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Abstract
Small island states around the world are among the areas most vulnerable to climate change and sea level rise. In this paper, we
present results from an innovative methodology for a quantitative assessment of multiple hazards on coastal risks, driven by
different hydro-meteorological events, and including the effects of climate change. Moreover, we take an additional step by
including in the methodology the option to assess and compare the effectiveness of possible disaster risk reduction measures. The
methodology is applied to a real case study at the island of Ebeye (the Republic of the Marshall Islands). An example is provided
in which a rock revetment is implemented as a risk reduction measure for the island. Results show that yearly expected damages
may increase, by the end of the century, by a factor of three to four, depending on the sea level rise scenario considered, while the
number of yearly affected people may double. Putting a cap on the temperature increase (e.g. 1.5 vs. 2 °C) according to the Paris
Agreement may reduce damages and number of affected people by about 20 and 15%, respectively. However, impacts for same
warming levels can vary substantially among different emission scenarios. Disaster risk reduction measures can be useful for
mitigating risks in current and future situations but should be incorporated within long-term adaptive planning for these islands.

Keywords Multi-hazard risk assessment . Numerical modelling . Climate change . Small islands . Disaster risk reduction
measures . TheMarshall Islands

Introduction

In most islands around the world, people, agriculture, infra-
structure and recreational activities are concentrated in the
coastal zones and are thus especially vulnerable to any change

in climate and rise in sea level. Two thirds of the countries
with the highest disaster losses relative to gross domestic
product (GDP) are small island states, with average annual
losses between 1 and 9% of the GDP. These averages hide
extremes, since a single disaster can sometime cripple an
island’s entire economy (GFDRR 2016).

Extensive literature is available on the quantification of
individual coastal hazards and the consequent risks resulting
from those hazards. For example, Vousdoukas et al. (2016a, b)
and Muis et al. (2016) focused on the modelling of coastal
risks resulting from storm surges at European and global scale,
respectively. Hinkel et al. (2013) focused on a global assess-
ment of land loss and coastal erosion due to sea level rise. On
the other hand, the relevance for adopting a multi-hazard risk
approach has been proposed and discussed for more than two
decades by international organisation and in high-level policy
documents (UNEP 1992; Dilley et al. 2005). Gallina et al.
(2016) provided a complete review of multi-risk methodolo-
gies for natural hazards. As one of the main outcomes of their
review, the authors pointed out how multi-risk approaches
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often do not consider the effects of climate change and mostly
rely on the analysis of static vulnerability. However, in con-
trast to single-hazard analyses, the assessment of multiple
hazards poses a number of additional challenges related to
the interaction and combination between those hazards at dif-
ferent spatial and temporal scales (see for example, Kappes et
al. 2012). For this reason, the impact of different combined
hazards is often resolved by describing the hazards by empir-
ical formulas (e.g. Hinkel and Klein 2009 and Hinkel et al.
2010). As part of the recent EU-funded RISC-KIT project,
methodologies and applications have been proposed to carry
out coastal risk assessments at different scales (e.g. Ferreira et
al. 2017; Van Dongeren et al. 2017). These include the use of
Bayesian Network analysis to describe the interaction of mul-
tiple hazards with the socio-economic system (Poelhekke et
al. 2016; Plomaritis et al. 2017).

In the present paper, a quantitative methodology for coastal
multi-hazard risk assessment, including the effects of climate
change, is proposed and applied to a small island case study:
the island of Ebeye (The Republic of the Marshall Islands). The
methodology is based on results from process-based numerical
modelling simulations, explicitly solving all major sources of
offshore forcing affecting the island, including wind waves,
swell waves, typhoons and tsunamis. In particular, the effects
of short- and infragravity waves, generally omitted in those
types of assessments but very relevant for coral reef environ-
ments (Gawehn et al. 2016), are explicitly taken into account by
this approach. Effects on both flooding and coastal erosion are
assessed. Finally, direct, indirect and intangible damages are
estimated and translated to yearly monetary and social risks
under different climate change scenarios. The methodology is
then used to identify areas at higher risks and where disaster risk
reduction (DRR) measures are required. Moreover, the same
methodology is used as a basis to assess the effectiveness of
possible interventions in reducing those risks, as well as the risks
which may be associated to different global warming pathways.

Terminology

By definition, risk is described as a product of hazard, exposure
and vulnerability (Kron 2005). While hazards are related to the
physical aspect of risks, i.e. natural events with negative im-
pacts, exposure and vulnerability encompass socio-economic
characteristics (Vousdoukas et al. 2018). In particular, hazard is
the probability and magnitude of an event with negative im-
pacts (e.g. island flooding or erosion). Exposure refers to the
assets present on the territory which may be impacted by the
event. Vulnerability refers to the damage inflicted upon the
exposed property, and it is often assessed using depth-damage
curves (i.e. vulnerability curves).

Gallina et al. (2016) distinguished between multi-hazard
risk assessments andmulti-risk assessments.Multi-hazard risk

assessments provide an analysis of different hazards and ag-
gregate them into a multi-hazard index (Forzieri et al. 2016),
while multi-risk assessments comprise both multi-hazard and
multi-vulnerability concepts, taking into account interactions
between hazards and vulnerability. Our analysis will focus on
setting up a multi-hazard risk assessment methodology. A
further distinction relates to how multiple hazards are treated,
either as independent variables, as done in this study, or con-
sidering their combined probability of occurrence (Poelhekke
et al. 2016).

Different approaches exist for quantifying risks. In the
present paper, monetary risks are quantified as damages in
USD. Damages can be further distinguished in different cate-
gories (Lekuthai and Vongvisessomjai 2001; Messner and
Meyer 2006; Kind 2014) as follows:

& Tangible damages: financial
& Direct damages: economic damages to human assets
& Indirect damages: disruption to economic activities
& Intangible damages: social and environmental (e.g. dis-

ruption of ecosystem services and loss of lives)

The damage calculations presented in the paper include an
estimation of all three damage categories.

Study area

The Republic of the Marshall Islands (RMI) consists of an
atoll archipelago located in the central Pacific Ocean,
stretching approximately 1130 km north to south and
1300 km east to west (Fig. 1). The archipelago consists of
29 atolls and 5 reef platforms arranged in a double chain of
islands named Ratik and Ralik (Owen et al. 2016). The atolls
and reef platforms are host to approximately 1225 reef islands,
which are characterised as low lying with a mean elevation of
2 m above mean sea level.

Ebeye is built on a small islet on the south eastern side of
Kwajalein Atoll. The part above sea level stretches about
2 km from north to south, and it is approximately 250 m wide
bordering a large lagoon to the west and the open ocean to the
east. The lagoon is shallow with an average depth of approx-
imately 40 m. On the eastern ocean side, the islet is fronted by
a reef flat. This reef flat varies slightly in width between 100
and 130 m. From there on, the depth increases rapidly,
reaching depths of ~ 6000 m just a few kilometres away from
the coast. The islet is covered entirely with buildings and
infrastructure and hence densely populated. The last available
census from 2011 reported that 9614 people lived on the
island, in an area of merely 0.36 km2, i.e. 1 person per
30 m2 (Economic Policy, Planning, and Statistics Office
2012). Based on personal communication with the local gov-
ernment, we have estimated that about 12,000 inhabitants
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currently live on the island. The island is connected, via a
causeway in the north, to the island of Gugeegue.

The tidal range at Ebeye varies between 0.48 and 1.86 m, at
neap and spring tide, respectively. The wind climate at Ebeye is
characterised by trade winds blowing from the east, leading to
wind-sea and swell waves from that direction. Typical monthly
offshore wave heights range between 1.4 and 2.4 m, and wind
speeds between 4 and 9 m/s (Giardino et al. 2017).

Pacific typhoons generally develop around the RMI and
then move towards the northeast. For this reason, most of
the typhoons hitting Ebeye are not yet fully developed.
Following the Saffir-Simpson hurricane scale, out of the 162
events which passed the island between 1946 and 2013, 133
were tropical storms and depressions, 26 were characterised as
Category 1, one as Category 2 and one as Category 3.

In the current situation, the island is nearly unprotected
from extreme events, except for a rock revetment next to the
causeway towards Gugeegue. Sediment characteristics around
the islands are highly non-uniform and characterised by a non-
erodible reef, a few short sandy stretches and mainly gravel
and rocks with some rudimentary seawalls.

Material and methods

Data collection

In order to carry out the hazard and risk assessment, the fol-
lowing data types have been compiled: bathymetry, topogra-
phy, wind, waves, water levels, typhoon tracks and intensity,
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information on tsunamis from regional sources, climate
change effects and exposure data.

Deep-water bathymetry data were derived by combining
bathymetric data of the Republic of the Marshall Islands and
Vicinity (Hein et al. 2007) and GEBCO 2008 global bathymet-
ric data sets (resolution of ≈ 1 km × 1 km). Higher-resolution
nearshore bathymetry data were collected with an echosounder,
with a vertical resolution of 0.10 m, at a number of cross-shore
transects over the reef flat and out to a depth of 80 m.

Detailed topographic data are essential to carry out coastal
hazard and risk assessments on low-lying atoll islands.
Unfortunately, no digital elevation data were available for the
island from literature or other data sources. Therefore, high-
resolution topographic data (maximum vertical resolution
≈ 10 cm) were collected with a GPS device (Trimble
CenterPoint-RTX) at ≈ 1500 locations over the island and in-
terpolated in order to create a digital elevation map of the entire
island.

Tidal levels were derived based on the global TOPEX/
Poseidon dataset (i.e. TPXO 8.0; Egbert and Erofeeva 2002)
and were combined with information from the Kwajalein
NOAA tidal gauge (station ID 1820000; lat. 8° 43.9′ N; lon.
167° 44.2′ E). A harmonic analysis was carried out on the
measured water levels available every 6′. Residual water levels
were derived as the difference between measured water levels
at Kwajalein tidal gauge and predicted tidal water levels.

Offshore wave and wind conditions were extracted from
the ERA-Interim (European ReAnalysis) global wave reanal-
ysis (Dee et al., 2011). The data are six hourly, starting in
1979, and are available on a global grid with a resolution of
0.75° × 0.75° (≈ 80 × 80 km). The dataset contains informa-
tion on winds (wind speed and direction) and wave conditions
(wave height, period and direction). ERA-Interim global wave
data were validated using wave data information available at
Majuro via the NOAA website (National Oceanic and
Atmospheric Administration).

The effect of typhoons was analysed based on historical
typhoon tracks derived from the IBTrACS (BInternational
Best Track Archive for Climate Stewardship^) database.
Typhoon events between 1979 and 2015 are listed in the
database.

No tsunami events caused by local sources (i.e. landslides
or nearby earthquakes) have been previously reported. Most
of the recorded tsunami waves were driven by mega thrust
earthquakes (e.g. 2011 Tohoku tsunami) and resulted in minor
impact to the RMI (i.e. limited to no island flooding). For
example, tsunami waves generated by the Tohoku event in
2011 were estimated at less than 1 m in the RMI and occurred
at low tide therefore not causing remarkable damages (Hess et
al. 2015).

Sea level rise (SLR) projections were available through the
Australian Bureau of Meteorology and Commonwealth
Scientific and Industrial Research Organisation (CSIRO

2014). According to these projections, the mean sea level
may increase 0.42 to 0.78 m by 2100, for the more conserva-
tive Representative Concentration Pathway (RCP) 2.6 scenar-
io and the Bbusiness-as-usual^ RCP 8.5 scenario, respectively.
The intermediate RCP 4.5 and RCP 6.0 were also considered.
Changes in wave conditions due to future climate change sce-
narios were derived from Hemer et al. (2013). According to
these projections, an increase up to + 2% inwave height by the
end of the century may be expected. No significant changes in
wave direction are expected.

Since the scope of the present study is to assess impacts
under specific warming levels (SWLs) compared to pre-
industrial levels, projections of global temperature were used,
ava i l ab l e f rom CMIP5 GCMs (Coup led Mode l
Intercomparison Project Phase 5, Global Climate Models)
(Taylor et al. 2011). For each GCM, the initial time series were
averaged to obtain annual mean series and were then bias-
corrected according to the present day warming. Next, all
model series were ensemble averaged to create time series of
annual mean temperature spanning from 1970 to 2100 for all
the studied RCPs. These were also used to estimate the years
at which SWLs of 1.5, 2.0 and 2.5 °C are reached.

Exposure data (location, construction type and value in
USD) were derived from PCRAFI 2015 (BPacific
Catastrophe Risk Assessment and Financing Initiative^).

Numerical models

Process-based numerical models were used to quantify and
propagate the offshore forcing to nearshore and to compute
the impacts over the island (Fig. 2).

The coupled hydrodynamics and waves Delft3Dmodelling
system (Lesser et al. 2004) were used to compute wave con-
ditions and storm surges resulting from wind wave events
from the lagoon, as well as the generation and propagation
of typhoons and tsunamis from the ocean. Wind waves from
the lagoon, as well as due to typhoons, are not included in
ERA-Interim due to the spatial resolution of this global dataset
and therefore had to be simulated separately. Standard default
parameters were used in the model.

Wind conditions from the ERA-Interim dataset were used
to simulate wind-induced waves from the lagoon. A model
covering the lagoon extent was built with a spatial resolution
of 300 m.

The generation and propagation of typhoons were comput-
ed based on coupled Delft3D-FLOW and Delft3D-WAVE
simulations. The model domain covered the area ranging be-
tween lon. 160 to 180° and Lat. − 5 to − 15° on a computa-
tional grid with a spatial resolution of 0.1°. Each individual
typhoon track was simulated separately using a spider web
grid, in order to generate the space- and time-varying wind
and pressure fields within the model domain. No additional
boundary condition was used to force the model. The same
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model setup was first validated in a different case study for
Hawaii, and for which measurements were available
(Hurricane Iniki, 1992). Based on the validated model, all
tracks from the IBTrACS database and with a category of
tropical storm or higher (i.e. categories 1 until 5) were
modelled, resulting in a set of 30 simulated events.

Water levels generated specifically from the Tohoku tsuna-
mi event, the most recent recorded past event, were also sim-
ulated with Delft3D.

The offshore forcing was then translated into impacts on
the island (i.e. flooding and erosion). The XBeach model
(Roelvink et al. 2009; surf beat version) was used to propagate
waves (i.e. short and infragravity) and water levels across the
reefs towards the shore and to compute the flooding over the
island (Fig. 2). The model has been successfully applied to
compute wave transformation and water levels in reef envi-
ronments (Pomeroy et al. 2012; Van Dongeren et al. 2013),
including the nearby Roi-Namur island at Kwajalein Atoll
(Quataert et al. 2015). Given the very similar settings, the
model was selected for this application using the same param-
eters as in Quataert et al. (2015). Waves and water level
boundary conditions for the XBeach model were derived from
the ERA-Interim offshore wave data (i.e. for swell events) and
from Delft3D simulations (i.e. for wind waves from the la-
goon and typhoon events), as shown in Fig. 2. The model
covered the entire island with alongshore resolution of 20 m
and cross-shore resolution ranging between 50m offshore and
1 m on the island. The model was forced with time-varying
water levels and wave conditions in order to simulate a design
storm with a duration of 30 h. The maximum in water level
and wave condition of the design storm was dependent on the
return period of the simulated event.

Storm erosion due to episodic (extreme) events and long-
term land loss due to SLR were estimated separately bymeans
of empirical formulas on nine representative cross-shore pro-
files of known steepness and sediment characteristics.

Namely, the Van Rijn (2009) formula was used to provide
an estimate of the dune erosion resulting from individual
storms of different return periods, and the Bruun Rule
(Bruun 1962) to assess the effect of coastal retreat induced
by SLR. It is important to note that these formulas were orig-
inally derived for closed sandy coastlines. Although their ap-
plication for this specific case study may stretch beyond their
limit of validity, given the very specific geomorphological
settings of Ebeye, we believe that the use of empirical formu-
las was the optimal solution in terms of computational times
and accuracy.

Multi-hazard assessment

The two main coastal hazards at the island are flooding and
coastal erosion. However, those hazards are generated by a
number of inherently different, independent, hydro-
meteorological events, namely, (a) windwaves and surge from
the lagoon, (b) oceanic swell waves, (c) wind waves and surge
during typhoon events and (d) tsunamis. Therefore, an impor-
tant step of the methodology consists of the combination of
those different processes.

An extreme value analysis based on a peak-over-threshold
approach was at first carried out in order to derive wave
heights and storm surge levels for different return periods
(i.e. T = 1, 5, 10, 30 and 50 years) for each individual process.
This resulted in a matrix of 15 conditions (i.e. 5 return periods
and 3 processes, namely, wind waves, swell waves and ty-
phoons). Since there was only evidence of one minor past
tsunami at the island, no return period could be derived for
tsunami events. Therefore, water levels generated from the
past Tohoku event were treated as constant for the different
return periods. In any case, tsunami events are a minor source
of risks for the island, in comparison with swell waves and
typhoons.

Fig. 2 Multi-hazard and risk assessment methodology as applied in this study
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Each individual combination of wave height and storm
surge level, for each individual process, was then used to
compute the flooding and coastal erosion hazard over the is-
land. An example of a flooding map, resulting from swell
wave events with a return period of 10 years, in the present
and in 2100, is shown in Online Resource 1. In order to reduce
the number of scenarios and to combine the effect of different
forcing mechanisms on each return period, maps were gener-
ated showing the greatest flood depth at each grid node and
the greatest erosion distance at different representative cross-
shore transects. This resulted in a total of five flood maps and
five erosionmaps corresponding to the different return periods
(i.e. T = 1, 5, 10, 30 and 50 years) for each time horizon (cur-
rent situation, 2030, 2050 and 2100). The SLR scenarios
analysed were derived from different RCP scenarios, namely,
RCP 2.6, 4.5, 6.0 and 8.5.

Relative percentages describing the portion of the island
inundated by, an arbitrarily chosen, threshold water depth
equal to 20 cm are summarised in Online Resource 2.

Risk assessment

Separate damage computations were carried out to quantify
the effects of flooding and coastal erosion.

Direct damages due to flooding were estimated by combin-
ing inundation maps, exposure data and a depth-damage func-
tion describing the damages to houses and infrastructure at
different flood depths. In particular, one depth-damage curve
derived for America Samoa was selected and applied to all
types of assets on the island (Paulik et al. 2015). Damages (D)
for different return periods were derived and then integrated
over the different probabilities of occurrence (P), to compute
the expected annual damages (EAD), following Eq. (1). EAD
describes an expected yearly averaged damage.

EAD ¼ ∫
1

0
D pð Þ⋅dP ð1Þ

EAD/m2 was also derived, to be used as a basis for the
prioritisation of disaster risk reduction measures. Direct dam-
ages due to erosion were derived by multiplying the area loss
by the estimated land value (400 USD/m2). The land value
was estimated based on land reclamation costs, required to
counteract island erosion.

Indirect and intangible damages were estimated as a per-
centage of the direct damages. Moreover, a separate indirect
damage was added to account explicitly for the number of
days when one of the major roads on the island (i.e. the cause-
way towards Gugeegue) is not accessible due to flooding and
debris caused by wave overtopping. Inaccessibility of the road
also results in additional indirect damages as inhabitants in
Gugeegue are not able to reach their work place and students

cannot attend school. The different sources of damage were
then summed up to derive the total damages.

The population affected by flooding was estimated by
overlaying flood maps and population maps. Expected annual
affected people (EAAP) was computed similarly to the EAD,
but using a 20 cm threshold depth value to consider individ-
uals actually affected by flooding. This threshold takes into
account the fact that local inhabitants have learnt to cope with
minor and more frequent flooding events, which they do not
necessarily consider as major problem.

Results

Coastal risk assessment

The total baseline EAD over the island is estimated at about
$2.4 million, of which about $2.1 million results from
flooding and $0.3 million from erosion. Those values were
validated against yearly damages provided by the local gov-
ernment and were within the same order of magnitude. The
total baseline EAAP amounts to a total of about 5000 yearly
affected people. However, when including the effect of SLR,
the total EAD at the end of the century is projected to increase
to $5.7–9.1 million, depending on the SLR scenario (RCP 2.6
or 8.5), while the projected EAAP reaches 8800–10,800.

Flood risk, defined as EAD to the island (USD/m2) for
different time horizons and under SLR scenario RCP8.5, is
shown in Fig. 3. The figure shows how damages in the present
are generally higher on the ocean side (east of the island) as a
result of the highest hazards affecting the island from this side.
The most important are swell waves, for low return periods,
and typhoon events, for the highest return periods (see also
table provided in Online Resource 2). Moreover, the figure
clearly shows how SLR is projected to increase damages in
the future. The information on Fig. 3 can also be used to plan
risk reduction measures at locations where those risks are the
highest, in the current and future scenarios.

Assessment of the efficiency of risk reduction
measures

In order to reduce coastal risks, different types of DRR mea-
sures are available. Referring to the original definition of
risks = hazard × vulnerability × exposure, the first option con-
sists of reducing the hazards, for example, by implementing a
suitable coastal protection measure (e.g. a beach nourishment
and a rock revetment). A second possibility consists of reduc-
ing the vulnerability of the assets (e.g. by designing houses on
poles, so that they will not be damaged during a flooding
event). A third option consists of reducing the exposure value
of the assets affected by flooding or erosion (e.g. by designing
set-back lines and promoting relocation).
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In this paper, we show the suitability of the proposed
methodology for assessing the efficiency of one poten-
tial risk reduction measure; at the same time, the meth-
odology could be used as a basis for the comparison of
different options. As an example, we assume that part
of the east side of the island, where risks are higher,
will be protected using a revetment with a cross section
as sketched in the figure attached (Online Resource 3).
The location of the revetment is indicated in the figure
provided as Online Resource 4.

As a result of the rock revetment, computed flood depths
and coastal erosion will decrease considerably. As an exam-
ple, the maximum flooding levels for combined events with a
return period of 10 years, before and after implementation of
the revetment, are shown in the figure attached (Online
Resource 4). The figure shows that the revetment reduces
flood levels on the island and prevents erosion. However,
although to a smaller degree, some flooding can still occur
from the lagoon side.

The change in EAD and EAAP over time, as result of
different SLR scenarios, in the current situation (no coastal
protection) and after construction of the revetment, is shown
in Fig. 4. The figure shows how EAD are expected to increase
by a factor of three to four when no DRR measure is imple-
mented and depending on the SLR scenario. By constructing
the revetment, the EAD are reduced by about 30%.

The EAAP is expected to double without any additional
adaptation measure. In this scenario, nearly the entire popula-
tion is expected to be exposed at least once per year to flood
depths exceeding 20 cm. However, the revetment is effective
in reducing the future EAP approximately by 40%.

It is important to stress that EAD and EAAP at Ebeye are
already substantial in the current situation. Therefore, relative
changes due to SLR with respect to the current situation may
be lower than according to other global predictions (e.g.
Hinkel et al. 2014).

Sea level rise and impacts of global warming
pathways

The proposed methodology is applied to estimate EAD and
EAAP, for different SWLs, under different RCP scenarios.
The results show that the timing when 1.5, 2 or 2.5 °C
warming will be reached varies among RCPs (Fig. 5a) and
so does the resulting SLR (Fig. 5b). As an example, following
RCP 4.5, a temperature increase equal to 1.5 °C will be
reached in year 2034, with a corresponding SLR equal to
15 cm. The temperature is expected to rise by 2.0 °C in
2058 with a SLR equal to 28 cm. On the other hand, following
RCP 8.5, the temperature will rise by 1.5 °C in 2029 (SLR =
14 cm) and by 2 °C in 2043 (SLR = 21 cm).

Fig. 3 Expected annual damages (EAD) under SLR (sea level rise) sce-
nario RCP 8.5 (Representative Concentration Pathway), for different time
horizons (current, 2030, 2050 and 2100). Sub-areas define sectors

characterised by homogeneous exposed assets. Values are given per areal
unit (USD/m2)
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Figure 5c shows change in EAD under different RCP sce-
narios, and with the yearly damages associated with SWLs of
1.5, 2 and 2.5 °C, respectively. As an example, under RCP
4.5, damages associated with a 1.5 °C warming are estimated
around 3.4 million USD, while they will rise to 4.3 million
USD under 2.0 °C warming. On the other hand, damages
associated with a 1.5 and 2.0 °C warming under RCP 8.5
are around 3.3 million USD and 3.8 million USD, respective-
ly. Thismeans that not only is the temperature increase important
but also the pathway to reach this temperature increase. This
aspect is discussed in more details in the Discussion Section.

Fig. 5d shows the results in terms of EAPP. The figure
shows that under RCP 4.5 and 1.5 and 2.0 °C warming, the
number of people affected will reach 6400 and 7600, respec-
tively. Under RCP 8.5, the same values are around 6300 and
7000 respectively.

Discussion

General remarks

One of the main strengths of the methodology is related to the
combined analysis of multiple offshore forcings with climate

change scenarios. Among the climate change-related effects,
SLR and change in wave height were explicitly included in
the analysis. Nevertheless, other effects may contribute to fur-
ther exacerbate this trend (e.g. coral degradation, changes in
frequency and intensity of extreme events).

Additionally, the extensive assessment of coastal flood
hazard has been improved in several aspects compared to
the current state-of-the-art, and for similar studies. The
effect of waves is often omitted in such analyses, since
their assessment requires computationally expensive simu-
lations and technical expertise. Waves are an important
hazard component as they lead to an additional elevation
in mean water level near the coast (Bertin et al. 2012),
drive coastal erosion (Vousdoukas et al. 2012) and wave
induced flooding (Storlazzi et al. 2018). Moreover, most
assessments of flood risk in view of climate change are
based on the static inundation approach (Hinkel et al.
2014; Hinkel et al. 2010), which has been shown to over-
estimate flood extents (Bertin et al. 2014; Gallien 2016;
Ramirez et al. 2016; Vousdoukas et al. 2016a). The
Delft3D/XBeach modelling chain presently used allows a
robust simulation of all the major nearshore hydrodynamic
processes from storm surge generation from tropical cy-
clones to wave nearshore processes and inundation.

Fig. 4 Development of expected annual damages (EAD) and expected
annual affected people (EAAP) indicators as a function of time, in the
situation without revetment (dashed line) and after construction of the

revetment (continuous line). The different colours represent different
RCP (Representative Concentration Pathways) scenarios. The circles in-
dicated the computed values
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Global warming and emission scenarios

Recent discussions have focussed on the options to limit
global warming and the impacts that SWLs may have at
the global and local level. Nevertheless, available literature
on this topic related to small islands is still very scarce. A
milestone in this debate is the Paris Agreement which has,
as a central aim, the strengthening of the global response to
the threat of climate change; this is by keeping the global
temperature rise this century well below 2 °C above pre-
industrial levels and to pursue efforts to limit the tempera-
ture increase even further to 1.5 °C. Within this discussion,

the Alliance of Small Island States (AOSIS) has been ad-
vocating strongly for a cap of 1.5 °C on global warming
above pre-industrial levels (AOSIS 2015). The conse-
quences of exceeding this temperature cap on coastal eco-
systems, coral reefs, SLR, freshwater availability, etc. may
have drastic consequences on small island developing states
(SIDS) countries. However, Fig. 5a shows that the temper-
ature increase is expected to rise above 1.5 °C for all RCP
scenarios analysed, with exception of RCP 2.6. This is
consistent with the majority of recent research, which
points out that global warming levels of less than 2 °C
may be unlikely (Raftery et al. 2017).

Fig. 5 Time development of
temperature (a), sea level rise
(SLR) (b), expected annual dam-
ages (EAD) (c) and expected an-
nual affected people (EAAP) (d)
for different RCP (Representative
Concentration Pathways) scenari-
os. Temperature limits of 1.5, 2
and 2.5 °C are explicitly indicated
in the figure. Colour lines indicate
average values, while shaded
areas indicate the 95% confidence
interval around those average
values
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The present findings show that impacts for the same
warming levels can vary substantially among different emis-
sion scenarios. The reason is that SLR is a phenomenon which
has a certain time-lag in relation to increases in temperature,
rendering the pathway to warming an important parameter and
implying that slower warming will result in additional SLR for
a given temperature (Jevrejeva et al. 2016). Despite its impor-
tance, this aspect is generally neglected in similar studies and
in the public debate, mainly focussing on the limitation of
global warming, while neglecting that consequences may be
substantially different when considering the pathways leading
to this temperature increase.

Moreover, the present study highlights the possible benefits
resulting from a limitation in the temperature increase to 1.5 or
2 °C, as following the Paris Agreement. By limiting the tem-
perature increase to 1.5 °C with respect to 2 °C, damages may
be reduced by about 20%, while yearly affected people may
be reduced by 15%. However, additional benefits (i.e. on
coastal ecosystems, freshwater availability and health of local
population) may arise by limiting this temperature increase,
aspects which were not taken into account in this analysis.

Disaster risk reduction measures and adaptive
planning

The methodology proposed in the paper can also be used to
assess and compare the effectiveness of different DRR mea-
sures. In this paper, as an example, the methodology was
applied to assess the effectiveness of a DRR measure in the
form of a rock revetment. The construction of an adaptation
option in the form of a rock revetment can be useful to reduce
risks and Bbuy time^, by delaying the effects of an increase in
sea level. This is clearly shown in Fig. 4: EAD can be main-
tained below current levels until year 2040 by using the revet-
ment, while EAAP will reach current levels in 2070–2100,
depending on the SLR scenario. However, by the end of the
century, this measure will also be ineffective, and alternative
(more sustainable) solutions should be explored. The method-
ology could also be used as a basis to carry out a full cost-
benefit analysis, required to assess the financial feasibility of a
possible adaptation option and to design a long-term coastal
adaptation plan for the island (e.g. Haasnoot et al. 2013;
Smallegan et al. 2017). Adaptive planning is, in general, the
most effective way of dealing, in a sustainable way, with the
effects of climate change and SLR on these islands, by iden-
tifying a set of adaptation options which can be applied at
different times in response to changing conditions.

Factors of uncertainties

As the methodology is generic, any model could be used to
derive the hazard values. The accuracy of the results will, of
course, depend on the accuracy of the input data. The study

area was characterised by very poor data coverage. Several
data sources were combined in order to validate the different
modelling components. In particular, global data sources (i.e.
waves, bathymetry, tides and cyclone tracks) were used in
combination with local data. Given the spatial scale of these
islands, the combination of these two data sources is an abso-
lute requirement. Most of all, local topographic and bathymet-
ric data are a very important requisite in addition to global
data.

A depth-damage function was used in the study to translate
flooding depths to damages. However, large uncertainties in
results exist depending on the type of function used
(Vousdoukas et al. 2018). Wagenaar et al. (2016) estimated
that uncertainties in computed damages may vary between a
factor 2 and 5, according to the flood damage function and
maximum damages used. Computed damages should also be
compared and validated based on databases with recorded
yearly damages over the study area. Unfortunately, those data
often do not exist or they are very scattered, especially in small
or developing countries.

Conclusions

In this paper, a methodology is proposed to assess, in a quan-
titative way, coastal risks due to multiple hazards driven by
various hydro-meteorological events, also accounting for the
effects of climate change. In particular, monetary risks were
defined as expected annual damage (EAD), while the popula-
tion affected was defined as expected annual affected people
(EAAP). The methodology was applied to a small island case
study (i.e. the island of Ebeye). However, the methodology is
generic and could be applied to any other coastal region.

The results highlight that without additional adaptation
measures, the EAD over the island will increase by a factor
three to four, by the end of the century, due to the effects of
climate change. On the other hand, the number of yearly af-
fected people will increase by a factor two.

The methodology could also be used to assess and possibly
compare the effectiveness of different disaster risk reduction
measures. In this case, an example was provided in which a
rock revetment was implemented as a risk reduction measure
for the island in order to mitigate short-term risks.

The study has also shown the unlikelihood that a tempera-
ture cap of 1.5 °C can be achieved and the possible conse-
quences that this may have, in terms of additional damages
and affected people, for the island of Ebeye. A further increase
in temperature from 1.5 to 2 °C, may lead to an increase in
damages of about 20% and an additional increase in affected
people equal to 15%. However, additional consequences, not
taken into account in this analysis, may arise such as
(irreversible) damages to coastal ecosystems, freshwater avail-
ability and health of local population. Another important
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observation from this study, often neglected in the public de-
bate, is the consideration of different emission pathways,
resulting from different temperature increases and the impli-
cation that this may have on damage estimation. Higher dam-
ages, for a given temperature, are to be expected for lower
emission scenarios.
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