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Abstract. Scientific evidence is critical to underpin the
decisions associated with shoreline management, to build
climate-resilient communities and infrastructure. We explore
the role of waves, storm surges and sea level rise for the
Caribbean region with a focus on coastal impacts in the east-
ern Caribbean islands. We simulate past extreme events and a
worst-case scenario, modelling the storm surges and waves,
suggesting a storm surge might reach 1.5 m, depending on
the underwater topography. Coastal wave heights of up to
12 m offshore and up to 5 m near the coast of St Vincent are
simulated with a regional wave model. We deliver probabilis-
tic sea level projections for 2100, with a low-probability–
high-impact estimate of possible sea level rise up to 2.2 m,
exceeding the 1.8 m global estimate for the same scenario.

We introduce a combined vulnerability index, which al-
lows for a quantitative assessment of relative risk across the
region, showing that sea level rise is the most important risk
factor everywhere but wave impacts are important on wind-
ward coasts, increasing to the north, towards the main hur-
ricane track. Our work provides quantitative evidence for
policy-makers, scientists and local communities to actively
prepare for and protect against climate change.

1 Introduction

Climate change is happening worldwide – no region on Earth
has escaped it (IPCC, 2014). Caribbean small island states

are particularly vulnerable to coastal climate change since
the socio-economics of small islands rely on the preserva-
tion of the coastal zone. This presents a significant risk to
the region’s people (IPCC, 2014; Caribbean Marine Climate
Change Report Card, 2017; CARIBSAVE, 2012). Small Is-
land Developing States (SIDS), with a high concentration
of population, infrastructure and services in the low-lying
coastal areas, are particularly exposed to rising sea levels,
intense storms and coastal erosion. These are already posing
severe threats to people (property, infrastructure and liveli-
hoods, such as tourism and artisanal fisheries) and the marine
and coastal ecosystems that support them (Rhiney, 2015).
They can have a severe impact on the economy, in some cases
costing over 100 % of GDP for a single event (Jevrejeva et
al., 2018; Monioudi et al., 2018; Caribbean Marine Climate
Change Report Card, 2017; CARIBSAVE, 2012).

Governments of SIDS in the Caribbean recognise that cli-
mate change and sea level rise, in particular, are serious
threats to the sustainable development and economic growth
of the Caribbean islands. They recognise that urgent ac-
tions are required to increase resilience and make decisions
about how to adapt to future climate change (Caribbean Ma-
rine Climate Change Report Card, 2017; IPCC, 2014). Of-
ten governments of SIDS are limited in resources to under-
take these actions. The cost of inaction in the Caribbean
alone is projected to amount to over USD 2 billion annu-
ally by 2050 – equalling 10 % of the current size of the
Caribbean economy (United Nations, 2015; http://unohrlls.
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org/sids-in-numbers-climate-change-edition-2015/, last ac-
cess: 2 February 2020).

Although the level of vulnerability might vary from island
to island, it is expected that practically all small island states
will be adversely affected by sea level rise, together with
intermittent extreme events due to waves and storm surges.
Storm surges are often quoted as causing coastal flooding,
but waves are often overlooked in terms of their coastal im-
pact (Melet et al., 2016, 2018). Locally generated waves
(wind-sea) or remotely generated swell can make significant
contributions to coastal sea level changes through wave setup
(due to wave dissipation through breaking and bottom fric-
tion) and the runup or swash of individual waves (Stockdon
et al., 2006). Compared to some other parts of the world, the
potential impacts of sea level rise on Caribbean islands have
not been fully understood, due to lack of sea level and wave
observations, limited understanding of sea level rise and its
variability, coastal processes and coastal geomorphology of
the islands, and lack of detailed studies about sea level rise
impact in coastal areas (Wolf, 1996).

In this study, we explore the role of waves, storm surges
and sea level rise for the Caribbean region, with a focus on
coastal impacts, using St Vincent and the Grenadines (SVG)
as an example. We address the urgent need to understand
the impact of a warming climate on the coasts of SIDS for
decision-making about coastal adaptation. The majority of
the infrastructure and settlements in SVG, like most SIDS, is
located on or near the coast, including government, health,
commercial and transportation facilities. The main island of
St Vincent has steep topography, which acts to concentrate
development and transport closer to the coast – putting valu-
able assets and infrastructure more at risk. It also tends to
increase the degradation of coastal and marine biodiversity,
thereby reducing resilience to climate change impacts such as
sea level rise, waves and storm surges. High-density tourism
development on the coast is particularly vulnerable to climate
change and sea level rise, as are fish-landing centres.

Understanding the nearshore processes that form the key
drivers for coastal impact is vital to define scenarios for im-
pact assessments; however before the local impacts of cli-
mate change can be assessed, an understanding of the re-
gional changes in water levels and waves must first be ob-
tained. By quantifying the contributions to coastal hazards
due to water levels and waves, we define the nearshore con-
ditions that need consideration in sensitivity assessments to
explore plausible future change and build coastal climate re-
silience into land use plans and coastal infrastructure man-
agement plans. In Sect. 2 we describe some of the key char-
acteristics of the Caribbean Sea, the Lesser Antilles and St
Vincent in particular. In Sect. 3 we introduce the regional
modelling tools to be used for hydrodynamic and wave mod-
elling, together with model validation and the case study
methodology. In Sect. 4 we show the results for the model
case studies and future sea level. Section 5 introduces the
concept of a vulnerability index, combining the effects of

tides, waves, water levels and storm winds. Section 6 is a
discussion of the results.

2 Study area – the Caribbean Sea and the Lesser
Antilles

The Caribbean Sea is a marginal sea of the Atlantic Ocean
in the tropics of the Northern Hemisphere. It is bounded by
Mexico and Central America to the west and south-west, to
the north by the Greater Antilles, to the east by the Lesser
Antilles, and to the south by the north coast of South Amer-
ica. To the north-west the Caribbean Sea is connected to the
Gulf of Mexico through the Yucatán Channel (see Fig. 1).
The Greater Antilles is a grouping of the four larger islands in
the Caribbean Sea – Cuba, Hispaniola (containing Haiti and
the Dominican Republic), Puerto Rico and Jamaica – plus
the Cayman Islands. Here we focus on the Lesser Antilles of
the eastern Caribbean, consisting of the Windward Islands,
Leeward Islands and Leeward Antilles (or Dutch Antilles).

Various previous studies have been carried out for is-
lands in the Lesser Antilles, especially those belonging to
the wealthier nations of the Netherlands and France, such
as Martinique, Guadeloupe and Saint Martin (Zahibo et al.,
2007; Krien et al., 2015, 2017). These are not strictly SIDS,
because they have the resources of developed nations to sup-
port them. Another study, by Kennedy et al. (2011), explores
the mechanism of the storm surge on the Louisiana–Texas
continental shelf around the USA, whereas we are mostly
looking at steep volcanic islands, with a very narrow conti-
nental shelf.

As an example of a small island developing state, SVG
is an archipelagic state that forms part of the Windward Is-
lands in the south-eastern part of the Caribbean. Located
at 13◦15′ N and 61◦15′W, it is neighboured by St Lucia to
the north, Barbados to the east and Grenada to the south
(Fig. 1). Although SVG lies to the south of the main hur-
ricane storm track, the islands are occasionally impacted by
tropical storms, hurricanes and heavy-rainfall events. Most
recently, heavy rainfall during 11–12 April 2011 caused
rivers to overflow and landslides in the north-eastern sec-
tion of St Vincent. An assessment by the National Emergency
Management Office of SVG revealed that the sectors most af-
fected were water and agriculture. Accelerated sea level rise
is expected to increase the likelihood of the inundation of
low-lying coastal areas, increase the salinity of surface and
groundwater, and result in higher water tables. The impact
of sea level rise is likely to exacerbate the damage caused by
existing anthropogenic impacts, such as coastal pollution and
overfishing. Improving the management of biodiversity and
fisheries will become increasingly important to the welfare
of Vincentians and to the sustainability of the country’s main
economic activities – fishing, tourism and agriculture.

Beaches and coastal ecosystems (including coral reefs,
mangroves and seagrass beds) are particularly vulnerable
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Figure 1. Map of the Caribbean Sea, showing bathymetry and locations of 12 tide gauges and 7 wave buoys used for model validation.
Tables S2 and S3 give the locations of the tide gauges and wave buoys respectively.

to sea level rise, more intense storm surges and changes in
waves (IPCC, 2014). In the small islands of the Grenadines,
protecting fisheries is important for maintaining healthy pop-
ulations of herbivores and hence the resilience of coral reefs,
as well as for safeguarding the sustainability of artisanal fish-
eries.

Recent hurricane impacts in the Caribbean Sea,
especially the Lesser Antilles

The Atlantic hurricane season runs from 1 June to 30 Novem-
ber and includes the Atlantic Ocean, the Gulf of Mexico
and the Caribbean Sea. The Saffir–Simpson hurricane wind
scale is a 1-to-5 rating based on a hurricane’s sustained wind
speed, which is used for classification of hurricanes. Ta-
ble S1 in the Supplement shows the range of wind speeds
(m s−1) associated with each category of hurricane, together
with a description of the likely damage that will be expe-
rienced if such a category of hurricane makes landfall. Be-
low Category 1, a storm can be classified as a tropical storm.
A total of 32 years (1986–2017) of tropical cyclone events,
which have occurred in the Caribbean Sea, have been ex-
tracted from the IBTrACS (International Best Track Archive
for Climate Stewardship) database (Knapp et al., 2010). This
period was selected in order to provide a 30-year present-
day climatology (1986–2015) to complement that extracted
from the 37-year (1979–2015) global wave model runs from
Bricheno and Wolf (2018). This period has been extended to
include the disastrous hurricane season of 2017, which saw
12 North Atlantic hurricanes, 5 of which had some presence

in the Caribbean Sea along with Tropical Storm Bret which
impacted Trinidad and Tobago in June. In August, Hurricane
Harvey caused some damage in Barbados; then Category 5
hurricanes Irma and Maria in September caused major dam-
age to the Caribbean islands of Barbuda (and St Martin) and
Dominica respectively. Figure S1 in the Supplement shows
the number of North Atlantic and Caribbean Sea hurricanes
per year, as well as a metric of the intensity of the hurricane
season (counting 1 for a Category 1 hurricane, up to 5 for a
Category 5).

Over the 30 years there were 122 storms of at least trop-
ical storm strength, which spent at least part of their life
(storm) cycle in the Caribbean Sea. Quantitative assessment
of the damage caused is available, especially for the most
recent events. Most damage is caused by the direct impact
of winds on infrastructure including the electricity supply
and homes, together with heavy rainfall causing landslides
and mudslides. Coastal flooding and erosion may occur, due
to combinations of high water levels and waves, but it is
not always clear whether the increase in water levels is due
to storm surges or wave effects, as the term “storm surge”
may be used loosely. In the narrative reports of these trop-
ical storms, there are only nine explicit mentions of storm
surge during this 30-year period and five mentions of waves
(Supplement). There are five references to the occurrence of
surges in the Lesser Antilles: one in Dominica (Luis, 1995),
one in the US Virgin Islands (Marilyn, 1995), one in St Lu-
cia (Omar, 2008) and two in Antigua and Barbuda (Omar,
2008; Gonzalo, 2014). For waves there is one occurrence in
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Trinidad (Iris, 1995), while Omar (2008) also caused notable
occurrences in Antigua and Barbuda and St Croix (US Virgin
Islands).

3 Modelling approach

3.1 Sea level projections

Global sea level rise is an integral measure of warming cli-
mate (Church et al., 2013a; Jevrejeva et al., 2016), reflect-
ing alterations in the dynamics and thermodynamics of the
atmosphere, ocean and cryosphere as a response to changes
in radiative forcing. The primary climate-related contributors
to sea level rise are ice loss of land-based glaciers and ice
sheets in Greenland and Antarctica and the thermal expan-
sion of the oceans (Church et al., 2013a). In addition, there is
a non-climate contributor – changes in water storage on land
due to groundwater mining and the construction of reservoirs
(Church et al., 2013a).

In this study we provide probabilistic projections for future
sea level rise for SVG, which deliver a scientific estimate of
future sea level rise and address the challenges of adapting to
sea level rise in the region. Probabilistic sea level projections
deliver probability density functions (PDFs) that are con-
ditional upon emissions scenarios, which self-consistently
project both likely values of mean sea level rise and the like-
lihood of high-risk, low-probability conditions such as those
associated with rapid ice mass loss of Antarctica or Green-
land. Those projections, explicitly labelled “probabilistic”,
include not only central or “likely” ranges (Church et al.,
2013b) but also the tails of these distributions (Jevrejeva et
al., 2014; Kopp et al., 2017). Probabilistic projections also
provide a summary assessment of the relevant uncertainties,
which are consistent with some of the decision frameworks
used by coastal engineers for infrastructure design and land
use planning (e.g. Hunter et al., 2013; Kopp et al., 2014;
Jevrejeva et al., 2019).

Probabilistic sea level projection at the coast must also
take into account the local vertical land movement caused by
long-term glacial isostatic adjustments and subsidence due
to groundwater extraction, urbanisation and river delta sed-
imentation rates (Kopp et al., 2014; Grinsted et al., 2015;
Jevrejeva et al., 2016; Jackson et al., 2018). However, in this
study we do not include any vertical land movement correc-
tions due to the lack of information about local changes.

Future sea level will rise in SVG due to melting of land-
based glaciers, ice mass loss from the ice sheets in Greenland
and Antarctica, and the thermal expansion of ocean waters
(Jackson and Jevrejeva, 2016). We utilised outputs from our
previous studies (Jackson and Jevrejeva, 2016; Jevrejeva et
al., 2016) by calculating spatial patterns of dynamic changes
in sea surface height (SSH) and global average steric sea
level change from 33 models in the Coupled Model Inter-
comparison Project Phase 5 (CMIP5). Spatial patterns of ice

loss from glaciers and ice sheets are derived from present-day
spatial attribution of terrestrial ice loss (Bamber and Riva,
2010). The land–water fingerprint is calculated using pro-
jected changes in land water storage (Wada et al., 2012).
At each point on the global ocean, a putative sea level can
be generated by random sampling of the component PDFs
and summing. Repeating this process 5000 times provides
enough realisations of sea level to create the probability den-
sity function for sea level rise at each point on globe. Finally
to account for glacial isostatic adjustment (GIA), we add the
time-integrated global sea level field from the ICE-5G model
(Peltier et al., 2015) to the sum of sea level components. We
extract projections applicable to SVG for a location with co-
ordinates 13.5◦ N and 61.5◦W (https://www.psmsl.org/cme/,
last access: 1 February 2020).

3.2 Global wave model data for the Caribbean Sea

Global wave model data have been taken from a long hind-
cast simulation described by Bricheno and Wolf (2018).
A global configuration of WAVEWATCH III (WW3) was
forced by ERA-Interim reanalysis winds for the period 1979–
2015. The modelled hourly significant wave height (HS) has
been validated by comparison with wave buoy data in the
Caribbean Sea. The buoys used for validation are mapped in
Fig. 1.

Figure S2 is a scatter plot of significant wave height
from model data against buoy observations. This comparison
shows that wave heights are well reproduced by the model,
with an average mean-squared error of 0.12 m and correlation
coefficient of 0.85. Detailed statistics for each of the seven
buoy sites are shown in Table S3. Larger-wave events (above
4 m HS) however are systematically underpredicted by the
model with respect to observed wave heights (this is a well-
known feature of modelling extreme events, due to underes-
timation of the peak winds in the atmospheric forcing). Fig-
ure 2 shows a short time series of modelled and observed HS
at buoy 42060, which illustrates the generally good agree-
ment between model and observations but the typical un-
derestimation of extreme events, such as Hurricane Tomas
in 2010.

3.3 Regional models for extreme events

Regional models of the Caribbean Sea have been set up as
separate hydrodynamic and wave models, extending from 5
to 32◦ N and 5 to 100◦W, with a resolution of 1◦/12◦ lat/long.
The bathymetry and extent are shown in Fig. 1.

3.3.1 Case studies

Two historical case studies were considered for numer-
ical experiments: Hurricane Ivan (2004) and Hurricane
Tomas (2010). Both were locally significant storms and are
typical of the size and magnitude of storms seen in the re-
gion. Ivan caused catastrophic damage in Grenada as a Cate-
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Figure 2. Time series showing a zoom to the dates of Hurricane
Tomas (October 2010) from the global model and observations at
buoy 42060 (see Fig. 1 for location).

gory 3 hurricane; heavy damage in Jamaica as a Category 4;
and then severe damage in Grand Cayman, the Cayman Is-
lands and the western tip of Cuba as a Category 5 hurricane.
Tomas moved through the Windward Islands and passed over
St Lucia as a Category 1 hurricane. After reaching Category 2
status, Tomas quickly weakened to a tropical storm in the
central Caribbean Sea, due to strong wind shear and dry air,
but later regained hurricane status as it reorganised near the
Windward Passage between the islands of Cuba and Hispan-
iola, north of Jamaica.

We use two types of atmospheric forcing in our numer-
ical experiments: historical reanalysis data and parametri-
cally generated atmospheric fields. Reanalysis wind and at-
mospheric pressure data are taken from the ERA5 reanalysis
dataset (C3S, 2017). The resolution of these data is∼ 30 km,
which may still not adequately resolve the relatively small
spatial scales of a hurricane. Therefore, parametric atmo-
spheric wind and pressure fields, generated using the Hol-
land formula (Holland, 1980; Holland et al., 2010) are also
used. The Holland formula requires values for the radius of
maximum winds, maximum sustained wind speed and cen-
tral pressure, all of which are obtained from 3-hourly data
provided by the International Best Track Archive for Cli-
mate Stewardship (IBTrACS) version 4 database (Knapp et
al., 2010). These data were not available for the Ivan case;
therefore parametric forcing is only used for Tomas.

Using atmospheric forcing derived using the parametric
method, a third hypothetical storm case is considered: a Cat-
egory 4 hurricane following the same track as Hurricane
Tomas, with other parameters taken from a snapshot of the
data for Hurricane Ike (Berg, 2014). Specifically, the central
pressure is set to be a constant 930 mbar, radius of maximum
winds to be 28 km and the maximum sustained wind speed

to be 68 m s−1. It is important to note that a storm of this
intensity is rare for the region; however this experiment is
useful for giving an estimate of the storm surge magnitude
for a hypothetical extreme hurricane in the future. Here, this
case study will be referred to as the “enhanced Tomas” case.

3.3.2 Tide and surge model setup and validation

To model storm surges in the region, the NEMO-
surge model is used (Furner et al., 2016); this is a 2-
dimensional (i.e. depth-averaged) barotropic configuration
of the NEMO model (Madec, 2008). The model do-
main (Fig. 1) was chosen to include the whole Caribbean
basin and was created by extracting the region from the
global ORCA R12 tripolar grid (https://www.geomar.de/
en/research/fb1/fb1-od/ocean-models/orca12/, last access:
10 January 2018). The NEMO-surge configuration used here
is a modified version of the NEMO version 3.6 code base.
Ocean physics are represented, for constant density, on a sin-
gle vertical level, by removing calls to vertical and tracer
processes, as well as by using simplified top- and bottom-
stress parameterisations. The output data include SSH and
depth-averaged currents, caused by wind setup and the in-
verse barometer effect, as well as tidal forcing. Note that, as
the surge model contains no representation of coupled wind–
wave effects (waves have been modelled independently), re-
lated effects such as wave setup and runup are not included.

Tidal forcing was applied at the lateral domain bound-
aries using 15 harmonic constituents from the TPXO9 dataset
(Egbert and Erofeeva, 2002), and the bathymetry has been
extracted from the GEBCO dataset (https://www.gebco.net/,
last access: 1 January 2018). The atmospheric forcing used
is discussed in Sect. 3.2 and 3.3. For each case study, two
separate model runs were performed: a run with no atmo-
spheric forcing (tide-only) and a run with both tide and at-
mospheric forcing (tide+ surge). The output from these two
runs was then differenced to obtain the non-tidal residuals.
Each model run was subject to a spin-up period of 3 months.

Model validation for the local area around SVG is difficult
due to a lack of historical SSH observations. This is espe-
cially true during the case study periods (hurricanes Tomas
and Ivan) when there was no recording tide gauge in SVG.
Despite this, testing of the NEMO-surge configuration has
shown good results in other regions for both tides and storm
surges, for example the north-west European shelf model
(Furner et al., 2016).

Data are available from 12 tide gauge sites during 2017,
which can be used for validation of model tides. These lo-
cations are shown in Fig. 1 and Table S2. For this purpose,
the full year of 2017 was run using the NEMO configuration
and the data were analysed to obtain the amplitudes of four
of the largest harmonic constituents (M2, S2, K1 and O1).
Modelled amplitudes for these four constituents are shown
plotted against observed amplitudes at tide gauges in Fig. S3.
From the great diurnal tidal range (Fig. S4) it can be seen
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Figure 3. Modelled and observed non-tidal residuals (m) during the passing of Hurricane Maria (2017) over the Port-au-Prince tide gauge
(Port-au-Prince, Guadeloupe).

that all tides in the region are small – on the order of (at
most) tens of centimetres (microtidal). The modelled values
follow the observed values at most locations, representing the
magnitude of the four constituents well (Fig. S3). Other than
errors introduced by the model and tide gauges themselves,
differences can also be ascribed to errors in the tidal forcing
dataset used (TPXO9) and local effects near the tide gauge
that the resolution of the model cannot adequately represent.
These comparisons give us confidence in the model’s ability
to simulate SSH variations on tidal spatial scales.

We can also take a regional look at storm surge activity
during 2017. To do this, we have calculated non-tidal resid-
uals (NTRs), both modelled and observed, at all tide gauge
locations. By estimating errors in NTRs, we find an RMSE
across all tide gauges of 0.07 m. There are also two notable
hurricane events (Irma and Maria) in 2017 that are captured
by some tide gauge records in the area. However, these events
are far from SVG and significantly more intense than our
case study events (and rare in the region around SVG). Fig-
ure 3 shows a comparison of observed and modelled NTRs
during the passing of Hurricane Maria at the Port-au-Prince
tide gauge in Guadeloupe. The model underestimates NTRs
for this event, possibly because of the low resolution of the
ERA5 atmospheric forcing being unable to adequately re-
solve the high winds at the centre of such an intense system.
The less intense storms used for our case studies are better
resolved by ERA5.

3.3.3 Wave model setup and validation

The WAVEWATCH III (WW3) wave model (Tolman, 2009)
has been implemented for the Caribbean region with 1/12◦

resolution (the same domain extent and resolution as the
storm surge model; Fig. 1). The WW3 model computes the
evolution of the wave spectrum, by solving the wave action
equation. The output provides the wave energy at each fre-

quency and propagation direction (30 frequencies and 36 di-
rections were used). Results are typically summarised by the
significant wave height (equivalent to the average height of
the one-third largest waves) and the (mean and peak) period
and direction of waves, obtained as integrated parameters
from the wave spectra. Boundary conditions come from the
WW3 global model (∼ 0.7◦; described in Sect. 3.2) but are
forced with ERA5 reanalysis 3-hourly wind fields (0.25◦) to
better reproduce extreme events.

In the same way as for the storm surge simulations, two
historical hurricane events were considered for regional wave
modelling, using different methods of wind forcing (see
Sect. 3.3). The regional wave model was initially forced with
winds from the ERA5 reanalysis. The modelled significant
wave height for Hurricane Tomas (2010) was then validated
against the data available from the NOAA National Data
Buoy Center (locations shown in Fig. 1). Very good corre-
lation was found between simulations and observations with
a correlation coefficient of about 0.9. The WW3 Caribbean
model typically underestimates the significant wave height
(consistent negative bias), but the mean error is on the or-
der of 0.1 m, while the root-mean-square error is 0.25–0.3 m
(see Table S4 and Fig. 4). In general, the peaks in wind veloc-
ity in the ERA5 dataset, and as a consequence in significant
wave height, are underestimated. Therefore, for Hurricane
Tomas (2010), we performed an additional simulation using
the Holland parametrically generated atmospheric fields (see
Sect. 3.3). However, in the Holland model, background wind
fields are not included, and this means the wind and waves
before and after the storm are underestimated.
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Figure 4. Comparison between the significant wave heights ob-
served by five buoys from the NOAA National Data Buoy Cen-
ter and modelled by the WW3 Caribbean model forced by ERA5
reanalysis winds. Validation is for October and November 2010,
covering the passage of Hurricane Tomas (29 October–14 Novem-
ber 2010).

4 Results

4.1 Sea level changes

Historical observations (Fig. S5) of sea level rise in the
Caribbean region are limited compared to other regions,
which hinders the assessment of coastal impacts and vul-
nerability in the region (Holgate et al., 2013). For example,
tide gauge data from St Vincent are available only for a short
period during the years 2013–2016 (https://www.psmsl.org/
cme/, last access: 1 February 2020). The lack of sea level
rise data on the coast is especially striking, and this is a ma-
jor barrier to estimating the present rates of sea level change
in St Vincent.

We have estimated the basin average rate of sea level
rise of 2.8± 0.4 mm yr−1 during 1993–2018 using satellite
altimetry datasets provided by the Copernicus Marine
Environment Monitoring Service (http://marine.copernicus.
eu/services-portfolio/access-to-products/?option=com_
csw&view=details&product_id=SEALEVEL_GLO_PHY_
L4_REP_OBSERVATIONS_008_047, last access: 5 Febru-
ary 2018). This rate of sea level rise for the region is close to
the global number of 3.0± 0.4 mm yr−1 (Fig. 5).

Future sea level projections for Representative Concentra-
tion Pathway 8.5 (RCP8.5), including the low-probability–
high-impact scenario (the 95th percentile) are shown in
Fig. S6. By 2100 the median sea level rise projections

Figure 5. Sea level trends in the Caribbean basin (whereas the
global mean trend of 3.00± 0.4 mm yr−1 is removed), calculated
using satellite altimetry data 1993–2018.

(50th percentile) for SVG with RCP8.5 will be 0.9 m rel-
ative to the 1986–2005 reference time period (Church et
al., 2013a), with up to 2.2 m as the 95th percentile, which
we have defined as the worst-case scenario for sea level
rise (Fig. S6). Estimates for future sea level rise for the
Caribbean basin exceed the projections for global sea level
rise (Jevrejeva et al., 2016). Sea level rise up to 2.2 m would
be due to a large contribution from ice mass loss from
both ice sheets, which is very uncertain but could not be
excluded from the risk assessment in coastal areas (Jevre-
jeva et al., 2019; van de Wal et al., 2019). The rate of sea
level rise in the region will increase dramatically after 2050
and could be 12 mm yr−1 (median) with up to 30 mm yr−1

(95th percentile) by 2100 with RCP8.5, compared to the 1.7–
1.9 mm yr−1 rate of sea level rise in the Caribbean region
between 1950 and 2009 (Torres and Tsimplis, 2013). For the
RCP4.5 scenario the median projection of sea level rise in the
Caribbean basin is 0.6 m, with 0.2–0.9 m as the 5th–95th per-
centile. Sea level rise with restricted warming of 1.5 ◦C will
be 0.5 m (median) and up to 0.75 m (95th percentile), which
is significantly different from the sea level projections with
unmitigated warming following emissions scenario RCP8.5
(Jevrejeva et al., 2018; Jackson et al., 2018).

4.2 Tides

The great diurnal tidal range (GDTR) is up to 1 m for the
Caribbean Sea (Fig. S4), with a maximum on the continen-
tal shelf off Nicaragua, while it does not exceed 0.5 m in the
Lesser Antilles, except for Trinidad on the continental shelf
off Venezuela in the SE of the region. The GDTR is calcu-
lated as the difference in height between mean higher high
water (MHHW) and mean lower low water (MLLW), which
allows for the variation in tidal range across the Caribbean
Sea, due to the strong diurnal inequality and the fact that the
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Figure 6. Mean significant wave height (m; colour shading)
and mean direction (vectors) from the global 37-year historical-
climatology wave model run.

semi-diurnal tide has an amphidrome (location of zero tidal
amplitude) near Puerto Rico (Greater Antilles).

4.3 Waves

4.3.1 Wave climatology of the Caribbean Sea

We have simulated the climatological wave conditions of
the Caribbean Sea, which are summarised using the results
from the 37-year run of the global wave model (Bricheno
and Wolf, 2018). Figure 6 shows the multi-decadal mean
of modelled significant wave height (coloured) and mean
wave “from” direction (vectors). The wave climate in the
Caribbean is relatively calm, with HS on the order of 1–2 m
on average. With long fetches from the NE, average wave
periods (not shown) on the windward (Atlantic) side can
be 6–8 s but are shorter in the lee of islands and within the
Caribbean Sea basin. From the wave direction vectors it can
be seen that swell is generated in the North Atlantic, with a
prevailing easterly (from) direction, spreading NW into the
Gulf of Mexico and SW towards the coast of South Amer-
ica. There is some seasonal variability in mean HS, with the
lowest wave heights observed during October and Novem-
ber and the largest waves from January to March. However,
the mean wave conditions are punctuated by infrequent large
storm waves generated by hurricanes. Wave height can reach
a maximum of 12 m offshore and 5 m at the model cell closest
to the coast. During the hurricane season we see the lowest-
mean-wave climate but the largest extreme waves.

These rare hurricane events generate large waves (statisti-
cal outliers to the generally calm conditions), e.g. from ob-
servations at buoy 42060 (see Table S3); the mean plus 4
standard deviations is exceeded only 0.07 % of the time or

0.26 % of the time at buoy 41044, with waves of HS greater
than 7 m. Though hurricanes are mostly limited in area, with
the largest waves close to their tracks, they can also generate
remote, low-wave-height, long-period swells. Swell waves
(caused by tropical or extra-tropical storms) can be damaging
and affect coasts far from the storm itself (Jury, 2018).

4.3.2 Extreme wave events from regional wave model

Figure 7 shows the maximum significant wave height en-
velopes for the case study events discussed in Sect. 3.3.1 for
the regional model. This envelope shows the maximum sig-
nificant wave height seen at every model cell during the sim-
ulated time period. For the ERA5-forced experiments, sig-
nificant wave heights are up to 4 m around St Vincent dur-
ing Hurricane Tomas (Fig. 7a) and about 6 m at the western
side of Grenada during Hurricane Ivan (Fig. 7b). The max-
imum waves are seen not along the storm track but at the
right-hand side of the track (due to the dynamic fetch effect
where wind aligns with the storm track propagation direc-
tion, e.g. Wolf and Woolf, 2006). Thus, even though Ivan
was not directly impacting St Vincent, waves reached 6 m at
the western side of the island (Fig. 7b). As already discussed
in the surge results section, the spatial and temporal resolu-
tion of the ERA5 atmospheric forcing (30 km – hourly) may
lead to an underestimation of wind stress and, as a conse-
quence, of the wave height. Indeed, the experiment with a
parametric Hurricane Tomas shows an increase in significant
wave height, exceeding 5 m around St Vincent and exceeding
10 m offshore (Fig. 7c). In the event that St Vincent was hit
by a Category 4 hurricane, the significant wave height would
exceed 15 m around St Vincent (Fig. 7d).

Figure 8 shows the significant wave height for Hurricane
Tomas at the location of the Argyle International Airport, lo-
cated on the east coast of St Vincent. When the WW3 model
is forced with ERA5 winds, the significant wave height
reaches 4 m, while with the parametric winds it exceeds 5 m.
The worst-case enhanced-wind scenario shows a significant
wave height peak of more than 12 m. In the last two cases,
two peaks are clearly visible, showing the passage of the hur-
ricane eye. However, a model resolution of 12 km means that
we are modelling only the offshore wave conditions, whereas
some coastal processes, such as the wave setup and runup,
are very important phenomena in the surf zone. Since they
are not represented in the WW3 Caribbean model implemen-
tation, this leads to an underestimation of the water levels at
the shore.

4.4 Storm surge results

Figure 9 shows maximum non-tidal residual envelopes for
the case study events discussed in Sect. 3.3.1. These en-
velopes show the maximum non-tidal residual seen at every
model cell during the simulated time period. These are useful
for quantifying the storm surge for the whole event period.
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Figure 7. Maximum significant wave height simulated by the WW3 Caribbean model during (a) Hurricane Tomas (2010) and (b) Hurricane
Ivan (2004) forced by ERA5, (c) Hurricane Tomas (2010) forced by the Holland model parametric wind field, and (d) Hurricane Tomas (2010)
forced by the enhanced wind field.

Figure 8. Significant wave height at Argyle International Airport during Hurricane Tomas: red line – wave model run forced with the ERA5
reanalysis; blue line – wave model forced with the Holland’s model parametric winds; pink line – wave model forced with worst-case-scenario
enhanced winds.

For the ERA5-forced experiments (Fig. 9a and b), non-
tidal residuals are small with magnitudes of up to 0.16 m
around St Vincent during Hurricane Tomas (Fig. 9a) and
0.2 m around Grenada during Hurricane Ivan (Fig. 9b). These
are mainly caused by the inverse barometer effect (see below)
which affects SSH only relatively close to the storm track
(and centrally along-track); therefore the passing of Ivan had
a negligible effect on the SSH around St Vincent. The effects

of this storm were mainly seen around Grenada to the south.
Figure 10c shows the results from the Holland-forced Hurri-
cane Tomas run. This figure shows slightly increased non-
tidal residuals around St Vincent (compared to the ERA5
Hurricane Tomas run) of approximately 0.3 m. The results
above suggest only small increases in SSH around SVG due
to the passing of Hurricane Tomas and Ivan. These increases
are small when compared to the modelled wave heights and
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Figure 9. Maximum non-tidal residual envelopes for four model runs: (a) ERA5-forced Hurricane Tomas, (b) ERA5-forced Hurricane Ivan,
(c) Holland-forced Hurricane Tomas and (d) enhanced Tomas case study.

steep terrain of the larger islands. However, they are on the
same order of magnitude as the tides (see Sect. 4.2), and
when combined with tide and wave effects, risks may still
be exacerbated for coastal populations.

Figure 9d shows the maximum non-tidal residual envelope
during the enhanced Tomas case study experiment. Non-tidal
residuals are significantly higher for this experiment, reach-
ing over 1 m at St Vincent. A storm surge of this size, when
combined with wind wave effects, poses a significant threat
to coastal populations on the islands, especially those that are
smaller and more low-lying. Physically, wind setup appears
to play a larger part for this stronger tropical cyclone as is
evidenced by amplification of the storm surge close to the is-
land itself. This enhanced event may be compared with the
modelled surges calculated for Martinique and Guadeloupe
(Krien et al., 2015, 2017).

Small non-tidal residuals seen in the model output have a
number of possible explanations. It can be seen in Fig. 1 that
the local bathymetry is steep and deep near the islands. The
lack of a continental shelf means that there is little shallow-
water fetch and, as wind stress is inversely proportional to the
ocean depth, wind setup is small. Other areas that experience
similar storms but significantly higher surges, e.g. the south
coast of the USA (Berg, 2014; Beven and Kimberlain, 2009),
have much wider areas of shallow water or continental shelf.

The small spatial extent of the islands may also mean that
wind setup is reduced due to ocean currents diverging and
going around the islands.

Little amplification in SSH is seen very close to the is-
lands, suggesting that much of the non-tidal residual is gen-
erated by the inverse barometer effect (which does not have
a water depth contribution). For example, the inverse barom-
eter effect can be estimated using the basic relationship of
1 cm of SSH for every 1 mbar of pressure difference. This is
a simple estimation but would result in an increase in SSH
of around 0.83 m at the storm centre for the enhanced Tomas
case. This would account for most of the storm surge seen in
the model results for this experiment. The constraints of the
model and forcing data must also be considered. A model
resolution of 12 km may mean that the narrow shelf (less
than a few kilometres) around the islands is not being ade-
quately represented, leading to an underestimation of wind
stress, currents and consequently non-tidal residuals.

5 Combined vulnerability index

Coastal threats from the sea can include flooding and coastal
erosion caused by steadily rising sea levels as well as changes
on other timescales, e.g. changing tides, storm surges and

Nat. Hazards Earth Syst. Sci., 20, 2609–2626, 2020 https://doi.org/10.5194/nhess-20-2609-2020



S. Jevrejeva et al.: Quantifying processes contributing to marine hazards 2619

Figure 10. Coastal vulnerability metrics; (a) combined based on mean annual rate of sea level rise, mean wave height and great diurnal tidal
range and (b) as (a) plus maximum wind speed.

waves. Here we address the challenge of combining these
different processes into a single vulnerability index, which
can allow us to compare different types of coastline on
a national, regional and global scale. In Sutherland and
Wolf (2002) qualitative and quantitative differences in fu-
ture changes in coastal vulnerability were found between five
sites selected around the coastline of England and Wales, for
the present-day climate and an estimate of the future climate
in 2075. The differences arose because the sites have differ-
ent tidal ranges, wave climates and surge levels. Moreover,
the parameters have different joint probabilities at different
sites. Thus results from one site cannot be transferred directly
to other sites and individual assessments must be made for
specific sites.

Coastal vulnerability may be defined as the degree to
which a system is susceptible to, or unable to cope with, ad-
verse effects of climate change, including climate variability
and extremes. In IPCC (2012), vulnerability is defined as the
propensity or predisposition to be adversely affected. This
may result from a combination of external hazards and local
conditions.

An accurate and quantitative approach to predicting
coastal change is difficult to establish. Even the kinds of data
necessary to predict shoreline response are the subject of sci-
entific debate. A number of predictive approaches have been
proposed (National Research Council, 1990, 1995), includ-
ing the following:

– extrapolation of historical data (e.g. coastal erosion
rates),

– static inundation modelling,

– application of a simple geometric model (e.g. the Bruun
Rule),

– application of a sediment dynamics or budget model, or

– Monte Carlo (probabilistic) simulation based on param-
eterised physical forcing variables.

However, each of these approaches has inadequacies or
can be invalid for certain applications (National Research

Council, 1990). Additionally, shoreline response to sea level
change is further complicated by human modification of the
natural coast such as beach nourishment projects and engi-
neered structures such as seawalls, revetments, groins, and
jetties. Understanding how a natural or modified coast will
respond to sea level change is essential to preserving vulner-
able coastal resources.

Here we adapt the coastal vulnerability index (CVI), de-
rived by Thieler and Hammar-Klose (1999, hereafter THK),
by dividing it into the local physical variables (geomorphol-
ogy, shoreline erosion or accretion rate, and coastal slope)
and the external physical variables (relative sea level rise rate,
mean significant wave height and mean tidal range). The lo-
cal variables require specific knowledge of the coastal typol-
ogy (which can be calculated for detailed coastal studies on a
local scale), whereas the external variables can be seen rather
as external drivers and can be quantified from the regional
models described above.

THK define the CVI as a combination of the local and ex-
ternal physical variables as follows (with a slight redefinition
of parameters:

CVI=

√
(a · b · c) · (d · e · f )

6
, (1)

where a is the geomorphology factor, b is the coastal slope
factor, c is the shoreline erosion or accretion rate, d is the
relative sea level rise rate factor, e is the mean tide range
factor, and f is the mean wave height factor.

Following THK we may consider a, b and c to be lo-
cal or geomorphological parameters and d , e and f to be
external physical parameters. Table 1 shows the six vari-
ables described by THK, which include both quantitative and
qualitative information. The five quantitative variables were
assigned a vulnerability ranking based on their actual val-
ues, whereas the non-numerical geomorphology variable is
ranked qualitatively according to the relative resistance of a
given landform to erosion. Shorelines with erosion or accre-
tion rates between−1.0 and+1.0 m yr−1 are ranked as being
of moderate vulnerability in terms of that particular variable.
Increasingly higher erosion or accretion rates are ranked
as correspondingly higher or lower vulnerability. Regional
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coastal slopes range from very high vulnerability, < 4.59 %,
to very low vulnerability at values of > 14.7 %. The rate of
relative sea level change is ranked using the rate of global
sea level change over the 20th century (1.8 mm yr−1) as very
low vulnerability. Since this is a global or “background” rate
common to all shorelines, the sea level rise ranking reflects
primarily local to regional isostatic or tectonic adjustment.
Mean wave height contributions to vulnerability range from
very low (< 1.1 m) to very high (> 2.6 m). Tidal range is
ranked such that microtidal (< 1 m tidal range) coasts are
very high vulnerability and macro-tidal (> 6 m tidal range)
coasts are very low vulnerability.

There have been various developments of the indicator-
based approach, e.g. Ramieri et al. (2011). New models have
been developed for the assessment of coastal vulnerability at
the global to national level, e.g. the DIVA model (Hinkel and
Klein, 2009). Following Özyurt and Ergin (2010, hereafter
OE2010) an additive model has been used to combine pa-
rameters, with normalisation, which allows for more quanti-
tative inter-comparison between different coastlines, with re-
spect to exposure and resilience, so we have used this rather
than the multiplicative combination in THK. OE2010 added
further physical parameters, representing hydrological pa-
rameters, such as groundwater and river discharge, and also
added a set of human parameters, representing anthropogenic
changes, such as hard defences, reduction in sediment supply
and land use. This divides the model into two subsets:

CVI= (1/2CVIPP+ 1/2CVIHP)/CVILV, (2)

where CVILV is the least vulnerable location, used as a nor-
malisation factor. Here CVIPP is derived from the phys-
ical parameters and CVIHP from the human parameters,
such that CVIPP=

∑
PPn ·Rn (summed over all n physi-

cal factors considered, PPn, with weighting factors Rn) and
CVIHP=

∑
HPm ·Rm (summed over all m human factors

considered, HPm, with weighting factors Rm).
If we ignore the human interventions at the coast and

the coastal geomorphological factors (which we have not
derived at the regional scale), we can calculate an external
physical exposure factor, including the rate of sea level rise,
wave climate and tidal range, which we here refer to as a
combined vulnerability index (CBVI), which refers to the
exposure of the coast to these external factors. We have
calculated the vulnerability indices, for each factor for all
coastal points around the Caribbean, using the data derived
in Sects. 3 and 4 and the parameter ranges in Table 1. As
the tide is microtidal, the tidal vulnerability index is at a
maximum nearly everywhere. Likewise, there is a saturation
of the index for the rate of sea level rise, because the
present-day rate of 2.8 mm yr−1 exceeds the maximum in the
original definition everywhere and future projections lead
to much higher rates. There is some variation in the wave
index, showing larger vulnerability at more exposed coasts.
We have also chosen to include an additional storminess
index as most of the Caribbean is microtidal, which makes

the coastline vulnerable to surges. A wind-speed variable
is used in order to allow for the occurrence of hurricanes,
which will have direct and indirect (surge and wave) coastal
impacts. To represent the amount of exposure to severe
storms, data are used from a 30-year climatology, taken from
the ERA5 reanalysis dataset. From this, we have chosen
the mean annual maximum wind speed (WSMAM) as the
parameter which best illustrates the variation in storminess
across the region. The range (1–5) has been set as follows:
WSMAM < 10 m s−1, index= 1; 10 m s−1 < WSMAM <

15 m s−1, index= 2; 15 m s−1 < WSMAM < 20 m s−1,
index= 3; 20 m s−1 < WSMAM < 25m s−1, index= 4;
WSMAM > 25 m s−1, index= 5. The more southerly coast-
lines, close to South America, have the lowest vulnerability
to storm winds; then the vulnerability increases northward
along the Windward Islands and Leeward Islands, reaching
a maximum around Anguilla. The Gulf of Mexico shows
generally higher vulnerability, and the Turks and Caicos
Islands (outside the Caribbean Island arc), are particularly
susceptible to strong winds, being along the main tropical
storm track. See Fig. 10a for the variation in the CBVI
without winds, over the Caribbean, while Fig. 10b shows the
CBVI including winds. Note that, for the present, a uniform
weighting factor (i.e. 1) has been applied to all the four
indices. When wind is included in the CBVI, this variable
has a large dynamic range, with a few hotspots where the
value reaches 5, but has the effect of reducing the CBVI over
less exposed coastlines.

6 Discussion

In this study we have quantified individual processes con-
tributing to coastal hazards in the Caribbean, suggesting that
in the present-day climate the greatest hazard at the coast is
due to waves, with observed and modelled height for extreme
events of up to 5 m near the coast and a maximum of 12 m
offshore. Note that the modelled waves are expected to be
underestimated during the most extreme events, since winds
are underestimated in the atmospheric model, due to limited
spatial resolution, particularly for the most extreme events.
For the synoptic view, a reanalysis dataset, ERA5, covers the
full range of conditions across the Caribbean Sea. Due to the
coarseness of the model grid, some small islands are unre-
solved; however the missing land is represented in the model
by a partial obstruction (Tolman, 2009). A sheltering effect
can be seen around the Windward Islands (10–16◦ N, 62◦W),
even though the archipelago is not explicitly present as “land
points”.

We have simulated storm surges for the past extreme
events associated with Hurricane Ivan (2004) and Hurricane
Tomas (2010), providing estimates of storm surges of up to
0.16 m in the coastal areas of SVG. In an additional sce-
nario, using a hurricane that represents a Category 4 event
on a direct trajectory for SVG, we simulated storm surges
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Table 1. Ranges for vulnerability ranking of variables on the Atlantic and Caribbean coasts (from THK).

Variables Very low Low Moderate High Very high
1 2 3 4 5

Geomorphology Rocky Medium Low cliffs, Cobble Barrier beaches,
cliffed cliffs, glacial drift, beaches, sand beaches,
coasts, indented alluvial estuary, salt marsh,
fjords coasts plains lagoon mud flats,

deltas,
mangrove,
coral reefs

Shoreline erosion or accretion (m yr−1) > 2.0 1.0 to 2.0 −1.0 to 1.0 −2.0 to −1.0 <−2.0
Coastal slope (%) > 14.70 10.90 to 14.69 7.75 to 10.89 4.60 to 7.74 < 4.59
Rate of sea level changes (mm yr−1) < 1.8 1.8 to2.5 2.5 to 3.0 3.0 to 3.4 > 3.4
Mean wave height (m) < 1.1 1.1 to 2.0 2.0 to 2.25 2.25 to 2.60 > 2.6
Mean tide range (m) > 6.0 4.0 to 6.0 2.0 to 4.0 1.0 to 2.0 < 1.0

which might reach up to 1.5 m for a direct hurricane impact,
depending on the resolution of the underwater topography.
Tidal range for most of locations is less than 0.5 m, due to
deep water close to shore. The tide can be amplified over
the shallower continental shelves, e.g. east of Nicaragua and
around Trinidad.

The regional sea level trend, calculated from satellite al-
timetry data for the period 1993–2018, is 2.8± 0.4 mm yr−1

compared to the global mean trend of 3.0± 0.4 mm yr−1,
which is in a good agreement with previous studies with
shorter time periods (Torres and Tsimplis, 2013; Palanisamy
et al., 2012). Several estimates from tide gauge records pro-
vide a wide range (0.3–12 mm yr−1) of past sea level rise
rates for individual locations with different observational
time period (Torres and Tsimplis, 2013; Palanisamy et al.,
2012). The large difference in rates for individual locations is
explained by the lack of consistent observations, gaps in time
series and lack of information about the vertical land move-
ment at the locations of tide gauges (Holgate et al., 2013;
Palanisamy et al., 2012; Torres and Tsimplis, 2013).

The main limitations to estimating present-day processes
contributing to coastal hazards are as follows:

– There is a lack of the observational data for assessment
of current changes in sea level, storm surges and waves.
In addition, this lack of observations limits the model
calibration. It seems there is a relation between model
performance and the number of gaps in the observa-
tions. The best fits are for continuous records; the ones
with big gaps do not do so well.

– Lack of sufficient forcing (e.g. local wind data) to sim-
ulate extreme events at the coast is a challenge for re-
producing past events. Long reanalyses do allow us to
examine extreme events over the last nearly 200 years,
e.g. NOAA-CIRES-DOE Twentieth Century Reanaly-
sis (V3), but there is still an issue with insufficient spa-

tial resolution (typically 1◦ latitude and longitude) to
capture the true intensity of hurricane winds.

– We present a vulnerability metric for the region, allow-
ing for intercomparison of the risks from marine haz-
ards in different locations. However, we note that this
approach needs to be refined, taking into account the
larger changes in physical variables (especially the rate
of sea level rise) for different future climate scenarios.

– In this study we have quantified individual processes
contributing to coastal hazards on the regional scale,
for the Caribbean. We have not investigated the interac-
tion between these processes, e.g. between water level,
waves and storm surges. In general these interaction ef-
fects are secondary at a regional scale but may be more
significant at a local scale. For steep volcanic islands,
large waves are often the dominant contributor to in-
creased water levels during storms, as deep water close
to the shore permits large waves to reach the coast while
limiting the generation of storm surges.

– Some issues are not addressed here, such as coastal in-
undation, including wave runup, which requires detailed
knowledge of the local coastal topography. Some pre-
liminary work on this has been carried out for St Vin-
cent, using reconstructed beach profiles (Prime et al.,
2019), and this will be addressed in future work.

The combined vulnerability index calculated on the basis of
current climate conditions demonstrates that islands on the
eastern side of the basin are more vulnerable, due to impact
from wind and waves. However, with an increasing rate of
sea level rise by 2100 for all emissions scenarios, sea level
rise is imposing a large hazard in the region. Extreme sea lev-
els associated with hurricanes, tropical cyclones and waves
are projected to change in a warming climate. Nevertheless,
recent results from Morim et al. (2019) for wave projections
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under future climate scenarios for the eastern Caribbean Sea
(for the more extreme “business-as-usual” RCP8.5 emissions
scenario) show no change or a slight reduction (< 5 %) in
mean and extreme wave height. When divided into seasons
there can be seen a small increase (< 5 %) in mean wave
height during the height of the summer (JJA), which also co-
incides with the hurricane season.

Coastal impacts on each island are governed by their
coastal morphology, which is not analysed in the present
paper; here we are focussing on the exposure of the whole
Caribbean Sea coastline to marine hazards rather than ex-
amining the detailed impacts for individual islands (although
we do refer to the case study for SVG to illustrate local im-
pacts as a consequence of regional processes). This presents
a challenge, particularly for estimating coastal storm surges,
as we discuss in Sect. 4.4, but there are other reasons for
the small non-tidal residuals, apart from the resolution of
GEBCO, which include the resolution of the wind fields and
the steep coastal topography, meaning there is only a limited
nearshore shallow-water zone. The resolution of the regional
model is limited to ∼ 12 km, which means this nearshore
zone is hardly resolved at the regional scale. In addition,
no rainfall or runoff data are included at this stage in our
work. While these effects can be important for impacts in
the coastal zone of SIDS, e.g. causing combined flooding
and landslides, these are not marine hazards, although they
can combine with marine hazards to produce multi-hazard
impacts of hurricanes, which are of course very important
for coastal communities. Vertical land movement and seis-
mic and anthropogenic activities have not been considered in
this study due to lack of observational data on the islands;
however, as previous studies suggest (e.g. Dasgupta et al,
2009; CARIBSAVE, 2012) an impact of climate change on
the coast is expected to be altered if non-climate conditions
are included.

We have demonstrated that a storm surge might reach
1.5 m for a direct hurricane impact depending on the un-
derwater topography under an additional scenario hurricane
that represents a Category 4 event. This is in a good agree-
ment with previously modelled surges of up to 1 m (return
period 100 years) and up to 3 m (return period 1000 years) in
the shallow-water areas around Martinique and Guadeloupe
during hurricanes (Krien et al., 2015, 2017). However, the
small size of storm surges in the simulations in our study for
the Caribbean region is supported by the work by Zahibo et
al. (2007); although observed surges are stated to be quite
large, there is also a lot of variability, and the modelled surge
in Tropical Storm Lili (2002), albeit for a relatively low-
intensity event, was only about 10 cm. Projections for the
21st century indicate that it is likely that the global frequency
of tropical cyclones will either decrease or remain essentially
unchanged, along with a likely increase in both global mean
tropical cyclone maximum wind speed and rain rates (IPCC,
2013). The frequency of the most intense storms will more
likely than not increase in some basins. More extreme pre-

cipitation is projected near the centres of tropical cyclones
making landfall in North and Central America (IPCC, 2013).

A comparative study of the impact of sea level rise on
coastal inundation across 84 developing countries showed
that the greatest vulnerability to a 1 m sea level rise in terms
of inundation of land area was located in East Asia and
the Pacific, followed by South Asia, Latin America and the
Caribbean; the Middle East and North Africa; and finally
sub-Saharan Africa (Dasgupta et al., 2009). Future sea level
rise will pose a significant threat to the coastal infrastruc-
ture, settlements, beaches, ecosystems and economic activity
in coastal areas of SIDS. In St Vincent, a sea level rise of
1 m will place 10 % of the main tourist infrastructure at risk,
along with 67 % of sea port infrastructure (CARIBSAVE,
2012). In addition, sea level rise will affect the erosion of
the coastline, with approximately 100 m of erosion result-
ing from 1 m of sea level rise (CARIBSAVE, 2012). Up to
70 % of the major tourist resorts will be impacted by the dis-
appearance of the beaches due to sea level rise and erosion
(CARIBSAVE, 2012).

Here, we focus on assessing the external drivers of sea
level rise, tides, storm surges and waves as well as winds,
showing the relative exposure of SVG to these factors, com-
pared to other parts of the Caribbean Sea. A following pa-
per will assess the local impacts on the island of St Vin-
cent (Wolf et al., 2020). Further work is needed to calcu-
late coastal erosion, flooding and economic impacts in SIDS;
e.g. Villarroel-Lamb (2020) has shown how a coastal process
model, driven by offshore wave and surge conditions, based
on the Saffir–Simpson scale (method prior to 2010; Walker et
al., 2018, discuss the limitations of this method) can be used
to estimate rates of coastal erosion and economic loss, using
generic coastal structures, for Caribbean beaches.

7 Conclusion

For Caribbean island nations it is crucial that the spatial vari-
ability in hazardous wave and water level conditions and
the contributions of different processes in causing hazardous
conditions are understood, in order to prepare and resource
island-wide coastal climate resilience plans. In our study,
we have explored the role of waves, storm surges and sea
level rise for the Caribbean region with a focus on coastal
impacts in the eastern Caribbean, using St Vincent and the
Grenadines (SVG) as an example. We identified that cur-
rently the greatest hazard is waves, with up to a 12 m wave
height offshore and 5 m near the coast for extreme events
(e.g. Hurricane Ivan or Tomas), which can lead to overtop-
ping, runup, wave setup and coastal erosion. For the same
extreme events the storm surge height may reach 1.5 m. Sea
level rise since 1993 has been about 0.1 m, which is close to
the global sea level rise estimate for the same time period.
However, sea level rise is accelerating and by 2100 projected
sea level rise could exceed 2 m with the RCP8.5 scenario.
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Coastal communities in the Caribbean are facing unprece-
dented challenges due to climate change. There is a need
for a commitment to sustained, systematic and complemen-
tary coastal and nearshore measurements of waves and sea
levels to improve the skill of forecasting (including early-
warning) systems and future projections by the international
scientific community and international and local government
bodies. Regular stakeholder workshops to gather evidence
on local needs and issues are an important part of the work
and have helped to guide the direction of research and de-
sign of practical outputs. Close contact between the govern-
ments of the SIDS and the international or local research
community is crucial to provide updated scientific evidence
for decisions associated with shoreline management to build
climate-resilient communities and infrastructure. Our study
provides scientific evidence for policy-makers, scientists and
local communities to actively prepare for and protect against
climate change.
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5 October 2020) (Copernicus, 2020). We have used data from
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT (last
access: 5 October 2020) (NOAA, 2020a). We have used the
IBTrACS dataset from https://www.ncdc.noaa.gov/ibtracs/ (last
access: 5 October 2020) (NOAA, 2020b). Some data could be
made available from authors on request.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/nhess-20-2609-2020-supplement.

Author contributions. The paper and its methodology were concep-
tualized and developed by all authors; modelling work was carried
out by LB, DB, MDD, SR and JW; sea level analysis was carried
out by SJ, AM and HP; synthesis (combined vulnerability index)
was carried out by JW, LB and JB. All authors contributed to the
draft of the manuscript.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. The following organisations provided best
track data which are included in the IBTrACS dataset: Australian

Bureau of Meteorology; Chinese Meteorological Administration;
Shanghai Typhoon Institute; Hong Kong Observatory; Joint Ty-
phoon Warning Center; RSMC Honolulu, HI, USA (NOAA Central
Pacific Hurricane Center); RSMC La Réunion; RSMC Miami, FL,
USA (NOAA Tropical Prediction Center; HURDAT); RSMC Nadi,
Fiji; RSMC New Delhi, India; RSMC Tokyo, Japan; and TCWC
Wellington, New Zealand. Special thanks go to the NCDC Cli-
mate Database Modernization Program (CDMP) for digitising hard
copies of best track data and to Charlie Neumann, for making his
Southern Hemisphere dataset available for this work.

Ocean heat content data for 1988–2017 (defined as an
anomaly) were taken from https://www.nodc.noaa.gov/OC5/3M_
HEAT_CONTENT/ (last access: 27 February 2019). We acknowl-
edge the use of the UK national supercomputing resource ARCHER
which was used to perform the wave and surge model runs.

Financial support. This work was supported by the UK govern-
ment through the Commonwealth Marine Economies Programme,
which aims to enable safe and sustainable marine economies across
Commonwealth small island developing states.

Review statement. This paper was edited by Animesh Gain and re-
viewed by Mélanie Becker and one anonymous referee.

References

Bamber, J. and Riva, R.: The sea level fingerprint of recent ice mass
fluxes, The Cryosphere, 4, 621–627, https://doi.org/10.5194/tc-
4-621-2010, 2010.

Berg, R. Hurricane Ike: Technical report, 5–9 November 2008, trop-
ical cyclone report, National Hurricane Center, USA, 2014.

Beven, J. L. and Kimberlain, T. B.: Tropical cyclone report: Hurri-
cane Gustav, Technical report, National Hurricane Center, USA,
2009.

Bricheno, L. M, and Wolf, J.: Future Wave Conditions
of Europe, in Response to High-End Climate Change
Scenarios, J. Geophys. Res.-Oceans, 123, 8762–8791,
https://doi.org/10.1029/2018JC013866, 2018.

Caribbean Marine Climate Change Report Card: edited by: Buck-
ley, P., Townhill, B., Trotz, U., Nichols, K., Murray, P. A.,
Samuels, C. C., Gordon, A., and Taylor, M., Commonwealth Ma-
rine Economies Programme, 2017.

CARIBSAVE: Climate Change Risk Profile for Saint Vin-
cent and the Grenadines, Technical Report, available at:
https://www.researchgate.net/publication/272791668_Climate_
Change_Risk_Profile_for_Saint_Vincent_and_the_Grenadines
(last access: 20 January 2020), 2012.

Church, J. A., Clark, P. U., Cazenave, A., Gregory, J. M., Jevrejeva,
S., Levermann, A., Merrifield, M. A., Milne, G. A., Nerem, R. S.,
Nunn, P. D., Payne, A. J., Pfeffer, W. T., Stammer, D., and Un-
nikrishnan, A. S.: Climate Change 2013: The Physical Science
Basis, in: Contribution of Working Group I to the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate Change,
edited by: Stocker, T., Qin, D., Plattner, G. K., Tignor, M., Allen,
S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley P.
M., Cambridge University Press, Cambridge, 2013a.

https://doi.org/10.5194/nhess-20-2609-2020 Nat. Hazards Earth Syst. Sci., 20, 2609–2626, 2020

https://www.psmsl.org/data/obtaining/reference.php
https://www.psmsl.org/data/
http://www.psmsl.org/cme
https://www.gebco.net/
http://marine.copernicus.eu/services-portfolio/access-to- products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047
http://marine.copernicus.eu/services-portfolio/access-to- products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047
http://marine.copernicus.eu/services-portfolio/access-to- products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT
https://www.ncdc.noaa.gov/ibtracs/
https://doi.org/10.5194/nhess-20-2609-2020-supplement
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/
https://doi.org/10.5194/tc-4-621-2010
https://doi.org/10.5194/tc-4-621-2010
https://doi.org/10.1029/2018JC013866
https://www.researchgate.net/publication/272791668_Climate_Change_Risk_Profile_for_Saint_Vincent_and_the_Grenadines
https://www.researchgate.net/publication/272791668_Climate_Change_Risk_Profile_for_Saint_Vincent_and_the_Grenadines


2624 S. Jevrejeva et al.: Quantifying processes contributing to marine hazards

Church, J. A., Clark, P. U., Cazenave, A., Gregory, J. M., Jevrejeva,
S., Levermann, A., Merrifield, M. A., Milne, G. A., Nerem, R. S.,
Nunn, P. D., Payne, A. J., Pfeffer, W. T., Stammer, D., and Un-
nikrishnan, A. S.: Sea-Level Rise by 2100, Science, 342, 1445,
https://doi.org/10.1126/science.342.6165.1445-a, 2013b.

Copernicus: Global Ocean Gridded L4 Sea Surface Heights
And Derived Variables Reprocessed (1993–Ongoing),
available at: https://marine.copernicus.eu/services-portfolio/
access-to-products/?option=com_csw&view=details&product_
id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_
047, last access: 5 October 2020.

C3S – Copernicus Climate Change Service: ERA5: Fifth generation
of ECMWF atmospheric reanalyses of the global climate, Coper-
nicus Climate Change Service Climate Data Store (CDS), avail-
able at: https://cds.climate.copernicus.eu/cdsapp#!/home (last
access: 10 March 2018), 2017.

Dasgupta, S., Laplante, B., Murray, S., and Wheeler, D.: Cli-
mate Change and the Future Impacts of Storm-Surge Dis-
asters in Developing Countries, Center for Global Develop-
ment Working Paper No. 182, Center for Global Development,
https://doi.org/10.2139/ssrn.1479650, 2009.

Egbert, G. D. and Erofeeva, S. Y.: Efficient inverse modeling of
barotropic ocean tides, J. Atmos. Ocean. Tech., 19, 183–204,
2002.

Furner, R., Williams, J., Horsburgh, K., and Saulter, A.: Nemo-
surge: Setting up an accurate tidal model, Technical Report 610,
Met Office, UK, 2016.

GEBCO: General Bathymetric Chart of the Oceans, available at:
https://www.gebco.net/, last access: 5 October 2020.

Grinsted, A., Jevrejeva, S., Riva, R., and Dahl-Jensen, D.: Sea level
rise projections for Northern Europe under RCP8.5, Clim. Res.,
64, 15–23, https://doi.org/10.3354/cr01309, 2015.

Hinkel, J. and Klein, R. J. T.: Integrating knowledge to assess
coastal vulnerability to sea-level rise: The development of the
DIVA tool, Global Environ. Change, 19, 384–395, 2009.

Holgate, S., Matthews, A., Woodworth, P. L., Rickards, L. J.,
Tamisiea, M. E., Bradshaw, E., Foden, P. R., Gordon, K. M.,
Jevrejeva, S., and Pugh, J.: New Data Systems and Products at the
Permanent Service for Mean Sea Level, J. Coast. Res., 29, 493–
504, https://doi.org/10.2112/JCOASTRES-D-12-00175.1, 2013.

Holland, G. J.: An analytical model of the wind and pressure pro-
files in hurricanes, Mon. Weather Rev., 108, 1212–1218, 1980.

Holland, G. J., Belanger, J. I., and Fritz, A. A.: Revised Model for
Radial Profiles of Hurricane Winds, Mon. Weather Rev., 138,
4393–4401, 2010.

Hunter, J. R., Church, J. A., White, N. J., and Zhang, X.: Towards
a global regionally varying allowance for sea-level rise, Ocean
Eng., 71, 17–27, 2013.

IPCC: Managing the Risks of Extreme Events and Disasters to Ad-
vance Climate Change Adaptation, in: A Special Report of Work-
ing Groups I and II of the Intergovernmental Panel on Climate
Change, edited by: Field, C. B., Barros, V., Stocker, T. F., Qin,
D., Dokken, D. J., Ebi, K. L., and Mastrandrea, M. D., Cam-
bridge University Press, Cambridge, UK and New York, NY,
USA, 2012.

IPCC: Climate Change 2013: The Physical Science Basis, in: Con-
tribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change, edited by:
Stocker, T. F., Qin, D., Plattner, G. K., Tignor, M., Allen, S. K.,

Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M.,
Cambridge University Press, Cambridge, UK and New York, NY,
USA, 2013.

IPCC: Climate Change 2014: Impacts, Adaptation, and Vulnera-
bility. Part A: Global and Sectoral Aspects, in: Contribution of
Working Group II to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change, edited by: Field, C. B.,
Barros, V. R., Dokken, D. J., Mach, K. J., Mastrandrea, M. D.,
Bilir, T. E., Chatterjee, M., Ebi, K. L., Estrada, Y. O., Genova, R.
C., Girma, B., Kissel, E. S., Levy, A. N., MacCracken, S., Mas-
trandrea, P. R., and White, L. L., Cambridge University Press,
Cambridge, UK and New York, NY, USA, 2014.

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, 179–89, 2016.

Jackson, L. P., Grinsted, A., and Jevrejeva, S.: 21st century sea-level
rise in line with the Paris accord, Earth’s Future, 6, 213–29, 2018.

Jevrejeva, S., Grinsted, A., and Moore, J. C.: Upper limit for
sea level projections by 2100, Environ. Res. Lett., 9, 104008,
https://doi.org/10.1088/1748-9326/9/10/104008, 2014.

Jevrejeva, S., Jackson, L. P., Riva, R., Grinsted, A., and
Moore, J. C.: Coastal sea level rise with warming above
2 ◦C, P. Natl. Acad. Sci. USA, 113, 13342–13347,
https://doi.org/10.1073/pnas.1605312113, 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.

Jevrejeva, S., Frederikse, T., Kopp, R. E., Le Cozannet, G., Jack-
son, L. P., and van de Wal, R.: Probabilistic Sea Level Pro-
jections at the Coast by 2100, Surv. Geophys., 40, 1673–1696,
https://doi.org/10.1007/s10712-019-09550-y, 2019.

Jury, M. R.: Characteristics and meteorology of Atlantic swells
reaching the Caribbean, J. Coast. Res., 34, 400–412, 2018.

Kennedy, A. B., Gravois, U., Zachry, B. C., Westerink, J. J.,
Hope, M. E., Dietrich, J. C., Powell, M. D., Cox, A. T.,
Luettich Jr., R. A., and Dean, R. G.: Origin of the Hurri-
cane Ike forerunner surge, Geophys. Res. Lett., 38, L08608,
https://doi.org/10.1029/2011GL047090, 2011.

Knapp, K. R., Kruk, M., Levinson, D., Diamond, H., and Neumann,
C.: The international best track archive for climate stewardship:
Unifying tropical cyclone best track data, B. Am. Meteorol. Soc.,
91, 363–376, 2010.

Kopp, R. E., Horton, R. M., Little, C. M., Mitrovica, J. X., Op-
penheimer, M., Rasmussen, D. J., Strauss, B. H., and Tebaldi,
C.: Probabilistic 21st and 22nd century sea-level projections at
a global network of tide-gauge sites, Earth’s Future, 2, 383–406,
2014.

Kopp, R. E., DeConto, R. M., Bader, D. A., Hay, C. C., Horton,
R. M., Kulp, S., Oppenheimer, M., Pollard, D., and Strauss, B.
H.: Evolving understanding of Antarctic ice-sheet physics and
ambiguity in probabilistic sea-level projections, Earth’s Future,
5, 1217–1233, https://doi.org/10.1002/2017EF000663, 2017.

Krien, Y., Dudon, B., Roger, J., and Zahibo, N.: Probabilistic
hurricane-induced storm surge hazard assessment in Guade-
loupe, Lesser Antilles, Nat. Hazards Earth Syst. Sci., 15, 1711–
1720, https://doi.org/10.5194/nhess-15-1711-2015, 2015.

Krien, Y., Dudon, B., Roger, J., Arnaud, G., and Zahibo, N.:
Assessing storm surge hazard and impact of sea level rise in

Nat. Hazards Earth Syst. Sci., 20, 2609–2626, 2020 https://doi.org/10.5194/nhess-20-2609-2020

https://doi.org/10.1126/science.342.6165.1445-a
https://marine.copernicus.eu/services-portfolio/access-to- products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047
https://marine.copernicus.eu/services-portfolio/access-to- products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047
https://marine.copernicus.eu/services-portfolio/access-to- products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047
https://marine.copernicus.eu/services-portfolio/access-to- products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047
https://cds.climate.copernicus.eu/cdsapp#!/home
https://doi.org/10.2139/ssrn.1479650
https://www.gebco.net/
https://doi.org/10.3354/cr01309
https://doi.org/10.2112/JCOASTRES-D-12-00175.1
https://doi.org/10.1088/1748-9326/9/10/104008
https://doi.org/10.1073/pnas.1605312113
https://doi.org/10.1088/1748-9326/aacc76
https://doi.org/10.1007/s10712-019-09550-y
https://doi.org/10.1029/2011GL047090
https://doi.org/10.1002/2017EF000663
https://doi.org/10.5194/nhess-15-1711-2015


S. Jevrejeva et al.: Quantifying processes contributing to marine hazards 2625

the Lesser Antilles case study of Martinique, Nat. Hazards
Earth Syst. Sci., 17, 1559–1571, https://doi.org/10.5194/nhess-
17-1559-2017, 2017.

Madec, G.: NEMO Ocean Engine, Note from the School of Mod-
eling, No. 27, Pierre-Simon Laplace Institute (IPSL), France,
ISSN 1288-1619, 2008.

Melet, A., Almar, R., and Meyssignac, B.: What dominates sea level
at the coast: a case study for the Gulf of Guinea, Ocean Dynam.,
66, 623–636, 2016.

Melet, A., Meyssignac, B., Almar, R., and Le Cozannet, G.: Under-
estimated wave contribution to coastal sea-level rise, Nat. Clim.
Change, 8, 234–239, 2018.

Monioudi, I., Asariotis, R., Becker, A., Bhat, C., Dowding-Gooden,
D., Esteban, M., Feyen, L., Mentaschi, L., Nikolaou, A., Nurse,
L., Phillips, W., Smith, D., Satoh, M., O’Donnell Trotz, U., Vele-
grakis, A. F., Voukouvalas, E., Vousdoukas, M. I., and Witkop,
R.: Climate change impacts on critical international transporta-
tion assets of Caribbean Small Island Developing States (SIDS):
the case of Jamaica and Saint Lucia, Reg. Environ. Change, 18,
2211–2225, 2018.

Morim, J., Hemer, M., Wang, X. L., Cartwright, N., Trenham, C.,
Semedo, A., Young, I., Bricheno, L., Camus, P., Casas-Prat, M.,
Erikson, L., Mentaschi, L., Mori, N., Shimura, T., Timmermans,
B., Aarnes, O., Breivik, Ø., Behrens, A., Dobrynin, M., Menen-
dez, M., Staneva, J., Wehner, M., Wolf, J., Kamranzad, B., Webb,
A., Stopa, J., and Andutta, F.: Robustness and uncertainties in
global multivariate wind-wave climate projections, Nat. Clim.
Change, 9, 711–718, 2019.

National Research Council: Managing Coastal Erosion, National
Academy Press, Washington, D.C., p. 163, available at: https:
//www.nap.edu/catalog/1446/managing-coastal-erosion (last ac-
cess: 4 October 2020), 1990.

National Research Council: Beach Nourishment and Protection,
National Academy Press, Washington, D.C., p. 334, available at:
https://www.nap.edu/catalog/1446/managing-coastal-erosion,
last access: 4 October 2020), 1995.

NOAA: Global Ocean Heat and Salt Content, available at: https://
www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/ (last access:
5 October 2020), 2020a.

NOAA: International Best Track Archive for Climate Stew-
ardship (IBTrACS), available at: https://www.ncdc.noaa.gov/
ibtracs/ (last access: 5 October 2020), 2020b.

Özyurt, G. and Ergin, A.: Improving coastal vulnerability assess-
ments to sea-level rise: a new indicator based methodology for
decision makers, J. Coast. Res., 26, 265–273, 2010.

Palanisamy, H., Becker, M., Meyssignac, B., and Henry, O.: Re-
gional sea level change and variability in the Caribbean Sea
since 1950, J. Geodet. Sci., 2, 2125–2133, 2012.

Peltier, W. R., Argus, D. F., and Drummond, R.: Space geodesy
constrains ice age terminal deglaciation: the global ICE-
6 G_C (VM5a) model, J. Geophys. Res.-Solid, 120, 450–487,
https://doi.org/10.1002/2014JB011176, 2015.

Prime, T., Brown, J., and Wolf, J.: St Vincent – Black Point Beach
Modelling, National Oceanography Centre Research and Con-
sultancy Report no. 70, National Oceanography Centre, UK,
2019.

PSMSL – Permanent Service for Mean Sea Level: Referencing the
Tide Gauge Data Set, avaiable at: https://www.psmsl.org/data/
obtaining/reference.php (last access: 5 October 2020), 2020a.

PSMSL – Permanent Service for Mean Sea Level: Data, avaiable
at: https://www.psmsl.org/data/ (last access: 5 October 2020),
2020b.

PSMSL – Permanent Service for Mean Sea Level: Commonwealth
Marine Economies Data Portal, avaiable at: https://www.psmsl.
org/cme/ (last access: 5 October 2020), 2020c.

Ramieri, E., Hartley, A., Barbanti, A., Santos, F. D., Gomes,
A., Hilden, M., Laihonen, P., Marinova, N., and San-
tini, M.: Methods for assessing coastal vulnerability
to climate change European environment agency, Eu-
ropean topic centre on climate change impacts, vul-
nerability and adaptation, 1–91, available at: https:
//www.researchgate.net/profile/Andrea_Barbanti/publication/
301296277_Methods_for_assessing_coastal_vulnerability_to_
climate_change/links/5710bd7008ae68dc790a2421.pdf (last
access: 2 February 2020), 2011.

Rhiney, K.: Geographies of Caribbean vulnerability in a chang-
ing climate: issues and trends, Geogr. Compass, 9, 97–114,
https://doi.org/10.1111/gec3.12199, 2015.

Stockdon, H. F., Holman, R. A., Howd, P. A., and Sallenger, A. H.:
Empirical parameterization of setup, swash, and runup, Coast.
Eng., 53, 573–588, 2006.

Sutherland, J. and Wolf, J.: Coastal Defence Vulnerability 2075,
Hydraulics Research Scientific Report, SR590, HR Wallingford,
Wallingford, Oxford, UK, 220 pp., 2002.

Thieler, E. R. and Hammar-Klose, E. S.: National assessment
of coastal vulnerability to sea-level rise, U.S. Atlantic Coast,
US Geological Survey Open-File Report 99-593, US Geologi-
cal Survey, available at: https://pubs.usgs.gov/of/1999/of99-593/
(last access: 1 March 2019), 1999.

Tolman, H.: User manual and system documentation
of WAVEWATCH IIItm-version 3.14, Tech. rep.,
NOAA/NWS/NCEP/MMAB Technical Note-276, US De-
partment of Commerce, National Oceanic and Atmospheric
Administration, National Weather Service National Centers for
Environmental Prediction, Camp Springs, USA, 220 pp., 2009.

Torres, R. R. and Tsimplis, M. N.: Sea-level trends and interannual
variability in the Caribbean Sea, J. Geophys. Res., 118, 2934–
2947, https://doi.org/10.1002/jgrc.20229, 2013.

United Nations: Small Island Developing States in Numbers,
Climate Change Edition 2015, available at: http://unohrlls.
org/sids-in-numbers-climate-change-edition-2015/ (last access:
10 March 2020), 2015.

van de Wal, R. S. W., Zhang, X., Minobe, S., Jevrejeva,
S., Riva, R., Little, C., Richter, K., and Palmer, M. D.:
Uncertainties in long-term twenty-first century process-based
coastal sea-level projections, Surv. Geophys., 40, 1655–1671
https://doi.org/10.1007/s10712-019-09575-3, 2019.

Villarroel-Lamb, D.: Quantitative Risk Assessment of Coastal
Erosion in the Caribbean Region, Nat. Hazards Rev., 21, 3,
https://doi.org/10.1061/(ASCE)NH.1527-6996.0000388, 2020.

Wada, Y., van Beek, L., Sperna, F. C., Chao, W., Wu, Y., and
Bierkens, M.: Past and future contribution of global groundwa-
ter depletion to sea-level rise, Geophys. Res. Lett., 39, L09402,
https://doi.org/10.1029/2012GL051230, 2012.

Walker, A. M., Titley, D. W., Mann, M. E., Najjar, R.
G., and Miller, S. K.: A fiscally based scale for tropi-
cal cyclone storm surge, Weather Forecast., 33, 1709–1723,
https://doi.org/10.1175/WAF-D-17-0174.1, 2018.

https://doi.org/10.5194/nhess-20-2609-2020 Nat. Hazards Earth Syst. Sci., 20, 2609–2626, 2020

https://doi.org/10.5194/nhess-17-1559-2017
https://doi.org/10.5194/nhess-17-1559-2017
https://www.nap.edu/catalog/1446/managing-coastal-erosion
https://www.nap.edu/catalog/1446/managing-coastal-erosion
https://www.nap.edu/catalog/1446/managing-coastal-erosion
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/
https://www.ncdc.noaa.gov/ibtracs/
https://www.ncdc.noaa.gov/ibtracs/
https://doi.org/10.1002/2014JB011176
https://www.psmsl.org/data/obtaining/reference.php
https://www.psmsl.org/data/obtaining/reference.php
https://www.psmsl.org/data/
https://www.psmsl.org/cme/
https://www.psmsl.org/cme/
https://www.researchgate.net/profile/Andrea_Barbanti/publication/301296277_Methods_for_assessing_coastal_vulnerability_to_climate_change/links/5710bd7008ae68dc790a2421.pdf
https://www.researchgate.net/profile/Andrea_Barbanti/publication/301296277_Methods_for_assessing_coastal_vulnerability_to_climate_change/links/5710bd7008ae68dc790a2421.pdf
https://www.researchgate.net/profile/Andrea_Barbanti/publication/301296277_Methods_for_assessing_coastal_vulnerability_to_climate_change/links/5710bd7008ae68dc790a2421.pdf
https://www.researchgate.net/profile/Andrea_Barbanti/publication/301296277_Methods_for_assessing_coastal_vulnerability_to_climate_change/links/5710bd7008ae68dc790a2421.pdf
https://doi.org/10.1111/gec3.12199
https://pubs.usgs.gov/of/1999/of99-593/
https://doi.org/10.1002/jgrc.20229
http://unohrlls.org/sids-in-numbers-climate-change-edition-2015/
http://unohrlls.org/sids-in-numbers-climate-change-edition-2015/
https://doi.org/10.1007/s10712-019-09575-3
https://doi.org/10.1061/(ASCE)NH.1527-6996.0000388
https://doi.org/10.1029/2012GL051230
https://doi.org/10.1175/WAF-D-17-0174.1


2626 S. Jevrejeva et al.: Quantifying processes contributing to marine hazards

Wolf, J.: Practical aspects of physical oceanography for small island
states, in: Small Islands: marine science and sustainable devel-
opment, AGU Coastal and Estuarine Studies Series, edited by:
Maul, G., 120–131, 1996.

Wolf, J. and Woolf, D. K.: Waves and climate change in
the north-east Atlantic, Geophys. Res. Lett., 33, L06604,
https://doi.org/10.1029/2005GL025113, 2006.

Wolf, J., Beraud, C., Bricheno, L., Brown, J., Byrne, D., De Domini-
cis, M., Hull, D., Prime, T., White, A., Williams, J., and Jevre-
jeva, S.: Understanding Coastal Flooding and Erosion for Small
Island Developing States in the Eastern Caribbean Sea, with ap-
plication to the island of Saint Vincent, in preparation, 2020.

Zahibo, N., Pelinovsky, E., Talipova, T., Rabinovich, A., Kurkin,
A., and Nikolkina, I.: Statistical analysis of cyclone hazard for
Guadeloupe, Lesser Antilles, Atmos. Res., 84, 13–29, 2007.

Nat. Hazards Earth Syst. Sci., 20, 2609–2626, 2020 https://doi.org/10.5194/nhess-20-2609-2020

https://doi.org/10.1029/2005GL025113

	Abstract
	Introduction
	Study area – the Caribbean Sea and the Lesser Antilles
	Modelling approach
	Sea level projections
	Global wave model data for the Caribbean Sea
	Regional models for extreme events
	Case studies
	Tide and surge model setup and validation
	Wave model setup and validation


	Results
	Sea level changes
	Tides
	Waves
	Wave climatology of the Caribbean Sea
	Extreme wave events from regional wave model

	Storm surge results

	Combined vulnerability index
	Discussion
	Conclusion
	Data availability
	Supplement
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

