, and of
foreshore vegetation to be 6 %. In terms of direct costs, the
overall figure is largest for dry-proofing (USD 151 billion)
and dykes and coastal levees (USD 86 billion), much more

than those of zoning restrictions (USD 27 million) and fore-
shore vegetation (USD 366 million). These two more expen-
sive DRR measures also exhibit the largest potential range
of direct costs. While zoning restrictions and foreshore vege-
tation achieve the highest global benefit—cost ratios (BCRs),
they also provide the smallest magnitude of overall benefit.
We show that there are large regional patterns in both the
efficacy and economic performance of modelled DRR mea-
sures that display much potential for flood risk reduction,
especially in regions of the world that are projected to ex-
perience large amounts of population growth. Over 90 % of
sub-national regions in the world can achieve their relative
risk constant targets if at least one of the investigated DRR
measures is employed. While future research could assess
the indirect costs and benefits of these four and other DRR
measures, as well as their subsequent hybridization, here we
demonstrate to global and regional decision makers the case
for investing in DRR now to mitigate future coastal flood
risk.

1 Introduction

Coastal floods have historically been, and currently are, one
of the deadliest and most damaging natural hazards in the
world (Idier et al., 2020; Guha-Sapir et al., 2015). Sea-level
rise will cause this hazard and subsequent impacts to in-
crease in severity and affect society more frequently in fu-
ture decades (Nicholls and Cazenave, 2010; Jevrejeva et al.,
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2018; Vitousek et al., 2017; Muis et al., 2020). Numerous
studies have been conducted using global-scale models to
assess coastal flood risk, its components (i.e. hazard, expo-
sure, and vulnerability) (Kron, 2005; UNDRR, 2015a), and
the magnitude of impact that is possible if this changing risk
is left unaddressed (e.g. Hoozemans et al., 1993; Hinkel and
Klein, 2009; Hinkel et al., 2010; Jongman et al., 2012; Halle-
gatte et al., 2013; Hinkel et al., 2014; Neumann et al., 2015;
Schuerch et al., 2018; Vafeidis et al., 2019; Tiggeloven et
al., 2020; Menéndez et al., 2020). The aforementioned stud-
ies project increases in global figures for people affected by
coastal flooding, and the associated expected monetary dam-
ages, through to the end of the 21st century. Projected in-
creases to expected annual damages (EADs) range from tens
of billions to trillions, while increases in expected annual af-
fected population (EAAP) are projected into the tens of mil-
lions.

These projected changes in coastal flood risk illustrate
that the need for disaster risk reduction (DRR) measures is
increasingly urgent (Griggs and Reguero, 2021; UNDRR,
2020). Forward-looking DRR (i.e. prospective disaster risk
management) examines potential future risks under climate
change scenarios, as does climate change adaptation. There
is a call in policy-geared and scientific literature to bridge
the silos between these domains (Brown et al., 2014; UN-
DRR, 2020) and numerous global calls for meaningful ac-
tion towards reducing coastal flood risk in general, including
the Warsaw International Mechanism for Loss and Damage
associated with Climate Change Impacts (UNFCCC, 2014)
and the Sendai Framework for Disaster Risk Reduction (UN-
DRR, 2015b). The United Nations’ most recent Adaptation
Gap Report concluded that more ambition is needed to avert
future disasters (Neufeldt et al., 2021). Disaster risk reduc-
tion is a key component in filling this gap.

Several DRR measures, such as structural measures
(dykes, coastal levees, etc.), individual measures (flood-
proofing, flood insurance, etc.), community-wide measures
(land use policy, early warning systems, etc.), and nature-
based solutions (mangroves, wetlands, beach and dune nour-
ishment, etc.), have been posited as methods to reduce the
deleterious impacts of coastal flooding (Aerts et al., 2014).
Some of these measures have subsequently been assessed us-
ing global models. For example, Hinkel and Klein (2009),
Lincke and Hinkel (2018), Tamura et al. (2019), Tiggeloven
et al. (2020), Vousdoukas et al. (2020), and Schinko et
al. (2020) all improve the understanding of structural DRR
measures now and in the future, demonstrating that large
benefits can be achieved by raising current flood protection
levels.

Other DRR measures, such as building-level protection,
nature-based solutions, or zoning restrictions, meanwhile,
have received much less attention in global-scale literature.
Regarding building-level protection, several studies have as-
sessed flood-proofing of buildings against river flooding up
to the national or continental level (e.g. Kreibich et al., 2005
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and Haer et al., 2019), but such studies are so far missing
for coastal flooding on a global scale. In terms of nature-
based solutions, some studies have quantified the current
flood risk reduction benefits of conserving existing natural
areas (Tiggeloven et al., 2022; Menéndez et al., 2020; Beck
et al., 2018), but only Beck et al. (2022) do so regarding the
future benefit of expanding these ecosystems, and only for
the Caribbean. Hinkel and Klein (2009) assessed the effect of
beach nourishment and wetland nourishment on coastal flood
risk. To date, no studies have assessed the global-scale poten-
tial of zoning restrictions, although local case studies such as
Muis et al. (2015) for Java and Koks et al. (2014) for Belgium
point towards the potential of expanding the modelling of this
DRR measure to a global scale. Furthermore, there is a dis-
tinct lack of studies that have compared the efficacy, which
we define here as the performance of any given DRR mea-
sure under ideal and controlled circumstances, and/or eco-
nomic performance of different DRR measures on a global
scale.

The overarching aim of this paper is therefore to assess and
compare the efficacy and economic performance (in terms
of economic benefits and costs) of various DRR measures
on coastal flooding on a global scale. We assess four dif-
ferent DRR measures, namely (1) dykes and coastal levees,
(2) foreshore vegetation, (3) zoning restrictions, and (4) dry-
proofing of buildings. To assess the efficacy of each DRR
measure, a baseline of desired risk reduction must be estab-
lished. Different criteria have been considered to establish
what level of risk reduction should be aimed for and subse-
quently compared (Tiggeloven et al., 2020). As outlined by
the Sendai Framework, an equitable target of risk reduction
needs to be established to ensure a realistic pathway forward
for all regions of the world, regardless of development state
or socioeconomic status. Here, we use a target in which fu-
ture flood risk (explicitly, EAD) as a percentage of regional
GDP remains constant in the future at the same level as to-
day, also known as the relative risk constant objective, as de-
scribed in Ward et al. (2017) and Tiggeloven et al. (2020).

Two main research questions guide this work: (1) what
level of risk reduction is needed to achieve the targets set
by a relative risk constant objective, and (2) to what extent
can various DRR measures achieve this level of risk reduc-
tion? In our analysis, because the measures are implemented
to protect against a quantifiable return period of inundation
in the future, we use the term DRR to refer to any actions
taken to address changes in coastal flood risk. To answer
these questions, we expand GLOFRIS, a global flood risk es-
timation methodology developed for coastal flooding (Ward
et al., 2013; Tiggeloven et al., 2020), by implementing sev-
eral DRR measures and assessing their efficacy against a
pre-defined risk target. In our analysis, we have developed
and modelled dry-proofing and zoning restrictions as DRR
measures. This has never been done before on a global scale
(Ward et al., 2015). We have also incorporated previously un-
considered costs for foreshore vegetation, namely mangrove
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restoration costs. To fully compare these new findings, the
impact reduction potential of dykes and coastal levees, as
well as foreshore vegetation, is recalculated. We have con-
ducted this study using new hazard and exposure data that
were developed explicitly for this analysis.

2 Methodology

The methodological components of this paper can be sum-
marized in three steps (Fig. 1): (1) risk estimation (Sect. 2.1),
(2) simulating risk reduction (Sect. 2.2), and (3) measure
evaluation (Sect. 2.3). In the first step, we estimate current
and future coastal flood risk by combining data on hazard,
exposure, and vulnerability and by taking the integral of the
resulting risk curve to calculate EAD and EAAP. We also
set a risk reduction target per sub-national region (GADM,
2020) using the relative risk constant objective. In the second
step, we estimate the risk reduction that could be achieved by
each of the DRR measures studied and the residual risk re-
maining after taking these measures. The colours displayed
in Fig. 1 relate to the individual components of coastal flood
risk that we model and assess: blue for hazard (reduction),
green for exposure (reduction), and purple for vulnerability
(reduction). In the third step, we determine the efficacy of
each measure in terms of the extent to which it can achieve
the relative risk constant risk reduction target and perform a
benefit—cost analysis (BCA).

2.1 Risk estimation

We extend the GLOFRIS framework to estimate risk in our
study. GLOFRIS was originally developed for global river-
ine flood risk modelling (Ward et al., 2013; Winsemius et
al., 2013) and recently modified for global coastal flood risk
modelling (Tiggeloven et al., 2020). We expand the frame-
work by adding several DRR measures and a module for
assessing their efficacy against a pre-defined risk reduction
target. GLOFRIS simulates flood risk by combining infor-
mation on hazard, exposure, and vulnerability. Hazard is
represented by inundation maps showing the flood extent
and depth for different return periods at a horizontal resolu-
tion of 30” x 30" under various climate scenarios. Exposure
is represented by population maps and land use maps that
show urban areas and estimate their economic value (also
30” x 30”). Vulnerability is represented by so-called vulner-
ability curves, or depth—-damage functions, which show the
percentage of the economic value per grid cell that would
be damaged at different flood depths. The datasets used to
represent global coastal flood hazard, exposure, and vulner-
ability in this paper are discussed in Sect. 2.1.1, 2.1.2, and
2.1.3 respectively.

After calculating the impacts for different return periods,
risk is calculated by taking the integral of the exceedance
probability—impact curve (Meyer et al., 2009). EAAP and
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EAD values can be calculated for current conditions and fu-
ture conditions for each DRR measure under various Rep-
resentative Concentration Pathways (RCPs) and Shared So-
cioeconomic Pathways (SSPs). Current levels refer to those
in the year 2020, while a future time step consists of the win-
dow of 20 years on either side of a given year. We thoroughly
examine future results under the 50th percentile of RCP
6.0/SSP2 in the year 2080 in this analysis. RCP 6.0/SSP2
is chosen here as a climate change adaptation scenario due to
its representation of an intermediate level of climate change
mitigation; moderate socioeconomic challenges; and a bal-
anced emphasis on economic development, social equity, and
environmental sustainability, thus presenting a realistic sce-
nario for decision- and policymakers to consider. To repre-
sent low- and high-end scenarios, we also refer to additional
results (available as a dataset in our paper’s repository) of
the combinations RCP 2.6/SSP1 and RCP 8.5/SSP3 to fur-
ther contextualize our main findings.

2.1.1 Hazard

This analysis uses hazard maps that show coastal floods for
the following return periods: 2, 5, 10, 25, 50, 100, 250,
500, and 1000 years. The hazard maps show the extent
and depth of flooding per grid cell (30" x 30”) for each re-
turn period under current conditions and under sea-level rise
projections (Garner et al., 2022). The coastal hazard maps
were developed using data from CODEC (Muis et al., 2020),
which is based on the hydrodynamic Global Tide and Surge
Model (GTSM) forced with wind and pressure fields derived
from ERAS (Hersbach et al., 2020) and enriched with sim-
ulated tropical cyclones using the IBTrACS (International
Best Track Archive for Climate Stewardship).

We follow the peak-over-threshold (POT) method, and we
fit the generalized Pareto distribution (GPD) on the peaks
that exceed the 99th percentile surge level. From there we
derive estimated sea levels for various return periods. These
computed sea levels are then used as input for a GIS-based
inundation model using the MERIT (EGM 96) DEM (Ya-
mazaki et al.,, 2018) with spatially varying offset between
mean sea level according to the FES2012 model, as described
in Tiggeloven et al. (2020), in order to simulate global inun-
dation using the same data. This is a static flood model that
simplifies all dynamic processes into a single attenuation fac-
tor of the water levels over land (Vafeidis et al., 2019), re-
sulting in a simple bathtub model with static forcings instead
of a more complex dynamic inundation model framework.
The flood maps do not include future changes in waves and
storminess. Rather, (nearshore) waves are accounted for in
calculations of the hazard-specific DRR measures’ effects on
inundation levels, discussed further in Sect. 2.2.1 and 2.2.2
below.

Similarly to Tiggeloven et al. (2020), we include subsi-
dence in the estimation of future coastal flood risk. These
subsidence rates are determined by the SUB-CR model (Kooi
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Figure 1. Our study’s analysis follows three main methodological steps consisting of estimating current and future coastal flood risk (labelled
as “2.1 Risk Estimation”), modelling of four distinct DRR measures (2.2 Risk Reduction”), and evaluating said measures in terms of their
efficacy and economic performance (‘2.3 Measure Evaluation”). Subsequent numbering in the figure refers to the relevant subsection of text.
The literature referenced in the figure denotes the source of data or methodology used (as described in further detail in subsequent sections),

while the colours represent different components of risk addressed.

et al., 2018). Because subsidence is a highly regional phe-
nomenon, rates of subsidence are applied to specified loca-
tions of Kooi et al. (2018) at a spatial resolution of 30" x 30”
(which is a spatial interpolation based on the original spatial
scale of 5’ x 5').

Results of RCP 6.0 (50th percentile), an intermediate cli-
mate change scenario, are explored here in the main text. Ad-
ditional RCPs, namely RCP 2.6 (50th percentile) and RCP
8.5 (50th percentile), are used in combination with relevant
SSPs (SSP1 and SSP3 respectively) to represent low- and
high-end scenarios for the results we present here. These val-
ues are available as a deposited dataset in our study’s data
repository, where one may also find the hazard input de-
scribed in this subsection.

2.1.2 Exposure

Exposure input includes current and future population and
urban areas, current and future GDP, and maximum eco-
nomic damage per urban grid cell. Gridded data for popu-
lation, urban areas, and GDP are taken from the 2UP model
(Andree and Koomen, 2017). The 2UP model uses the Global
Human Settlement Layer (GHSL) framework (Corbane et
al., 2019) as a starting point for current exposure and then
independently simulates future expansion and development.
GHSL provides a built-up area grid derived from a Sentinel-2
global image composite for reference year 2018 using con-
volutional neural networks (GHS-S2Net) at a resolution of
10" x 10/, which is resampled to 30” x 30” (Ferdinand et al.,
2021). Here, built-up area refers to all kinds of built environs
(e.g. buildings) and artificial surfaces (e.g. paved surfaces).
Future simulations of built-up area include five narrative
descriptions of future societal development associated with
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SSPs, which vary from sustainable global development to re-
gional conflict (O’Neill et al., 2017). We present our results
here in the main text using SSP2, or the “Middle of the Road”
scenario. SSP1 (“Sustainability””) and SSP3 (“Regional Ri-
valry”), meanwhile, are combined with relevant RCPs (RCP
2.6 and RCP 8.5 respectively) to represent low- and high-end
scenarios for the results. These values are available as a de-
posited dataset in our study’s data repository, where one may
also find the exposure input described in this subsection.

Maximum economic damages are estimated using the
methodology of Huizinga et al. (2017), where a root func-
tion is used to link GDP per capita to construction costs
for each country. To convert construction costs to maximum
damages, several adjustments are carried out using the sug-
gested factors by Huizinga et al. (2017) for the different oc-
cupancy types. The urban grid cells of the layers from the
2UP database are assumed globally to be 75 % residential,
15 % commercial, and 10 % industrial, based on a European-
scale study by Economidou et al. (2011) and a comparison of
European cities’ share of occupancy type of CORINE Land
Cover data (EEA, 2016). Following Huizinga et al. (2017),
the density of buildings per occupancy type are set to 20 %
for residential and 30 % for commercial or industrial.

To estimate future maximum damages, the current values
are scaled with the GDP per capita per country from the SSP
database. Boundaries of countries and sub-national regions
are derived from version 3.6 of the Global Administrative Ar-
eas dataset (GADM, 2012). Future gridded GDP values are
taken from van Huijstee et al. (2018), who use the national
GDP per capita from the SSP database as input.
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2.1.3 Vulnerability

Vulnerability is represented using different global flood
depth—damage functions (Nasiri et al., 2016) for each oc-
cupancy type mentioned in the previous section. The curves
used here are taken from Tiggeloven et al. (2020) and are
based on the empirical curves described in Huizinga et
al. (2017). The resulting damages are represented as a per-
centage of the maximum damage, or the total assumed eco-
nomic value of the given cell. This maximum damage is
reached at a water level depth of 6 m.

2.1.4 Risk target

To assess the efficacy of the DRR measures, we establish a
baseline risk reduction target against which each measure is
benchmarked. While this target could be set in terms of finan-
cial or human impact using many indicators, in this analysis
the target risk reduction is set by the so-called relative risk
constant objective as defined by Ward et al. (2017) and ap-
plied by Tiggeloven et al. (2020). Specifically, we define the
relative risk constant target as the level of future risk in which
the percentage of future impacted GDP to future total GDP
is held constant to the percentage of current GDP impacted
to current total GDP. The relative risk constant target is cal-
culated for each sub-national region individually and for this
study is presented at the time step of the year 2080.

An estimate of the current flood protection standard for
each sub-national region is required to calculate the current
risk. We use estimates of the current protection level by ap-
plying the FLOPROS modelling approach as originally de-
scribed in Scussolini et al. (2016) and applied for coastal
flooding by Tiggeloven et al. (2020). In the absence of in-
formation regarding the protection standards of certain sub-
national regions, a 2-year protection standard in 2020 is
assumed. Meanwhile, a maximum of a 1000-year protec-
tion standard is assumed in only some special cases (e.g.
the Netherlands and Singapore). Due to sea-level rise and
subsidence, the protection standard of current flood protec-
tion infrastructure will decrease in the future if no improve-
ments are made (e.g. a DRR measure that provides protection
against a 100-year event today may only protect against a 75-
year event in the future). Protection standards are assumed to
degrade no further than the 2-year protection standard.

2.2 Risk reduction

The DRR measures modelled in this analysis can be roughly
divided into three categories: measures that either reduce
hazard (i.e. dykes, coastal levees, and foreshore vegetation),
exposure (i.e. zoning restrictions), or vulnerability (i.e. dry-
proofing). In the case of foreshore vegetation, zoning restric-
tions, and dry-proofing, spatial limits exist for the amount of
action that can be taken — only so much area can be restored
to mangroves, restricted from urbanization, or dry-proofed,
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depending on the context. Meanwhile, we have modelled
dykes and coastal levees with no physical limitation, such
as a height limitation or a maximum protection standard pro-
vided (aside from the theoretical limit of the 1000-year flood
event). Of course, these four DRR measures could arguably
influence and alter another component of risk: additional de-
velopment occurring behind a dyke, thus increasing poten-
tial exposure in the event of a failure (Haer et al., 2020), for
example. For the purpose of simplifying the study, though,
we do not explore these unintended effects or consequences
of DRR measures. In the following subsections, we describe
each of the four DRR measures assessed in this study.

2.2.1 DyKkes and coastal levees

The modelling of dykes and coastal levees largely follows the
methodology detailed in Tiggeloven et al. (2020), in which
inundation depth is used as a proxy for dyke height and there-
after translated into a protection standard. Similar to the flood
hazard modelling methodology, water levels for dyke heights
are derived from GTSM (Muis et al., 2020) and correspond-
ing current wave conditions at different return periods from
the ERA-Interim reanalysis (Dee et al., 2011).

Assuming that the incoming wave direction is perpendic-
ular to the coast, the wave attenuation over the foreshore is
determined via a lookup table consisting of numerical mod-
elling results (Tiggeloven et al., 2022; van Zelst et al., 2021).
Current dyke heights with respect to local hydrological con-
ditions, wave attenuation, and extreme sea level are calcu-
lated with the empirical EurOtop formulations (Pullen et al.,
2007) and are based on a standard 1 : 3 dyke profile without
berms. This is representative of a low-cost dyke. To calcu-
late future dyke heights, sea-level rise is added directly to the
crest height (Jackson and Jevrejeva, 2016). Subsidence lev-
els, taken from Kooi et al. (2018), are also considered when
calculating dyke height. Subsidence is assumed to take place
directly on the dyke and is therefore computed on the crest
height, which is similar for sea-level rise calculations.

The difference between current and future dyke and
coastal levee heights, multiplied by the length required
and the unit costs, represents the cost associated with this
DRR measure. This cost methodology is also described in
Tiggeloven et al. (2020). The costs of raising dykes are es-
timated by calculating the total length of dyke heightening
per grid cell and multiplying by a unit cost set to USD 7 mil-
lionkmm™! based on reported costs in New Orleans (Bos,
2008). This unit cost is multiplied by a construction index
multiplier, based on civil engineering construction costs, to
adjust the construction costs to account for differences be-
tween countries (Ward et al., 2010). The unit cost value used
is within a reasonable range when compared to various stud-
ies (Aerts et al., 2013; Jongman et al., 2012; Lenk et al.,
2017; Tiggeloven et al., 2020). The costs are discounted with
a discount rate of 5 % until 2100 (lifespan of investment) and
with operation and maintenance costs of 1 %. We assume that
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initial investments are made in 2020, with construction com-
plete after 20 years (Tiggeloven et al., 2020). We also assume
that the dykes as modelled do not fail for water levels below
the crest level and fail completely for water levels that are
higher.

2.2.2 Foreshore vegetation

The enhanced effect of foreshore vegetation (i.e. salt marsh
conservation and mangrove restoration) on wave attenua-
tion is modelled based on the methodology of Tiggeloven
et al. (2022). Here, similarly to Tiggeloven et al. (2022),
wave conditions are derived from the ERA-Interim (Dee et
al., 2011) reanalysis using a peak-over-threshold approach.
To determine the wave attenuation over a foreshore and the
resulting significant wave height relevant for the flood pro-
tection on a transect, we search an existing lookup table
(van Rooijen et al., 2016) of hydrodynamic numerical mod-
elling results for combinations of foreshore slopes, vegeta-
tion covers, and hydrodynamic conditions (van Zelst et al.,
2021). These searched wave heights are modelled at regu-
lar intervals along a steady slope, both with and without salt
marsh or mangrove vegetation. Wave angle of incidence is
assumed coast normal. Wave attenuation along the vegetated
coastlines is determined based on the closest match between
the derived transect characteristics and look-up table results.
Specifically in this research, current extents of salt marshes
are conserved (Tiggeloven et al., 2022), and mangrove ex-
tents are expanded based on the Mangrove Restoration Po-
tential mapping tool as developed by Worthington and Spald-
ing (2018).

Critically, as there is no existing database of potentially
restorable salt marshes, we assume a constant extent of this
specific type of foreshore vegetation from now into the fu-
ture. The type of vegetation is determined by maps of global
salt marshes (Mcowen et al., 2017) and mangroves (Giri et
al., 2011). Vegetation data from maps of the CORINE Land
Cover for Europe only and GlobCover v2.2 for the rest of the
world are derived to complement areas of missing data.

No direct costs are considered to be incurred with preser-
vation of existing salt marshes (Tiggeloven et al., 2022).
We therefore assume that the direct costs of the foreshore
vegetation DRR measure stem from mangrove restoration.
The total area of new mangroves that are capable of be-
ing restored is just under 1 million hectares, as identified
by the Mangrove Restoration Potential mapping tool (Wor-
thington and Spalding, 2018). We set initial investment costs
to ~USD 42800 ha~! of new mangroves in high- and upper-
middle-income countries and ~ USD 1410ha~! in low- and
lower-middle-income countries, with maintenance costs set
to 2.5% of the initial investment per year (Aerts, 2018;
Bayraktarov et al., 2016; Marchand, 2008; Narayan et al.,
2016). We assume that all mangrove restoration, if supported
and funded properly, can occur rather quickly (Ellison et al.,
2020; Kaly and Jones, 1998) and is therefore complete by
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2030. Throughout the remainder of the simulation, restored
mangrove areas are held spatially constant.

2.2.3 Zoning restrictions

With zoning restrictions, we assess the potential reduction
in flood risk that could be achieved by restricting future ur-
ban development in flood-prone regions. This is achieved by
performing a simulation of future urban expansion using the
2UP model in which no expansion of urban areas is allowed
in cells that are inundated by the 1000-year return period
flood in 2080, according to the flood hazard maps described
in Sect. 2.1.1. Cells that are classed as urban in the current
time period remain urban in the future. In 2UP, this means
that the future urban cells that would otherwise develop over
time in the 1000-year flood zone are instead reassigned to an-
other likely non-flood-prone location within the same coun-
try, based on simple suitability functions (Ferdinand et al.,
2021).

Although it does not eliminate existing risk, this DRR
measure results in fewer people and assets being exposed to
flood risk under future scenarios, and it therefore results in
benefits as we define them in this study. The main direct cost
of exposure reduction through zoning restrictions is the ad-
ministrative cost associated with implementing such a policy,
which varies significantly on local scales and in styles of im-
plementation (Dunham, 1959; Porse, 2014). When compared
to the costs of other measures such as dykes and coastal lev-
ees, though, the direct costs associated with zoning restric-
tion are marginal. Here, a nominal total cost per sub-national
region of USD 2 million (for high- and upper-middle-income
regions) or USD 500 000 (for low- and lower-middle-income
regions) is applied evenly over all years of simulation (Meng,
2021; Ran and Nedovic-Budic, 2016; de Bruin et al., 2014).
While having minimal direct cost in its implementation, al-
tering development with zoning restrictions also produces an
opportunity cost, which is the difference of economic value
of land that would have been developed within a flood-prone
area as opposed to leaving that land in a less developed state
(Parsons and Wu, 1991). These opportunity costs may be sig-
nificant on a local scale. For our analysis, though, we assume
that any potential GDP growth still occurs in-country but is
displaced away from the flood zone.

2.2.4 Dry-proofing

For vulnerability reduction, the analysis focuses on dry-
proofing for individual buildings. Dry-proofing makes a
structure and its contents less likely to face damage from
a flood event (i.e. waterproofed) up to a certain water level
(Zevenbergen et al., 2007). Dry-proofing, for example, has
been shown to be (cost-) effective in certain regions around
the world (Kreibich et al., 2005; Haer et al., 2019). The up-
take of such measures can be reinforced by building codes.
Recent studies have investigated this vulnerability reduction
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measure on a European scale by Haer et al. (2019), but a
global analysis is lacking. For this global analysis, we as-
sume that assets cannot be dry-proofed safely above 1 m, as
water pressure above these levels would reduce the structural
integrity of a building (FEMA, 2021).

We also assume that all assets — residential, commercial,
and industrial — receive this treatment within urbanized cells
only. Based on previously mentioned assumptions of land use
type and density in Sect. 2.1.2, this amounts to a total dry-
proofing area of 22.5 % of any given urban cell. Considering
the default protection standard of a 2-year return period, ar-
eas of potential application are defined as all inundated ur-
ban cells within the 2-year flood zone that have an inunda-
tion depth of less than 1 m. In all remaining return periods,
dry-proofing is assumed to be applied in inundated areas not
excluded by the above delineation. Because this measure is
used to protect physical assets within exposed areas (thus re-
ducing monetary damage) but does nothing to alleviate hu-
man safety concerns, EAAP will not be altered.

We apply the costs of dry-proofing on a per-area basis of
buildings within urban cells (m2). The costs, and therefore
affordability, are dependent on the income level of differ-
ent regions (Hudson, 2020; Aerts, 2018). Thus, we assume a
cost of ~ USD 1300 m~ for high- and upper-middle-income
countries and ~USD 580m™? for low- and lower-middle-
income countries. Most existing literature describes in detail
the costs posed by dry-proofing within the United States and
other developed nations (FEMA, 2021; de Ruig et al., 2020;
de Graaf et al., 2012).

2.3 Measure evaluation
2.3.1 Efficacy

We assess the efficacy of the examined DRR measures by
evaluating their ability to reduce (monetary) risk to maintain
the relative risk constant target per sub-national region. This
efficacy is expressed as the risk reduction achieved by the
DRR measure divided by the amount of risk reduction that
was required to reach the relative risk constant target. For
example, if a DRR measure can achieve the entire amount of
required risk reduction to lower future risk levels to the exact
level of the risk target, the efficacy of the measure is 1. While
it is possible to exceed 1 if a measure reduces risk further
than the relative risk constant target, in this study we only
report values up to 1. The minimum efficacy is meanwhile
assumed to be 0, meaning a measure is unable to reduce any
future risk when compared to the scenario in which no action
is taken. The efficacy of each measure is calculated for each
sub-national region.

2.3.2 Benefit—cost analysis

A benefit—cost analysis (BCA) is performed to demonstrate
the economic feasibility of a DRR measure, using two indica-
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tors, namely net present value (NPV), which is the net return
on investment discounted to present value, and the benefit—
cost ratio (BCR), which is the ratio between discounted ben-
efits and discounted costs. For the NPV, the benefits and costs
are discounted with a discount rate of 5 %. This discount rate
is within the range of financial equivalent rates for adaptation
efforts in the face of increasing flood risk (Ward et al., 2017).

Yearly discounted benefits are divided by initial and yearly
discounted costs for the BCR. To calculate the benefits of
each DRR measure, EAD is calculated for every year of
the lifetime of each measure and subtracted from the EAD
for every year without the measure. The results of each
yearly calculation are summed to determine the total bene-
fits. Costs are calculated by summing investment and capi-
talized maintenance costs. The costs reported in this paper
are in USD 2005 at purchasing power parity (PPP) and were
adjusted using GDP deflators from the World Bank. As men-
tioned, indirect benefits, such as nature contributions to peo-
ple (Barbier et al., 2011; Jakovac et al., 2020), are not in-
cluded in this benefit—cost analysis.

3 Results

The results of this analysis are presented on several spatial
scales, including on the global, regional (i.e. World Bank an-
alytical regions), national, and sub-national level. The results
of RCP 6.0/SSP2 in 2080 are thoroughly examined and vi-
sualized in this section, while high- and low-end scenarios
(RCP 8.5/SSP3 and RCP 2.6/SSP1 respectively) are referred
to in order to contextualize the results. The results coming
from these three scenarios are available in our study’s data
repository on the sub-national scale.

3.1 Risk estimation assuming no DRR action

Future global flood risk values will eclipse those of the
present if no action is taken on our coastlines. The need for
a no-DRR-action assessment stems from the theoretical ex-
ercise of determining benefits achieved by implementing any
given DRR measure. In reality, a future with no DRR action
whatsoever is highly improbable. Communities increasingly
at risk of coastal flooding will react to the changing condi-
tions. Still, here we quantify this no-DRR-action scenario as
the basis of how much reduction to coastal flood risk is re-
quired and is possible. Without any DRR action (i.e. only
maintaining the height of current protection structures), EAD
is projected to increase by over a factor of 300, and global
EAAP is projected to roughly triple by 2080 (Table 1). By the
year 2080, we estimate global EAD will be over USD 1.3 tril-
lion, while global EAAP will exceed 11.5 million people.
When considering low- and high-end scenarios, EAD ranges
between USD 650 billion and nearly USD 2 trillion, while
EAAP ranges between 9 and 18 million. Generally, EAD ex-
hibits an exponential growth pattern while EAAP increases
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linearly through the examined time steps of this study. The
impacts of current and future coastal flood risk, given on a
World Bank analytical regional scale in Table 1, are substan-
tially larger in lower-income regions of the world.

Between 2020 and 2080, all regions are projected to ex-
perience substantial percentage increases in both EAD and
EAAP. Due to relatively low existing levels of risk and pro-
tection standards, the largest percentage increase to EAD
is in South Asia, while the largest percentage increase to
EAAP is in sub-Saharan Africa. The largest share of future
risk in absolute monetary terms is found in three regions:
East Asia and the Pacific, sub-Saharan Africa, and South
Asia. These regions are projected to experience increases
to EAD of roughly USD 510 million, USD 540 million, and
USD 190 million respectively, reflecting the large-scale ur-
banization and population growth projected to occur in these
regions throughout the remainder of the century.

Of particular concern in these lower-income regions is the
magnitude of range, and therefore uncertainty, of potential
impacts depending on the RCP/SSP combination considered.
For example, we estimate EAD in sub-Saharan Africa could
range between USD 196 million and USD 834 million. If
one compares a range of this magnitude to that of a higher-
income region, such as Europe and Central Asia (with an es-
timated EAD range of USD 15 million to USD 25 million),
the economic imperative of comprehensive DRR planning on
a global scale is underscored. Beyond monetary concerns,
South Asia is projected to see nearly 5 million people af-
fected by coastal flooding annually by 2080.

Similar patterns can also be seen on a (sub-)national scale.
The largest percentage increases to EAD are projected in
Bangladesh, Senegal, and Madagascar (three countries with
low current levels of risk), while the largest absolute changes
are projected in China, India, and Indonesia. The 10 coun-
tries with the highest future EAAP all belong to the three
World Bank regions with the highest future EAD mentioned
previously. While certain high-income countries, such as the
Netherlands, the United States of America, and the United
Kingdom, are also projected to have high future EAAP,
lower-middle-income countries represent the largest portion
— roughly two-thirds — of future EAAP. Changes in both
absolute and relative EAD and EAAP are shown per sub-
national region between current conditions and future condi-
tions in Fig. 2.

The differences in simulated risk between regions, coun-
tries, and sub-national regions result from differences in
(changes) in hazard and exposure, as well as the assumed cur-
rent protection standard per sub-national region. Within our
modelling framework, many sub-national regions in South
Asia, East Asia and the Pacific, and sub-Saharan Africa
are assigned low current levels of protection from flooding.
Meanwhile, the highest estimated current protection stan-
dards are found in high-income countries. For example, Sin-
gapore and the Netherlands are evaluated to have current
protection standards equivalent to a 1000-year return period
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event. The assumed current flood protection standards have
a major influence on the calculated risk, as demonstrated by
Ward et al. (2013), which indicates that the level of risk is to
a large extent influenced by actions taken to prepare for and
mitigate flood risk. These global and regional results show
that, while spatially localized, coastal flooding has a major
economic and human impact on all segments of global soci-
ety which require DRR action to avoid future impacts.

3.2 Future risk target

We estimate that increases to current protection standards are
required in most sub-national regions to achieve respective
relative risk constant targets. Sub-national protection stan-
dards in 2080 if no changes are made to current protection
standards are shown in Fig. 3, while sub-national future pro-
tection standards required to counteract the downgrading of
current protection standards and achieve the relative risk con-
stant targets are shown in Fig. 4.

As discussed in Sect. 2.1.4, unaltered 2080 protection stan-
dards are in most cases lower than 2020 protection standards
due to sea-level rise and subsidence. The largest decreases
to current protection standards occur in sub-national regions
within Portugal, Japan, Brunei, the United States of Amer-
ica, and the Netherlands. All these sub-national regions have
current simulated protection standards to protect from an in-
undation event well above that of the 100-year return period.
By 2080, with increasing hazard, over 230 sub-national re-
gions around the world will have their protection standards
minimized to a 2-year protection standard — the lowest pos-
sible level in our analysis.

In some cases, areas with minimal or no existing protec-
tion standards against coastal flooding would require signif-
icant increases to protection standards, for example, by dou-
bling or tripling the order of magnitude of protection pro-
vided (e.g. from a 5-year to a 500-year protection standard).
Many of these instances are found in sub-Saharan Africa,
where many regions have low current protection standards in
the modelling framework. Other areas begin with low current
flood protection standards but only require minor increases
to reach their target (e.g. from a 3-year to a 5-year protec-
tion standard). Many of these cases are found in Latin and
Central America, where there is topographic relief from the
coasts towards the inland. In other regions, relatively small
changes in flood protection standards are required because
the current protection standards are already high, meaning
that actions have already been taken to mitigate flood risk in
the past. Existing high protection standards that still require
large increases are found in sub-national regions worldwide,
with many of these cases located in North America, Europe
and Central Asia, and East Asia and the Pacific.

It has been found that 52 sub-national regions do not re-
quire an increase to their respective protection standards in
2080 to reach the relative risk constant target. This can oc-
cur for several reasons. Firstly, in some regions, future EAD
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Table 1. Current (2020) and future (2080) EAD (billion USD) and EAAP (millions of people) per World Bank analytical region. The stand-
alone future EAD and EAAP values are provided assuming RCP 6.0/SSP2, while the ranges for future EAD and EAAP are provided across
all RCP/SSP combinations, specifically the aforementioned and RCP 2.6/SSP1 and RCP 8.5/SSP3.

World Bank analytical region =~ 2020 EAD 2080 EAD 2080 EAD range 2020 EAAP 2080 EAAP 2080 EAAP range
East Asia and Pacific 1.885 515.2 294.8-693.8 1.942 4.735 3.704-7.193
Europe and Central Asia 0.510 22.61 14.68-25.21 0.087 0.138 0.116-0.138
Latin America and Caribbean 0.309 17.83 14.94-19.80 0.057 0.119 0.084-0.237
Middle East and North Africa 0.130 33.07 18.62-40.21 0.080 0.243 0.206-0.356
North America 0.117 34.31 24.93-34.31 0.039 0.108 0.064-0.109
South Asia 0.179 187.7 89.45-297.5 0.979 3.864 3.024-6.509
Sub-Saharan Africa 0.938 542.8 195.9-833.7 0.444 2.356 1.850-3.571
Global total 4.068 1354 653.4-1941 3.628 11.56 9.112-18.05

S
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Figure 2. Global maps depicting simulated sub-national regional changes between current (2020) and future (2080 under RCP 6.0/SSP2)
in (a) absolute EAAP; (b) absolute EAD; (c) relative EAAP; and (d) relative EAD, assuming there are no increases to current protection

standards.

does not increase considerably in the face of changing haz-
ard, due to limited existing exposure or limited simulated
change in future exposure, such as along parts of the steep
Chilean and Peruvian coasts. Secondly, in some regions, lo-
calized sea-level rise is marginal, such as in Scandinavia and
Russia, where post-glacial rebound is present. Thirdly, where
large changes in hazard and exposure are projected to occur,
the projected overall growth in regional GDP may be higher
than the overall growth in EAD, such as in several coastal
provinces of China.

3.3 Risk reduction provided by DRR measures

In this section, we assess to what extent the relative risk con-
stant targets can be achieved by taking one of the four DRR
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measures introduced in Sect. 2.2 and applying them individ-
ually on a global scale. The globally aggregated findings of
the benefit—cost analysis and the efficacy of each individual
measure are summarized in Table 2. While it is assumed that
dykes and coastal levees can be built anywhere in the world,
the other DRR measures are restricted in terms of suitabil-
ity. Based on our assessment, foreshore vegetation, zoning
restrictions, and dry-proofing are respectively only applica-
ble in 23 %, 84 %, and 45 % of sub-national regions evalu-
ated for (future) coastal flood risk due to spatial limitations
of these DRR measures as mentioned in Sect. 2.2. The met-
rics for each DRR measure in Table 2 are calculated only for
the applicable regions. Low- and high-end scenario ranges
for BCR, NPV, and efficacy are also included for context.
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Figure 3. Sub-national protection standards estimated for the year 2080 assuming no changes to current protection standards are made in

response to sea-level rise or subsidence.
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Figure 4. Estimated protection standards required for sub-national regions to achieve their relative risk constant risk reduction targets in

2080.

In the future and under conditions of RCP 6.0/SSP2,
the largest overall benefit of the evaluated DRR measure
is for dykes and coastal levees, while the most costly is
dry-proofing. The latter results in the lowest overall BCR
of any DRR measure. The benefits of foreshore vegetation
and zoning restrictions are smallest in magnitude, while the
least-costly measure overall is zoning restrictions. Because
of the low costs, zoning restrictions achieve the highest
simulated BCR of any of the evaluated measures. Still, all
four DRR measures achieve globally aggregated BCRs > 1,
meaning the long-term benefits of each DRR measure out-
weigh the costs on a global scale. All globally aggregated
NPVs are also positive, with the highest exhibited by dykes
and coastal levees, followed by dry-proofing; however, NPV
varies greatly for dykes and coastal levees as costs of height-
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ening these structural features outpace the benefits of doing
so under the high-end scenario. In general, BCRs, NPVs, and
efficacy scores for the DRR measures increase under the low-
end scenario (RCP 2.6/SSP1) and decrease under the high-
end scenario (RCP 8.5/SSP3).

In all World Bank analytical regions, dykes and coastal
levees have the highest efficacy in terms of the percentage
of the relative risk constant target that they can achieve. Still,
considerable reductions are also possible within certain (sub-
national) regions by employing foreshore vegetation, zon-
ing restrictions, or dry-proofing. North America exhibits the
highest efficacy in achieving its risk target when using dry-
proofing (98 %), while the Middle East and North Africa
achieves high efficacy scores for foreshore vegetation (23 %)
and for zoning restrictions (34 %). South Asia achieves the
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Table 2. The globally aggregated benefits and costs (billion USD), BCR, NPV (billion USD), and efficacy (* in applicable regions only)
of each individual DRR measure in 2080 under RCP 6.0/SSP2. Included in parentheses under each DRR measure are the total number
of applicable sub-national regions where each DRR measure is assessed, while under BCR, NPV, and Efficacy are the low- and high-end

scenario ranges of these values.

DRR measure Benefits  Costs BCR NPV Efficacy™
Dykes and coastal levees (927 regions) 493  86.01 7.44(11.2-4.65) 14.03 (21.05-8.769) 98 % (99 %—96 %)
Foreshore vegetation (227 regions) 17.2  0.366 59.8 (72.4-32.9) 0.556 (1.82-0.278) 6 % (10 %3 %)
Zoning restrictions (784 regions) 46.5 0.027 598 (604-578)  0.401 (0.405-0.309) 11 % (12 %-8 %)
Dry-proofing (417 regions) 242 151.5 2.10(2.52-1.62) 4.165 (4.23-4.060) 49 % (59 %38 %)

highest simulated BCRs for all DRR measures of all global
regions analysed. Relatively high BCRs are also seen in sub-
Saharan Africa and in East Asia and the Pacific. Latin Amer-
ica and the Caribbean achieves relatively low BCRs due to
the limited benefits achieved from employing the DRR mea-
sures there.

Sub-national values of each DRR measure’s efficacy in
achieving the relative risk constant targets and BCRs are dis-
played in Figs. 5 and 6 respectively. Over 90 % of all sub-
national regions can meet their respective relative risk con-
stant targets using at least one of the measures. Of these, ap-
proximately 160 regions — or one-fifth — can do so by em-
ploying a non-structural DRR measure. To gain further con-
text regarding these DRR measures and their ability to modu-
late future coastal flood risk, the following subsections exam-
ine each measure individually, referring to the relative panels
in the following figures.

3.3.1 Dykes and coastal levees

Overall, the results show that implementing dykes and
coastal levees has a globally aggregated efficacy of 98 % to-
wards achieving relative risk constant targets and global ben-
efits of over USD 493 billion (Table 2); however, in 10 % of
sub-national regions estimated to face future flood risk the
relative risk constant target is not achieved. A considerable
share of the monetary benefits, namely USD 421 billion, can
be achieved in South Asia and in East Asia and the Pacific.
Globally, the cost of implementing dykes and coastal levees
to meet the relative risk constant targets sums to just over
USD 86 billion. The slightly lower efficacy for dykes and
coastal levees observed in regions like Europe and Central
Asia can be explained by high existing protection standards
that require increases above the 1000-year return period.
Using this DRR measure, almost every sub-national re-
gion in the world can achieve their relative risk constant
target (Fig. 5a), with some exceptions. For Singapore and
the Netherlands, protection standards exceeding their cur-
rent levels would be required to achieve their targets. These
two countries are both assumed to have existing protection
against a 1000-year return period flood. Since this level of
protection is also the maximum cap within this modelling
framework, the simulated residual risk remains above the tar-
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get. Certain portions of Northern Africa, where coasts are
largely unprotected, and the area surrounding the Gulf of
Mexico, where substantial amounts of subsidence and sea-
level rise are projected to occur (thus degrading existing pro-
tection standards), would also require a protection standard
exceeding 1000 years. It may be possible to build struc-
tural measures that provide a protection standard greater than
1000 years, as is indeed already the case in the Netherlands
(Kabat et al., 2009).

Despite high costs, in many sub-national regions the bene-
fits outweigh the costs (Fig. 6a). Only in specific sub-national
regions, generally those that are sparsely populated or with
high projected sea-level rise, do costs outweigh the benefits.
The benefits of building new and heightening existing dykes
and coastal levees most strongly outweigh the costs of doing
so in sub-national areas that have high amounts of current
development, especially those with only limited projected
sea-level rise. Likewise, the lowest BCRs are found in lower-
income countries with moderate to low levels of coastal de-
velopment. Interestingly, the capital regions of Papua New
Guinea, Guinea-Bissau, Cuba, and Suriname all have BCRs
<1 and are unable to reach their risk reduction targets by
2080 using solely dykes and coastal levees. This may be
explained by the fact that these growing regions have high
levels of concentrated, low-wealth urbanization which is ex-
posed to high levels of sea-level rise.

3.3.2 Foreshore vegetation

The globally aggregated efficacy of foreshore vegetation in
achieving relative risk constant targets is roughly 6 %, and
global reductions to EAD total to more than USD 17.2 bil-
lion (Table 2). The largest reductions are seen in South Asia,
East Asia and the Pacific, and sub-Saharan Africa. Of the
USD 12.4 billion in EAD reduction that is achieved via man-
grove restoration, USD 8.7 billion is found in India, Vietnam,
and Nigeria. Conserving salt marshes, meanwhile, shows the
most potential in China, representing just over USD 4.6 bil-
lion of the USD 4.8 billion in reductions to global EAD. In
the case of salt marshes, many of these ecosystems have been
degraded or lost completely, meaning current marshes may
not provide protection for the urban setting.
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Figure 5. Efficacy in achieving the relative risk constant targets for (a) dykes and coastal levees, (b) foreshore vegetation, (¢) zoning
restrictions, and (d) dry-proofing on a sub-national scale, where light blue indicates lower efficacy and dark blue higher efficacy. Grey areas
are sub-national regions where action is not required to achieve the relative risk reduction targets.
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Figure 6. Benefit—cost ratio values for (a) dykes and coastal levees, (b) foreshore vegetation, (¢) zoning restrictions, and (d) dry-proofing on
a sub-national scale, where yellow indicates overall direct costs outweighing overall benefits and green overall benefits outweighing overall
direct costs. Grey areas are sub-national regions where action is not required to achieve the relative risk reduction targets.
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Although certain salt marsh ecosystems, such as those in
northern China and on the eastern seaboard of the United
States, remain in the vicinity of urbanized areas, the global
economic benefits of salt marshes are much lower than
those of mangroves. Seeing the larger magnitude of benefits
achieved by restoring mangroves as compared to conserving
existing salt marshes, it can be suggested that higher BCRs
can be achieved using foreshore vegetation as a DRR mea-
sure if these areas are not only maintained and conserved but
actively cultivated beyond current extents.

Foreshore vegetation is simulated to reduce risk in one-
quarter of all sub-national regions with (future) coastal flood
risk. A total of 12 sub-national regions meet or exceed 100 %
of their risk targets. The average efficacy seen in the global
sub-national regions evaluated as having foreshore vegeta-
tion is 20 %, while the median is 5.7 % (Fig. 5b). The sub-
national regions which do not see reductions as a result of
foreshore vegetation are either fully urbanized with mini-
mal potential to support foreshore vegetation, located in un-
favourable climate regions for foreshore vegetation, or have
favourable conditions to support foreshore vegetation but are
not near any flood-prone populations.

The global costs of foreshore vegetation are estimated
to be USD 366 million. Sub-national regions within China,
Vietnam, and the Philippines all possess among the high-
est BCRs, with similarly high BCRs in upper-latitude sub-
national regions in Canada and Russia. The lowest BCRs
are found in several countries within Latin America and the
Caribbean and in sub-Saharan Africa (Fig. 6b). This is likely
because many major mangrove areas within this part of the
world are not around major population centres but are rather
on small islands and sparsely populated coastlines.

3.3.3 Zoning restrictions

Zoning restrictions achieve EAD reductions of USD 46 bil-
lion by 2080 worldwide (Table 2). Generally, exposure re-
duction as a single solution is only effective in certain con-
texts, namely in areas where current coastal urbanization
is limited but future urbanization is widely projected. Just
over half of the risk reductions are realized in East Asia
and the Pacific, the region of the world that shows the high-
est projected levels of population growth through the 21st
century. The Middle East and North Africa, sub-Saharan
Africa, and South Asia also experience large risk reduc-
tions through zoning restrictions. Meanwhile, Latin Amer-
ica and the Caribbean experiences limited risk reduction via
this measure due to limited coastal regions where additional
urbanization can occur, even though moderate amounts of
growth are projected. Meanwhile, North America and Eu-
rope and Central Asia show low potential because their
coastlines are already highly urbanized; therefore, the zon-
ing measures are not impactful as implemented in the model.
Notably, three countries count for almost two-thirds of to-
tal global risk reduction through this DRR measure: India,
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China, and Indonesia. Other countries that do not experi-
ence large risk reduction via other DRR measures, such as
Guinea, Senegal, and Cameroon, do show high efficacy to-
wards achieving their relative risk constant targets through
zoning restrictions. Japan and Australia are the high-income
countries that experience the largest risk reductions, with
USD 423 million and USD 373 million fewer damages re-
spectively expected by 2080.

The globally aggregated efficacy of zoning restrictions
towards achieving relative risk constant targets is approx-
imately 11%. Sub-national regions within 20 countries,
mainly low-income, but also in countries such as Japan and
Spain, can achieve their respective risk reduction targets by
limiting future exposure in the 1000-year floodplain. One-
fifth of sub-national regions achieve 20 % or more of their
relative risk constant targets (Fig. 5c). Zoning restrictions, as
modelled in this research framework, show the highest effi-
cacy towards achieving relative risk constant targets in sub-
national regions within low-income countries. Often, these
countries are projected to urbanize substantially along the
coasts.

While the benefits of zoning restrictions are less than 1/10
of those provided by dykes and coastal levees globally, this
DRR measure is highly cost effective. The minimal costs as-
sociated with this DRR measure mean that, globally, zoning
restrictions achieve the highest BCR of any modelled mea-
sure (Fig. 6¢). The cost-effective nature of this measure is
compounded in certain global regions because low-income
countries within these regions have both the highest levels
of projected population growth (which can be spatially al-
tered by this DRR measure) and lower costs of implementa-
tion when compared to high-income countries. Costs run the
highest in Europe and Central Asia for zoning restrictions be-
cause of the high-income nature of its countries and the large
number of sub-national regions within these countries, each
requiring their own zoning policy development and admin-
istration. As mentioned, for our analysis we assume these
administrative costs are the only direct costs of this DRR
measure. The limitations of this specific assumption are dis-
cussed further in Sect. 3.4.

3.3.4 Dry-proofing

Dry-proofing can be highly effective in reducing EAD, with a
global reduction to EAD by as much as USD 242 billion (Ta-
ble 2) or nearly half of the reductions needed to achieve the
set relative risk constant targets. While half of this risk reduc-
tion is found in East Asia and the Pacific (USD 158 billion),
the benefits of dry-proofing are generally spread across all
global regions. The smallest risk reductions are seen in Latin
America and the Caribbean (under USD 2 billion), with rel-
atively few major urban centres along vulnerable coastlines
when compared to the Eastern Hemisphere, the exception be-
ing the (east) coast of Brazil. Europe and Central Asia also
exhibits lower reductions when compared to other global re-
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gions; here, existing high protection standards limit the im-
pact of a DRR measure that mainly takes aim at lower return
period events.

The countries that are projected to experience the highest
reductions are China (with the Shanghai direct-administered
municipality alone accounting for one-third of total country-
wide reductions), Vietnam, Indonesia, and India, each with
reductions in the order of magnitude of tens of billions. With
roughly USD 4.5 billion in dry-proofing reductions, the high-
income country with the largest number of damage reduc-
tions to be achieved via dry-proofing is the United States of
America, with a large portion of these reductions found in the
states of New York and Texas. This DRR measure can meet
relative risk constant targets in sub-national regions within 46
countries of varying income levels and urbanization patterns,
ranging from Singapore and France to Yemen and Somalia
(Fig. 5d). While dry-proofing is not applicable in all contexts
within this modelling framework (e.g. not modelled for rural
settings or in semi-urban or peri-urban settlements, which are
prevalent in certain global contexts), roughly two-thirds of
the coastal sub-national regions where dry-proofing is appli-
cable achieve at least 50 % of their relative risk constant tar-
gets. These results show that dry-proofing is a measure that is
most effective in highly urbanized coastal settings with low
projected future inundation depths (of less than 1 m).

Sub-national regions with existing patterns of inten-
sive urbanization along coastlines, for example, the east-
ern seaboard of the United States of America and eastern
China, show the highest potential for risk reduction with this
DRR measure. Coincidentally, the highest costs for this mea-
sure are also found in these areas, with dry-proofing within
the United States of America alone costing an estimated
USD 53 billion and China USD 33 billion, leading to low
BCR values (Fig. 6d). In fact, in the United States of Amer-
ica, only New Hampshire scores a BCR > 1. Total global
costs sum to USD 151 billion, meaning that while benefits
still outweigh costs, the return on investment of this mea-
sure is smaller than other DRR measures. This, combined
with the fact that this measure is a solution employed by in-
dividuals and not on larger scales, could make a dry-proofing
strategy a challenging one for much of the world. Although
they observe high levels of risk reduction, low BCRs in North
America and in Europe and Central Asia mean that a deci-
sion maker may select a different DRR measure. BCRs are
largest in sub-Saharan Africa and South Asia, particularly in
India and Indonesia, both of which have several major urban
centres on their coastlines.

3.4 Uncertainty, limitations, and recommendations for
future research

Uncertainty in our analysis originates from several sources,
including data inputs and modelling assumptions. This is
also discussed in other global-scale coastal flood risk assess-
ment literature. With regard to scenario uncertainty, Rohmer
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et al. (2021) state that adaptation costs are most sensitive
to RCP used, while EAD is more sensitive to SSP. RCPs
ultimately drive sea-level rise projections, which are also
based on thermal expansion, global surface air temperature,
and ocean dynamic sea level from the Coupled Model Inter-
comparison Project Phase 5 (CMIP5) with IPCC ARS esti-
mations of ice and land water contributions complemented
by the re-evaluation of Antarctic contribution from SROCC.
These uncertainties are combined based on the probabilis-
tic model described in Le Bars (2018). While we mainly ex-
plore the results of RCP 6.0/SSP2 here, the results of RCP
2.6/SPP1 and RCP 8.5/SSP3 show that both flood risk esti-
mations and DRR measure performance are impacted by the
selected combination of RCP/SSP.

Similar patterns of sensitivity are seen in complementary
studies. Tiggeloven et al. (2020) sees the largest sensitivity
for global adaptation costs stemming from sea-level rise. In-
deed, the largest source of scenario uncertainty, according
to Hinkel et al. (2021), relates to future coastal adaptation
scenarios, which can influence future coastal flood risk by
factors of 20.0-26.7. It is this exact source uncertainty that
we explore with our analysis by employing several DRR
measures, reaffirming that future coastal flood risk depends
greatly on which action is taken by decision makers (Hinkel
et al., 2014). An uncertainty framework for coastal hazard
assessment, as developed by Stephens et al. (2017), could be
used to overcome these and other sources of uncertainty such
as data input uncertainty (e.g. DEM and exposure maps);
however, this sort of framework is designed to guide local
assessments and has not yet been expanded to the regional
and global scales.

In general, we acknowledge that the assumptions used in
our global analysis do not capture a fully representative pic-
ture of what the modelled DRR measures would be in reality,
especially in terms of their actual effectiveness (as opposed
to their efficacy), variations around the world, and potentially
dynamic nature. Several assumptions are made specifically
in the implementation of our DRR measures. For example,
we assume the percentage of occupancy type per grid cell
to be the same for all locations, whilst in reality it is spa-
tially heterogeneous. We also assume building density per
occupancy type. An improvement to our analysis could be
made by using machine learning to improve accuracy of ur-
ban land cover and building types (Hecht et al., 2015; Huang
et al., 2018). While we have assumed a rapid adoption and
full uptake of DRR measures, the timing and rate of a com-
mitment to adaptation varies per country (Haasnoot et al.,
2021), which we do not consider here. Moreover, we have as-
sumed that the DRR measures do not experience any failure
below the threshold of provided protection standards: in real-
ity, violent storm events could partially damage or destroy the
DRR measures, in particular sensitive ones such as foreshore
vegetation. Meanwhile, coastal squeeze caused by sea-level
rise and urbanization could cause further reductions of effec-
tiveness of certain DRR measures (Torio and Chmura, 2013).
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These limitations could lead to underestimation of costs of
(re)implementation and overestimation of benefits provided
by measures if they were to experience such shortcomings
and failures.

The direct benefits provided by the modelled DRR mea-
sures are determined in a similar fashion for each measure.
The direct costs associated with these measures, however, are
determined in fundamentally different manners (as described
in Sect. 2.2.1-2.2.4) out of necessity. With certain DRR mea-
sures there are additional costs which could also considered;
we do not include these indirect costs in this analysis. For
instance, infrastructure disruptions might occur more fre-
quently if regions rely on dry-proofing instead of dykes and
coastal levees, while zoning restrictions could also prevent
infrastructure disruptions (Koks et al., 2022; Nirandjan et al.,
2022). Other examples of indirect costs that are not included
in this analysis but could provide additional value to the field
of risk assessment include the cost of ecosystem disruptions
with structural measures, opportunity costs associated with
not developing in flood-prone areas, and so on. Furthermore,
the nature contributions to humans of the DRR measures are
not included in our analysis, resulting in an underestimation
of benefits provided by certain DRR measures. Any one of
these indirect costs or benefits is strongly recommended as a
future avenue of research.

We also recommend the continued expansion of modelled
DRR measures within the same risk assessment framework
to allow for a more comprehensive view of coastal flood risk.
Candidates for incorporation into global flood risk modelling
frameworks could include other nature-based solutions, for
example, salt marsh restoration and coral reef restoration, as
well as managed retreat. Beck et al. (2022) did recently as-
sess the potential for coral restoration: as with the foreshore
vegetation modelled in this study, the measure may have lim-
ited spatial applicability on a global scale but could have
high levels of impact on small-island developing nations and
other settings highly vulnerable to climate change. Managed
retreat, meanwhile, can be applied in theory in some loca-
tions around the world but may be difficult to implement in
a practical sense. The modelling of this DRR measure could
involve agent-based modelling based on locally surveyed in-
formation to represent the associated dynamics, as performed
on a local scale by Tierolf et al. (2023).

By employing any of the modelled DRR measures indi-
vidually, we find that 84 sub-national regions cannot achieve
their respective relative risk constant targets by 2080. While
we investigated the measures individually here, the actual
implementation of a DRR strategy will often consist of ex-
ecuting several DRR measures at once or in a hybrid form
(Dedekorkut-Howes et al., 2020; Dissanayaka et al., 2021;
Lawrence et al., 2019). Indeed, hybridization of DRR mea-
sures could help increase the DRR potential in many of these
84 sub-national regions while minimizing costs (Sutton-
Grier et al., 2015; Tiggeloven et al., 2022). Future research
could further investigate hybridization of DRR measures, as
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has been the case already with combining zoning restric-
tions and dry-proofing (Richert et al., 2019) or mangroves
and dykes (Tiggeloven et al., 2022). If the hybridization of
DRR measures is to be explored further, additional informa-
tion on nature contributions to people, indirect costs, and un-
intended side effects (such as increased urbanization in safer
areas (Haer et al., 2020) and others) would be required to cre-
ate a more comprehensive and holistic view of coastal flood
risk reduction in the future. Building upon the methodology
presented in this study, additional research on any of these
facets can provide insights into such complexities.

4 Conclusions

We project immense increases to coastal flood risk in com-
ing decades if no action is taken to limit the growth of dis-
aster risk: expected annual damages are projected to exceed
USD 1.3 trillion by 2080 and under certain climatic and pop-
ulation conditions could reach USD 2 trillion. Without ac-
tion, leaders and decision makers in all countries, regardless
of income level, will see their societies negatively impacted.
Disaster risk reduction is needed to prevent or reduce these
impacts. We show how different DRR measures can be im-
plemented to reach a certain risk reduction (i.e. risk reduction
targets set by the relative risk constant objective). We show
that, globally, dykes and coastal levees achieve USD 493 bil-
lion in risk reductions, dry-proofing USD 242 billion, zon-
ing restrictions USD 46.5 billion, and foreshore vegetation
USD 17.2 billion. The globally aggregated efficacy of these
four DRR measures, meanwhile, is 98 %, 49 %, 11 %, and
6 % respectively. While the global aggregates of efficacy and
BCRs favour dykes and coastal levees, regionally and sub-
nationally we show that the modelled alternatives can yield
similar levels of efficacy and higher BCRs.

Indeed, the on-the-ground design and implementation of
DRR measures requires site-specific and detailed local in-
formation. A more detailed and accurate depiction of global
DRR measure implementation could potentially be achieved
as a result. This is not the aim of our research endeavour.
Here, we have used a globally applicable model to pro-
duce proxy results for DRR measure implementation, which
(in data-scarce regions) could allow end-users such as UN-
affiliated organizations, the World Bank, and (inter)national
adaptation strategists to prioritize actions and further investi-
gation.

As illustrated by our work, 90 % of all sub-national regions
in the world can achieve their respective relative risk constant
targets by using at least one of the modelled DRR measures.
Over 160 of these sub-national regions — roughly one-fifth
— can achieve their relative risk constant targets via a non-
structural DRR measure. This suggests to decision makers
in these areas that alternatives to traditional coastal flood risk
reduction could be embraced while often lowering overall di-
rect costs. For 84 sub-national regions, though, none of the
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DRR measures investigated here meet the relative risk con-
stant target, meaning that something more must be done in
these areas, such as exploring other DRR measures and/or
the hybridization of different DRR measures.

Code availability. The code used to perform this analysis is avail-
able upon request.

Data availability. The input data for hazard and exposure values
were created specifically for this analysis by project partners who
have generously agreed to making these valuable resources avail-
able for public use. The vulnerability values are taken from an open-
source publication. Full results of our analysis, both those presented
thoroughly in the main text and those mentioned briefly, are also
available for public use.

Data can be retrieved from  this  repository:
https://doi.org/10.5281/zenodo.10637089 (Mortensen, 2024).

Author contributions. EM, TT, TH, and PW expanded the existing
GLOFRIS framework to include new modules that allowed for the
modelling of alternative DRR measures. EM conducted the main
analysis, with guidance from TT in operationality of GLOFRIS.
DLB, SM, DE, and FSW contributed to the development of hazard
data. BvB, AB, and WL contributed to the development of exposure
data. TH and PW assisted EM in the framing of the analysis for this
written text. All authors reviewed the text and provided suggestions
for revisions to the final paper as presented here.

Competing interests. At least one of the (co-)authors is a member
of the editorial board of Natural Hazards and Earth System Sci-
ences. The peer-review process was guided by an independent ed-
itor, and the authors also have no other competing interests to de-
clare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. The research contained in this publication was
carried out as part of a larger project entitled “The Geography of Fu-
ture Water Challenges: Bending the Trend”, which was coordinated
by innumerable dedicated staff, practitioners, and professionals of
the Planbureau voor de Leefomgeving. We thank them for their sup-
port. The computational work was largely carried out on the Dutch
national e-infrastructure with the support of the SURF cooperation,
to whom much gratitude is given.

Nat. Hazards Earth Syst. Sci., 24, 1381-1400, 2024

Financial support. This research has been supported by the Ned-
erlandse Organisatie voor Wetenschappelijk Onderzoek (grant no.
016.161.324) and the Planbureau voor de Leefomgeving (grant no.
FWCII).

Review statement. This paper was edited by Animesh Gain and re-
viewed by three anonymous referees.

References

Aerts, J. C. J. H.: A review of cost estimates for flood adaptation,
Water-Sui., 10, 1646, https://doi.org/10.3390/w10111646, 2018.

Aerts, J. C.J. H., Lin, N., Botzen, W., Emanuel, K., and de Moel, H.:
Low-Probability Flood Risk Modeling for New York City, Risk
Anal., 33, 772-788, https://doi.org/10.1111/risa.12008, 2013.

Aerts, J. C. J. H., Botzen, W. J. W., Emanuel, K., Lin, N., De Moel,
H., and Michel-Kerjan, E. O.: Climate adaptation: Evaluating
flood resilience strategies for coastal megacities, Science, 344,
473-475, https://doi.org/10.1126/science.1248222, 2014.

Andree, B. P. J. and Koomen, E.. Calibration of the 2UP
model: Spinlab Research Memorandum SL-13, Vrije Uni-
versiteit ~Amsterdam, https://research.vu.nl/en/publications/
calibration-of-the-2up-model (last access: April 2021), 2017.

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C.,
and Silliman, B. R.: The value of estuarine and coastal ecosystem
services, Ecol. Monogr., 81, 169-193, 2011.

Bayraktarov, E., Saunders, M. 1., Abdullah, S., Mills, M., Beher,
J., Possingham, H. P., Mymby, P. J., and Lovelock, C. E.: The
cost and feasibility of marine coastal restoration, Ecol. Appl., 26,
1055-1074, 2016.

Beck, M. W., Losada, 1. J., Menéndez, P., Reguero, B. G.,
Diaz-Simal, P., and Fernidndez, F.: The global flood protec-
tion savings provided by coral reefs, Nat. Commun., 9, 2186,
https://doi.org/10.1038/s41467-018-04568-z, 2018.

Beck, M. W., Heck, N., Narayan, S., Menéndez, P., Reguero, B.
G., Bitterwolf, S., Torres-Ortega, S., Lange, G. M., Pfliegner, K.,
Pietsch McNulty, V., and Losada, 1. J.: Return on investment for
mangrove and reef flood protection, Ecosyst. Serv., 56, 101440,
https://doi.org/10.1016/j.ecoser.2022.101440, 2022.

Bos, A. J.: Optimal safety level for the New Orleans East polder; A
preliminary risk analysis, Vrije Universiteit Amsterdam, 2008.
Brown, S., Nicholls, R. J., Hanson, S., Brundrit, G., Dearing,
J. A., Dickson, M. E., Gallop, S. L., Gao, S., Haigh, L
D., Hinkel, J., Jiménez, J. A., Klein, R. J. T.,, Kron, W.,
Lazar, A. N., Neves, C. F, Newton, A., Pattiaratachi, C.,
Payo, A., Pye, K., Sancehz-Arcilla, A., Siddall, M., Sha-
reef, A., Tomphins, E. L., Vafeidis, A. T., van Maanen, B.,
Ward, P. J., and Woodroffe, C. D.: Shifting perspectives on
coastal impacts and adaptation, Nat. Clim. Change, 4, 752-755,

https://doi.org/10.1038/nclimate2344, 2014.

Corbane, C., Pesaresi, M., Kemper, T., Politis, P., Florczyk, A. J.,
Syrris, V., Melchiorri, M., Sabo, F., and Soille, P.: Automated
global delineation of human settlements from 40 years of Land-
sat satellite data archives, Big Earth Data, 3, 140-169, 2019.

de Bruin, K., Goosen, H., van Ierland, E. C., and Groeneveld, R. A.:
Costs and benefits of adapting spatial planning to climate change:

https://doi.org/10.5194/nhess-24-1381-2024


https://doi.org/10.5281/zenodo.10637089
https://doi.org/10.3390/w10111646
https://doi.org/10.1111/risa.12008
https://doi.org/10.1126/science.1248222
https://research.vu.nl/en/publications/calibration-of-the-2up-model
https://research.vu.nl/en/publications/calibration-of-the-2up-model
https://doi.org/10.1038/s41467-018-04568-z
https://doi.org/10.1016/j.ecoser.2022.101440
https://doi.org/10.1038/nclimate2344

E. Mortensen et al.: The potential of global coastal flood risk reduction 1397

lessons learned from a large-scale urban development project in
the Netherlands, Reg. Environ. Change, 14, 1009-1020, 2014.

de Graaf, R., Roeffen, B., Czapiewska, K., Dal Bo Zanon, B., Lin-
demans, W., Escarameia, M., Walliman, N., and Zevenbergen,
C.: The effectiveness of flood proofing vulnerable hotspots to
improve urban flood resilience, Comprehensive Flood Risk Man-
agement, November, 2012.

de Ruig, L. T., Haer, T., de Moel, H., Botzen, W. J. W., and Aerts,
J. C. J. H.: A micro-scale cost-benefit analysis of building-level
flood risk adaptation measures in Los Angeles, Water Resour.
Econ., 32, 100147, https://doi.org/10.1016/j.wre.2019.100147,
2020.

Dedekorkut-Howes, A., Torabi, E., and Howes, M.: When the tide
gets high: A review of adaptive responses to sea level rise and
coastal flooding, J. Environ. Plan. Manage., 63, 2102-2143,
2020.

Dee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A. J., Haimberger, L., Healy, S. B., Hersbach, H., Hélm, E. V.,
Isaksen, L., Kallberg, P., Kohler, M., Matricardi, M., McNally,
A. P, Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey,
C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and Vitart, F.: The
ERA-Interim reanalysis: configuration and performance of the
data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553-597,
https://doi.org/10.1002/qj.828, 2011.

Dissanayaka, K. D. C. R., Tanaka, N., and Vinodh, T. L. C.: Inte-
gration of Eco-DRR and hybrid defense system on mitigation of
natural disasters (Tsunami and Coastal Flooding): a review, Nat.
Hazards, 110, 1-28, 2021.

Dunham, A.: Flood control via the police power, University of
Pennsylvania Law Review, 107, 1098-1132, 1959.

Economidou, M., Laustsen, J., Ruyssevelt, P., and Staniaszek, D.:
Europe’s buildings under the microscope, A country-by-country
review of the energy performance of buildings, Buildings Perfor-
mance Institute Europe (BPIE), Brussels, Belgium, 35-36, ISBN
978-94-91143-01-4, 2011.

EEA: Corine Land Cover 2012 seamless 100m raster database
(Version18.5), https://land.copernicus.eu/pan-european/
corine-land-cover/clc-2012/ (last access: March 2021), 2016.

Ellison, A. M., Felson, A. J., and Friess, D. A..: Man-
grove rehabilitation and  restoration as  experimen-
tal adaptive management, Front. Mar. Sci., 7, 327,
https://doi.org/10.3389/fmars.2020.00327, 2020.

FEMA: Requirements for the Design and Certification of Dry
Floodproofed Non-Residential and Mixed-Use Buildings, NFIP
Technical Bulletin 3, https://www.fema.gov/sites/default/files/
documents/fema_technical-bulletin-3_1-2021.pdf (last access:
April 2021), 2021.

Ferdinand, P., Andree, B. P. J., and Koomen, E.: Revised calibration
of the 2UP model; analysing change and regional variation,
SPINlab Research Memorandum (SL), Vol. 19, Vrije Univer-
siteit Amsterdam, https://research.vu.nl/en/publications/revised-
calibration-of-the-2up-model-analysing-change-and-regiona
(last access: April 2021), 2021.

GADM: GADM database of Global Administrative Areas, https:
//gadm.org/data.html (last access: March 2021), 2012.

https://doi.org/10.5194/nhess-24-1381-2024

Garner, G. G., Hermans, T., Kopp, R. E., Slangen, A. B. A., Ed-
wards, T. L., Levermann, A., Nowicki, S., Palmer, M. D., Smith,
C., Fox-Kemper, B., Hewitt, H. T., Xiao, C., Adalgeirsdéttir, G.,
Drijfhout, S. S., Golledge, N. R., Hemer, M., Krinner, G., Mix,
A., Notz, D., Nurhati, I. S., Ruiz, L., Sallée, J-B., Yu, Y., Hua, L.,
Palmer, T., and Pearson, B.: IPCC AR6 WGI Sea Level Projec-
tions, World Data Center for Climate (WDCC) at DKRZ, Zenodo
[data set], https://doi.org/10.5281/zenodo.5914710, 2022.

Giri, C., Ochieng, E., Tieszen, L. L., Zhu, Z., Singh, A., Loveland,
T., Masek, J., and Duke, N.: Status and distribution of mangrove
forests of the world using earth observation satellite data, Global
Ecol. Biogeogr., 20, 154-159, https://doi.org/10.1111/j.1466-
8238.2010.00584.x, 2011.

Griggs, G. and Reguero, B. G.: Coastal adaptation to cli-
mate change and sea-level rise, Water-Sui.,, 13, 2151,
https://doi.org/10.3390/w13162151, 2021.

Guha-Sapir, D., Hoyois, P., and Below, R.: Annual Disaster Sta-
tistical Review 2014: The numbers and trends. Review Litera-
ture And Arts Of The Americas, 1-50, http://www.cred.be/sites/
default/filess ADSR_2010.pdf (last access: April 2021), 2015.

Haasnoot, M., Winter, G., Brown, S., Dawson, R. J., Ward, P. J., and
Eilander, D.: Long-term sea-level rise necessitates a commitment
to adaptation: A first order assessment, Climate Risk Manage-
ment, 34, 100355, https://doi.org/10.1016/j.crm.2021.100355,
2021.

Haer, T., Botzen, W. J. W, and Aerts, J. C. J. H.: Advanc-
ing disaster policies by integrating dynamic adaptive behaviour
in risk assessments using an agent-based modelling approach,
Environ. Res. Lett., 14, 044022, https://doi.org/10.1088/1748-
9326/ab0770, 2019.

Haer, T., Husby, T. G., Botzen, W. J. W, and Aerts, J. C.
J. H.: The safe development paradox: An agent-based
model for flood risk under climate change in the Eu-
ropean Union, Global Environ. Chang., 60, 102009,
https://doi.org/10.1016/j.gloenvcha.2019.102009, 2020.

Hallegatte, S., Green, C., Nicholls, R. J., and Corfee-Morlot, J.: Fu-
ture flood losses in major coastal cities, Nat. Clim. Change, 3,
802-806, https://doi.org/10.1038/nclimate1979, 2013.

Hecht, R., Meinel, G., and Buchroithner, M.: Automatic identifica-
tion of building types based on topographic databases — a com-
parison of different data sources, Int. J. Cartograph., 1, 18-31,
2015.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A.,
Muiioz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers,
D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G.,
Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G.,
Dahlgren, P., Dee., D., Diamantakis, M., Dragani, R., Flemming,
J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy,
S., Hogan, R., Hélm, E., Janiskovd, M., Keeley, S., Laloyaux,
Lopez, P., Lupu, C., Radnoti, G., de Rosney, P., Rozum, I., Vam-
borg, F., Villanume, S., and Thépaut, J. N.: The ERAS global
reanalysis, Q. J. Roy. Meteor. Soc., 146, 1999-2049, 2020.

Hinkel, J. and Klein, R. J. T.: Integrating knowledge to as-
sess coastal vulnerability to sea-level rise: The development
of the DIVA tool, Global Environ. Chang., 19, 384-395,
https://doi.org/10.1016/j.gloenvcha.2009.03.002, 2009.

Hinkel, J., Nicholls, R. J., Vafeidis, A. T., Tol, R. S. J., and
Avagianou, T.: Assessing risk of and adaptation to sea-level
rise in the European Union: An application of DIVA, Mitig.

Nat. Hazards Earth Syst. Sci., 24, 1381-1400, 2024


https://doi.org/10.1016/j.wre.2019.100147
https://doi.org/10.1002/qj.828
https://land.copernicus.eu/pan-european/corine-land-cover/clc-2012/
https://land.copernicus.eu/pan-european/corine-land-cover/clc-2012/
https://doi.org/10.3389/fmars.2020.00327
https://www.fema.gov/sites/default/files/documents/fema_technical-bulletin-3_1-2021.pdf
https://www.fema.gov/sites/default/files/documents/fema_technical-bulletin-3_1-2021.pdf
https://research.vu.nl/en/publications/revised-calibration-of-the-2up-model-analysing-change-and-regiona
https://research.vu.nl/en/publications/revised-calibration-of-the-2up-model-analysing-change-and-regiona
https://gadm.org/data.html
https://gadm.org/data.html
https://doi.org/10.5281/zenodo.5914710
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.1111/j.1466-8238.2010.00584.x
https://doi.org/10.3390/w13162151
http://www.cred.be/sites/default/files/ADSR_2010.pdf
http://www.cred.be/sites/default/files/ADSR_2010.pdf
https://doi.org/10.1016/j.crm.2021.100355
https://doi.org/10.1088/1748-9326/ab0770
https://doi.org/10.1088/1748-9326/ab0770
https://doi.org/10.1016/j.gloenvcha.2019.102009
https://doi.org/10.1038/nclimate1979
https://doi.org/10.1016/j.gloenvcha.2009.03.002

1398 E. Mortensen et al.: The potential of global coastal flood risk reduction

Adapt. Strat. Gl., 15, 703-719, https://doi.org/10.1007/s11027-
010-9237-y, 2010.

Hinkel, J., Lincke, D., Vafeidis, A. T., Perrette, M., Nicholls, R. J.,
Tol, R. S. J., Marzeion, B., Fettweis, X., Ionescu, C., and Lever-
mann, A.: Coastal flood damage and adaptation costs under 21st
century sea-level rise. P. Natl. Acad. Sci. USA, 111, 3292-3297,
https://doi.org/10.1073/pnas.1222469111, 2014.

Hinkel, J., Feyen, L., Hemer, M., Le Cozannet, G., Lincke, D., Mar-
cos, M., Mentaschi, L., Merkens, J. L., de Moel, H., Muis, S.,
Nicholls, R. J., Vafeidis, A. T., van de Wal, R. S. W., Vous-
doukas, M. L., Wahl, T., Ward, P. J., and Wolff, C.: Uncer-
tainty and bias in global to regional scale assessments of current
and future coastal flood risk, Earth’s Future, 9, e2020EF001882,
https://doi.org/10.1029/2020EF001882, 2021.

Hoozemans, F. M. J.,, Marchand, M., and Pennekamp,
H. A.: Sea level rise a global vulnerability assess-
ment, 2nd Edn, p. 185, http://resolver.tudelft.nl/uuid:
651e894a-9ac6-49bf-b4dca-9aedef51546f (last access:
April 2021), 1993.

Huang, B., Zhao, B., and Song, Y.: Urban land-use mapping using
a deep convolutional neural network with high spatial resolution
multispectral remote sensing imagery, Remote Sens. Environ.,
214, 73-86, 2018.

Hudson, P.: The Affordability of Flood Risk Property-Level Adap-
tation Measures, Risk Anal., 40, 1151-1167, 2020.

Huizinga, J., de Moel, H., and Szewczyk, W.: Global flood
depth-damage functions, Methodology and the database with
guidelines, Joint Research Centre (JRC), Technical report,
Publications Office of the European Union, Luxembourg,
https://doi.org/10.2760/16510, 2017.

Idier, D., Rohmer, J., Pedreros, R., Le Roy, S., Lambert, J., Louisor,
J., Le Cozannet, G., and Le Cornec, E.: Coastal flood: a com-
posite method for past events characterisation providing insights
in past, present and future hazards — joining historical, statistical
and modelling approaches, Nat. Hazards, 101, 465-501, 2020.

Jakovac, C. C., Latawiec, A. E., Lacerda, E., Leite Lu-
cas, I, Korys, K. A., Iribarrem, A., Malaguti, G. A,
Turner, R. K., Luisetti, T., and Baeta Neves Strassburg, B.:
Costs and Carbon Benefits of Mangrove Conservation and
Restoration: A Global Analysis, Ecol. Econ., 176, 106758,
https://doi.org/10.1016/j.ecolecon.2020.106758, 2020.

Jackson, L. P. and Jevrejeva, S.: A probabilistic approach to 21st
century regional sea-level projections using RCP and High-end
scenarios, Global Planet. Change, 146, 179-189, 2016.

Jevrejeva, S., Jackson, L. P., Grinsted, A., Lincke, D., and Marzeion,
B.: Flood damage costs under the sea level rise with warm-
ing of 1.5° C and 2° C, Environ. Res. Lett., 13, 074014,
https://doi.org/10.1088/1748-9326/aacc76, 2018.

Jongman, B., Ward, P. J., and Aerts, J. C. J. H.: Global ex-
posure to river and coastal flooding: Long term trends
and changes, Global Environ. Chang., 22, 823-835,
https://doi.org/10.1016/j.gloenvcha.2012.07.004, 2012.

Kabat, P., Fresco, L. O., Stive, M. J., Veerman, C. P., van Alphen,
J. S., Parmet, B. W., Hazeleger, W., and Katsman, C. A.: Dutch
coasts in transition, Nat. Geosci., 2, 450452, 2009.

Kaly, U. L. and Jones, G. P.: Mangrove restoration: a potential tool
for coastal management in tropical developing countries, Ambio,
27, 656-661, 1998.

Nat. Hazards Earth Syst. Sci., 24, 1381-1400, 2024

Koks, E. E., de Moel, H., Aerts, J. C.J. H., and Bouwer, L. M.: Ef-
fect of spatial adaptation measures on flood risk: study of coastal
floods in Belgium, Reg. Environ. Change, 14, 413-425, 2014.

Koks, E. E., Le Bars, D., Essenfelder, A. H., Nirandjan, S., and Say-
ers, P.: The impacts of coastal flooding and sea level rise on crit-
ical infrastructure: a novel storyline approach, Sustainable and
Resilient Infrastructure, 8, 237-261, 2022.

Kooi, H., Bakr, M., de Lange G., den Haan E., and Erkens, G.: A
user guide to SUB-CR: A modflow land subsidence and aquifer
system compaction package that includes creep, Deltares, http://
publications.deltares.nl/11202275_008.pdf (last access: Decem-
ber 2020), 2018.

Kreibich, H., Thieken, A. H., Petrow, Th., Miiller, M., and Merz,
B.: Flood loss reduction of private households due to building
precautionary measures — lessons learned from the Elbe flood
in August 2002, Nat. Hazards Earth Syst. Sci., 5, 117-126,
https://doi.org/10.5194/nhess-5-117-2005, 2005.

Kron, W.: Flood risk = hazard - values - vulnerability, Water Int.,
30, 58-68, https://doi.org/10.1080/02508060508691837, 2005.
Lawrence, J., Bell, R., and Stroombergen, A.: A hybrid process to
address uncertainty and changing climate risk in coastal areas us-
ing dynamic adaptive pathways planning, multi-criteria decision
analysis and real options analysis: a New Zealand application,
Sustainability, 11, 406, https://doi.org/10.3390/su11020406,

2019.

Le Bars, D.: Uncertainty in sea level rise projections due to the de-
pendence between contributors, Earth’s Future, 6, 1275-1291,
2018.

Lenk, S., Rybski, D., Heidrich, O., Dawson, R. J., and
Kropp, J. P.: Costs of sea dikes — regressions and uncer-
tainty estimates, Nat. Hazards Earth Syst. Sci., 17, 765-779,
https://doi.org/10.5194/nhess-17-765-2017, 2017.

Lincke, D. and Hinkel, J.: Economically robust protection against
21st century sea-level rise, Global Environ. Chang., 51, 67-73,
2018.

Marchand, M.: Mangrove restoration in Vietnam: Key consid-
erations and a practical guide, Deltares, http://resolver.tudelft.
nl/uuid:98b5ba43-1452-4631-81dc-ad043ef3992¢ (last access:
April 2021), 2008.

Mcowen, C. J., Weatherdon, L. V., van Bochove, J. W,
Sullivan, E., Blyth, S., Zockler, C., Stanwell-Smith, D.,
Kingston, N., Martin, C. S., Spalding, M., and Fletcher, S.:
A global map of saltmarshes, Biodivers. Data J., 5, e11764,
https://doi.org/10.3897/BDJ.5.e11764, 2017.

Menéndez, P., Losada, 1. J., Torres-Ortega, S., Narayan, S., and
Beck, M. W.: The Global Flood Protection Benefits of Man-
groves, Sci. Rep., 10, 1-11, https://doi.org/10.1038/s41598-020-
61136-6, 2020.

Meng, M.: Spatial planning for urban resilience in the face of the
flood risk: Institutional actions, opportunities and challenges,
A+ BE Architecture and the Built Environment, 4, 1-296, 2021.

Meyer, V., Haase, D., and Scheuer, S.: Flood risk assessment in Eu-
ropean river basins — concept, methods, and challenges exempli-
fied at the Mulde river, Integr. Environ. Assess., 5, 17-26, 2009.

Mortensen, E.: Data and results from: The potential of global
coastal flood risk reduction using various DRR measures, Zen-
odo [data set], https://doi.org/10.5281/zenodo.10637089, 2024.

Muis, S., Giineralp, B., Jongman, B., Aerts, J. C., and Ward, P. J.:
Flood risk and adaptation strategies under climate change and

https://doi.org/10.5194/nhess-24-1381-2024


https://doi.org/10.1007/s11027-010-9237-y
https://doi.org/10.1007/s11027-010-9237-y
https://doi.org/10.1073/pnas.1222469111
https://doi.org/10.1029/2020EF001882
http://resolver.tudelft.nl/uuid:651e894a-9ac6-49bf-b4ca-9aedef51546f
http://resolver.tudelft.nl/uuid:651e894a-9ac6-49bf-b4ca-9aedef51546f
https://doi.org/10.2760/16510
https://doi.org/10.1016/j.ecolecon.2020.106758
https://doi.org/10.1088/1748-9326/aacc76
https://doi.org/10.1016/j.gloenvcha.2012.07.004
http://publications.deltares.nl/11202275_008.pdf
http://publications.deltares.nl/11202275_008.pdf
https://doi.org/10.5194/nhess-5-117-2005
https://doi.org/10.1080/02508060508691837
https://doi.org/10.3390/su11020406
https://doi.org/10.5194/nhess-17-765-2017
http://resolver.tudelft.nl/uuid:98b5ba43-1452-4631-81dc-ad043ef3992c
http://resolver.tudelft.nl/uuid:98b5ba43-1452-4631-81dc-ad043ef3992c
https://doi.org/10.3897/BDJ.5.e11764
https://doi.org/10.1038/s41598-020-61136-6
https://doi.org/10.1038/s41598-020-61136-6
https://doi.org/10.5281/zenodo.10637089

E. Mortensen et al.: The potential of global coastal flood risk reduction

urban expansion: A probabilistic analysis using global data, Sci.
Total Environ., 538, 445-457, 2015.

Muis, S., Apecechea, M. 1., Dullaart, J., de Lima Rego, J.,
Madsen, K. S., Su, J., Yan, K., and Verlaan, M.: A high-
resolution global dataset of extreme sea levels, tides, and storm
surges, including future projections, Front. Mar. Sci., 7, 263,
https://doi.org/10.3389/fmars.2020.00263, 2020.

Narayan, S., Beck, M. W., Reguero, B. G., Losada, I. J,
van Wesenbeeck, B., Pontee, N., Sanchirico, J. N., Carter
Ingram, J., Lange, G., and Burks-Copes, K. A.: The ef-
fectiveness, costs and coastal protection benefits of nat-
ural and nature-based defences, PloS one, 11, e0154735,
https://doi.org/10.1371/journal.pone.0154735, 2016.

Nasiri, H., Mohd Yusof, M. J., and Mohammad Ali, T. A.: An
overview to flood vulnerability assessment methods, Sustain.
Water Resour. Manage., 2, 331-336, 2016.

Neufeldt, H., Christiansen, L., and Dale, T. W.: Adaptation Gap Re-
port 2021 — The Gathering Storm: Adapting to climate change in
a post-pandemic world, ISBN 978-92-807-3895-7, 2021.

Neumann, B., Vafeidis, A. T., Zimmermann, J., and Nicholls, R.
J.: Future coastal population growth and exposure to sea-level
rise and coastal flooding — A global assessment, PLoS ONE, 10,
https://doi.org/10.1371/journal.pone.0118571, 2015.

Nicholls, R. J. and Cazenave, A.: Sea-level rise and its impact on
coastal zones, Science, 328, 1517-152, 2010.

Nirandjan, S., Koks, E. E., Ward, P. J., and Aerts, J. C. J. H.: A
spatially-explicit harmonized global dataset of critical infrastruc-
ture, Sci. Data, 9, 1-13, 2022.

O’Neill, B. C., Kriegler, E., Ebi, K. L., Kemp-Benedict, E., Riahi,
K., Rothman, D. S., van Ruijven, B. J., van Vuuren, D. P., Birk-
mann, J., Kok, K., Levy, M., and Solecki, W.: The roads ahead:
Narratives for shared socioeconomic pathways describing world
futures in the 21st century, Global Environ. Chang., 42, 169-180,
https://doi.org/10.1016/j.gloenvcha.2015.01.004, 2017.

Parsons, G. R. and Wu, Y.: The Opportunity Cost of Coastal Land-
Use Controls: An Empirical Analysis, Land Econ., 67, 308,
https://doi.org/10.2307/3146426, 1991.

Porse, E.: Risk-based zoning for urbanizing floodplains, Water Sci.
Technol., 70, 17551763, 2014.

Pullen, T., Allsop, N. W. H., Bruce, T., Kortenhaus, A,
Schiittrumpf, H., and van der Meer, J. W.: EurOtop, Euro-
pean Overtopping Manual — Wave overtopping of sea de-
fences and related structures: Assessment manual, also Publ.
as Spec. Vol. Die Kiiste, https://repository.tudelft.nl/islandora/
object/uuid:b1ba09c3-39ba-4705-8ae3-3892b0f2410/ (last ac-
cess: December 2020), 2007.

Ran, J. and Nedovic-Budic, Z.: Integrating spatial planning and
flood risk management: A new conceptual framework for the spa-
tially integrated policy infrastructure. Computers, Environ. Ur-
ban Syst., 57, 68-79, 2016.

Richert, C., Erdlenbruch, K., and Grelot, F.: The impact of
flood management policies on individual adaptation actions: In-
sights from a French case study, Ecol. Econ., 165, 106387,
https://doi.org/10.1016/j.ecolecon.2019.106387, 2019.

Rohmer, J., Lincke, D., Hinkel, J., Le Cozannet, G., Lambert, E.,
and Vafeidis, A. T.: Unravelling the importance of uncertainties
in global-scale coastal flood risk assessments under sea level rise,
Water-Sui., 13, 774, https://doi.org/10.3390/w 13060774, 2021.

https://doi.org/10.5194/nhess-24-1381-2024

1399

Schinko, T., Drouet, L., Vrontisi, Z., Hof, A., Hinkel, J., Mochizuki,
J., Bosetti, V., Fragkiadakis, K., van Vuuren, D., and Lincke,
D.: Economy-wide effects of coastal flooding due to sea level
rise: a multi-model simultaneous treatment of mitigation, adap-
tation, and residual impacts, Environ. Res. Commun., 2, 015002,
https://doi.org/10.1088/2515-7620/ab6368, 2020.

Schuerch, M., Spencer, T., Temmerman, S., Kirwan, M. L., Wolff,
C., Lincke, D., McOwen, C. J., Pickering, M. D., Reef, R., Vafei-
dis, A. T., Hinkel, J., Nicholls, R. J., and Brown, S.: Future re-
sponse of global coastal wetlands to sea-level rise, Nature, 561,
231-234, https://doi.org/10.1038/541586-018-0476-5, 2018.

Scussolini, P., Aerts, J. C. J. H., Jongman, B., Bouwer, L. M., Win-
semius, H. C., de Moel, H., and Ward, P. J.: FLOPROS: an evolv-
ing global database of flood protection standards, Nat. Hazards
Earth Syst. Sci., 16, 1049-1061, https://doi.org/10.5194/nhess-
16-1049-2016, 2016.

Stephens, S. A., Bell, R. G., and Lawrence, J.: Applying principles
of uncertainty within coastal hazard assessments to better support
coastal adaptation, Journal of Marine Science and Engineering,
5, 40, https://doi.org/10.3390/jmse5030040, 2017.

Sutton-Grier, A. E., Wowk, K., and Bamford, H.: Future of our
coasts: The potential for natural and hybrid infrastructure to en-
hance the resilience of our coastal communities, economies and
ecosystems, Environ. Sci. Pol., 51, 137-148, 2015.

Tamura, M., Kumano, N., Yotsukuri, M., and Yokoki, H.: Global as-
sessment of the effectiveness of adaptation in coastal areas based
on RCP/SSP scenarios, Climatic Change, 152, 363-377, 2019.

Tierolf, L., Haer, T., Botzen, W. W., de Bruijn, J. A., Ton, M.
J., Reimann, L., and Aerts, J. C. J. H.: A coupled agent-based
model for France for simulating adaptation and migration de-
cisions under future coastal flood risk, Sci. Rep., 13, 4176,
https://doi.org/10.1038/s41598-023-31351-y, 2023.

Tiggeloven, T., de Moel, H., Winsemius, H. C., Eilander, D.,
Erkens, G., Gebremedhin, E., Diaz Loaiza, A., Kuzma, S., Luo,
T., Iceland, C., Bouwman, A., van Huijstee, J., Ligtvoet, W.,
and Ward, P. J.: Global-scale benefit—cost analysis of coastal
flood adaptation to different flood risk drivers using struc-
tural measures, Nat. Hazards Earth Syst. Sci., 20, 1025-1044,
https://doi.org/10.5194/nhess-20-1025-2020, 2020.

Tiggeloven, T., de Moel, H., van Zelst, V. T., van Wesen-
beeck, B. K., Winsemius, H. C., Eilander, D., and Ward, P.
J.: The benefits of coastal adaptation through conservation
of foreshore vegetation, J. Flood Risk Manage., 15, 12790,
https://doi.org/10.1111/jfr3.12790, 2022.

Torio, D. D. and Chmura, G. L.: Assessing coastal squeeze of tidal
wetlands, J. Coast. Res., 29, 1049-1061, 2013.

UNDRR: Global Assessment Report 2015. Making Development
Sustainable: The Future of Disaster Risk 760 Management, UN
Office for Disaster Risk Reduction, https://www.preventionweb.
net/english/hyogo/gar/2015/en/home/download.html (last
access: April 2021), 2015a.

UNDRR: Sendai Framework for Disaster Risk Reduction 2015-
2030 UN Office for Disaster Risk Reduction, http://www.unisdr.
org/we/inform/publications/43291 (last access: April 2021),
2015b.

UNDRR: Integrating Disaster Risk Reduction and Climate Change
Adaptation in the UN Sustainable Development Coopera-
tion Framework, UN Office for Disaster Risk Reduction,
https://www.undrr.org/publication/integrating-disaster-risk-

Nat. Hazards Earth Syst. Sci., 24, 1381-1400, 2024


https://doi.org/10.3389/fmars.2020.00263
https://doi.org/10.1371/journal.pone.0154735
https://doi.org/10.1371/journal.pone.0118571
https://doi.org/10.1016/j.gloenvcha.2015.01.004
https://doi.org/10.2307/3146426
https://repository.tudelft.nl/islandora/object/uuid:b1ba09c3-39ba-4705-8ae3-f3892b0f2410/
https://repository.tudelft.nl/islandora/object/uuid:b1ba09c3-39ba-4705-8ae3-f3892b0f2410/
https://doi.org/10.1016/j.ecolecon.2019.106387
https://doi.org/10.3390/w13060774
https://doi.org/10.1088/2515-7620/ab6368
https://doi.org/10.1038/s41586-018-0476-5
https://doi.org/10.5194/nhess-16-1049-2016
https://doi.org/10.5194/nhess-16-1049-2016
https://doi.org/10.3390/jmse5030040
https://doi.org/10.1038/s41598-023-31351-y
https://doi.org/10.5194/nhess-20-1025-2020
https://doi.org/10.1111/jfr3.12790
https://www.preventionweb.net/english/hyogo/gar/2015/en/home/download.html
https://www.preventionweb.net/english/hyogo/gar/2015/en/home/download.html
http://www.unisdr.org/we/inform/publications/43291
http://www.unisdr.org/we/inform/publications/43291
https://www.undrr.org/publication/integrating-disaster-risk-reduction-and-climate-change-adaptation-un-sustainable

1400 E. Mortensen et al.: The potential of global coastal flood risk reduction

reduction-and-climate-change-adaptation-un-sustainable ~ (last
access: April 2021), 2020.

UNFCCC: Report of the Conference of Parties on its nineteenth
session, held in Warsaw from 11 to 23 November 2013, UN
Framework Convention on Climate Change, https://unfccc.int/
documents/8105 (last access: April 2021), 2014.

Vafeidis, A. T., Schuerch, M., Wolff, C., Spencer, T., Merkens, J. L.,
Hinkel, J., Lincke, D., Brown, S., and Nicholls, R. J.: Water-level
attenuation in global-scale assessments of exposure to coastal
flooding: a sensitivity analysis, Nat. Hazards Earth Syst. Sci., 19,
973-984, https://doi.org/10.5194/nhess-19-973-2019, 2019.

van Huijstee, J., van Bemmel, B., Bouwman, A., and
van Rijn, F: Towards an Urban Preview: Modelling
future urban growth with 2UP. Planbureau voor de
Leefomgeving,https://www.pbl.nl/sites/default/files/downloads/
pbl-2018-Towards-an-urban-preview_3255.pdf (last access:
March 2021), 2018.

van Rooijen, A. A., McCall, R. T., van Thiel de Vries, J. S. M., van
Dongeren, A. R., Reniers, A. J. H. M., and Roelvink, J. A.: Mod-
eling the effect of wave-vegetation interaction on wave setup, J.
Geophys. Res.-Oceans, 121, 4341-4359, 2016.

van Zelst, V., Dijkstra, J. T., van Wesenbeeck, B. K., Eilander, D.,
Morris, E. P., Winsemius, H. C., Ward, P.J., and de Vries, M. B.:
Cutting the costs of coastal protection by integrating vegetation
in flood defences, Nat. Commun., 12, 1-11, 2021.

Vitousek, S., Barnard, P. L., Fletcher, C. H., Frazer, N., Erikson,
L., and Storlazzi, C. D.: Doubling of coastal flooding frequency
within decades due to sea-level rise, Sci. Rep., 7, 1-9, 2017.

Vousdoukas, M. L., Mentaschi, L., Hinkel, J., Ward, P. J., Mongelli,
L., Ciscar, J. C., and Feyen, L.: Economic motivation for rais-
ing coastal flood defenses in Europe, Nat. Commun., 11, 1-11,
https://doi.org/10.1038/s41467-020-15665-3, 2020.

Ward, P. J., Strzepek, K. M., Pauw, W. P., Brander, L. M., Hughes,
G. A., and Aerts, J. C. J. H.: Partial costs of global climate change
adaptation for the supply of raw industrial and municipal water:
a methodology and application, Environ. Res. Lett., 5, 044011,
https://doi.org/10.1088/1748-9326/5/4/044011, 2010.

Nat. Hazards Earth Syst. Sci., 24, 1381-1400, 2024

Ward, P. J., Jongman, B., Sperna Weiland, F., Bouwman, A.,
van Beek, R., Bierkens, M. F. P, Ligtvoet, W., and Win-
semius, H. C.: Assessing flood risk at the global scale: Model
setup, results, and sensitivity, Environ. Res. Lett., 8, 044019,
https://doi.org/10.1088/1748-9326/8/4/044019, 2013.

Ward, P. J., Jongman, B., Salamon, P., Simpson, A., Bates, P., De
Groeve, T., Muis, S., Coughlan de Perez, E., Rudari, R., Trigg,
M. A., and Winsemius, H. C.: Usefulness and limitations of
global flood risk models, Nat. Clim. Change, 5, 712-715, 2015.

Ward, P. J., Jongman, B., Aerts, J. C. J. H., Bates, P. D,
Botzen, W. J. W,, Dlaz Loaiza, A., Hallegatte, S., Kind, J.
M., Kwadijk, J., Scussolini, P., and Winsemius, H. C.: A
global framework for future costs and benefits of river-flood
protection in urban areas, Nat. Clim. Change, 7, 642-646,
https://doi.org/10.1038/nclimate3350, 2017.

Winsemius, H. C., Van Beek, L. P. H., Jongman, B., Ward, P.
J., and Bouwman, A.: A framework for global river flood
risk assessments, Hydrol. Earth Syst. Sci., 17, 1871-1892,
https://doi.org/10.5194/hess-17-1871-2013, 2013.

Worthington, T. and Spalding, M.: Mangrove restoration po-
tential: A global map highlighting a critical opportunity,
https://doi.org/10.17863/CAM.39153, 2018.

Yamazaki, D., Ikeshima, D., Tawatari, R., Yamaguchi, T.,
O’Loughlin, F., Neal, J. C., Sampson, C. C., Kanae,
S., and Bates, P. D.: A high accuracy map of global
terrain elevations, Geophys. Res. Lett.,, 44, 5844-5853,
https://doi.org/10.1002/2017GL072874, 2018.

Zevenbergen, C., Berry Gersonius, N. P., and van Herk, S.: Eco-
nomic feasibility study of flood proofing domestic dwellings,
in: Advances in urban flood management CRC Press, 311-332,
ISBN 978-04-29224-34-8, 2007.

https://doi.org/10.5194/nhess-24-1381-2024


https://www.undrr.org/publication/integrating-disaster-risk-reduction-and-climate-change-adaptation-un-sustainable
https://unfccc.int/documents/8105
https://unfccc.int/documents/8105
https://doi.org/10.5194/nhess-19-973-2019
https://www.pbl.nl/sites/default/files/downloads/pbl-2018-Towards-an-urban-preview_3255.pdf
https://www.pbl.nl/sites/default/files/downloads/pbl-2018-Towards-an-urban-preview_3255.pdf
https://doi.org/10.1038/s41467-020-15665-3
https://doi.org/10.1088/1748-9326/5/4/044011
https://doi.org/10.1088/1748-9326/8/4/044019
https://doi.org/10.1038/nclimate3350
https://doi.org/10.5194/hess-17-1871-2013
https://doi.org/10.17863/CAM.39153
https://doi.org/10.1002/2017GL072874

	Abstract
	Introduction
	Methodology
	Risk estimation
	Hazard
	Exposure
	Vulnerability
	Risk target

	Risk reduction
	Dykes and coastal levees
	Foreshore vegetation
	Zoning restrictions
	Dry-proofing

	Measure evaluation
	Efficacy
	Benefit–cost analysis


	Results
	Risk estimation assuming no DRR action
	Future risk target
	Risk reduction provided by DRR measures
	Dykes and coastal levees
	Foreshore vegetation
	Zoning restrictions
	Dry-proofing

	Uncertainty, limitations, and recommendations for future research

	Conclusions
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

