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The Maldives, with one of the lowest average land elevations above present-day mean

sea level, is among the world regions that will be the most impacted by mean sea-level

rise and marine extreme events induced by climate change. Yet, the lack of regional and

local information onmarine drivers is amajor drawback that coastal decision-makers face

to anticipate the impacts of climate change along the Maldivian coastlines. In this study

we focus on wind-waves, the main driver of extremes causing coastal flooding in the

region. We dynamically downscale large-scale fields from global wave models, providing

a valuable source of climate information along the coastlines with spatial resolution down

to 500 m. This dataset serves to characterise the wave climate around the Maldives, with

applications in regional development and land reclamation, and is also an essential input

for local flood hazard modelling. We illustrate this with a case study of HA Hoarafushi, an

atoll island where local topo-bathymetry is available. This island is exposed to the highest

incoming waves in the archipelago and recently saw development of an airport island on

its reef via land reclamation. Regional waves are propagated toward the shoreline using

a phase-resolving model and coastal inundation is simulated under different mean sea-

level rise conditions of up to 1 m above present-day mean sea level. The results are

represented as risk maps with different hazard levels gathering inundation depth and

speed, providing a clear evidence of the impacts of the sea level rise combined with

extreme wave events.

Keywords: coastal flooding, wind-waves, sea-level rise, global-to-local modelling, climate services

1. INTRODUCTION

Increased coastal flooding damages are among the potentially most hazardous and costliest aspects
of global warming (Hinkel et al., 2014), impacting populations, ecosystems and assets. Coastal flood
exposure is currently increasing at rates higher than inland due to population growth, urbanisation
and the coastward migration of people (Merkens et al., 2018), and also due to coastal extreme water
levels being raised by mean sea-level rise (Marcos and Woodworth, 2017). The Special Report
on the Ocean and Cryosphere in a Changing Climate (SROCC) of the Intergovernmental Panel
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onClimate Change (IPCC) projects that if greenhouse gas (GHG)
emissions continue to rise unmitigated (i.e., RCP8.5) global-
mean sea levels are likely to rise by 0.6–1.1 m by 2100, and
2.3–5.4 m by 2300 (Oppenheimer et al., 2019). Projected mean
sea-level rise during the twenty-first century and beyond (Kopp
et al., 2014) will inevitably increase the intensity of flood events
and will thus exacerbate the exposure and vulnerability of coastal
areas in the decades to come, with highest impacts expected in
low-lying regions. Hinkel et al. (2014) estimated that, without
adaptation, by 2100 almost 5% of the global population will
be potentially flooded annually, with losses of up to 10% of
the global GDP, under a 1.20 m mean sea-level rise. This will
require the implementation of extensive and ubiquitous coastal
adaptation solutions to avoid such large impacts (Hinkel et al.,
2019). But also if emissions are reduced to meet the goal of
the Paris Agreement to limit global warming “well bellow 2◦C”
(i.e., RCP2.6), global mean sea-level is likely to rise by 0.3–
0.6 m in 2100 and 0.6–1.1 m by 2300, which will still be a
tremendous challenge, in particular for very low lying regions
such as atoll states.

The threats of flooding events are particularly worrisome
in low-lying coastal zones, including large deltas and sinking
coastal mega-cities; but the regions with the largest expected
relative impacts are small island states (Nurse et al., 2014).
The Maldivian archipelago is an iconic case of vulnerability
to mean sea-level rise. Located in the equatorial region of the
Tropical Indian Ocean, the Maldives consist of 1192 islands,
dispersed across 860 km from 8◦ north to 1◦ south in latitude,
of which 188 are inhabited (NBS, 2017; Wadey et al., 2017) (see
Figure 1). The resident population in 2014 was 437,000 people
and is estimated to reach 557,000 in 2020, with 40% of the
population living in the capital, Malé, and its surrounding islands
Villimalé and Hulhumalé (NBS, 2019). Average land elevations
range from 0.5 m to 2.3 m above present-day mean sea level
(Woodworth, 2005), with 80% falling below 1 m. Since the 1950s
several land reclamation projects have been carried out to address
land scarcity, for example in the southern lagoon of Malé in
1954 (Maniku, 1990). With the rapid economic development
of the Maldives, land reclamation projects have also increased.
The Maldivian government estimates that over 1300 hectares of
reef or lagoon area have been reclaimed up until 2016 (MEE,
2017). This new land is required to be elevated between 1.5
and 1.75 m above mean sea-level. However, this static approach
to island elevation ignores the differing wave exposure across
the archipelago.

A lot of land reclamation is taking place in the Maldives and a
new long-term regional development strategy is currently being
prepared that prioritises islands for development (Gussmann
and Hinkel, 2021). While it is known that wave exposure differs
across islands, this has so far not been taken into account in
land reclamation and regional development. The development
of adaptation plans in the framework of coastline management
aimed to address flood hazards requires accurate information
and a deep understanding of the driving processes. Coastal flood
events are caused by extreme coastal water levels that in turn
result from the combination of relative mean sea-level, tides,
storm surges, wind-waves, precipitation and/or river run-off

FIGURE 1 | Map of the Indian Ocean with the Maldivian archipelago inside the

black box. The four black arrows indicate the main wave direction identified.

The red arrow indicates the location of the Haa Alif atoll in which is located

Hoarafushi island (satellite image in the bottom-right corner extracted from

Google Earth. Image © 2019 Maxar Technologies; Image © 2019

CNES/Airbus; Data SIO, NOAA, U.S. Navy, NGA, GEBCO).

(Woodworth et al., 2019). The design of adaptation strategies
therefore involves the knowledge of every individual driver and
their future projections at the local scale, as well as their possible
interactions (Nicholls et al., 2014). In the case of theMaldives, the
tidal range is relatively small (<1 m of maximum high waters)
and the storm surge contribution is negligible, as corresponds
to an equatorial region (Wadey et al., 2017). Earlier studies
have pointed at wind-waves as the primary mechanism causing
flooding events in the Maldives, similarly to other Indian and
Pacific islands (Hoeke et al., 2013). One of the first works was
presented by Harangozo (2013), who investigated an event that
occurred in April 1987 that flooded Mal?é, including reclaimed
land below 1 m above mean sea-level and during which the hard
structures designed to protect this land were destroyed. Based on
altimetric wave measurements and in-situ sea-level observations,
this event was attributed to prolonged swell waves originated
in the Southern Indian Ocean and reaching the island during
high tides. Similarly, in 2007, the Fares island, located in the
southernmost atoll of the Maldives was flooded due to a series
of remotely-generated swell events reaching the island (Wadey
et al., 2017; Beetham and Kench, 2018) which also affected other
areas of the eastern Indian Ocean (e.g., Lecacheux et al., 2012
in La Réunion Island). This event was particularly hazardous as
it flooded almost the entire island and affected more than 1500
people as well as the limited water resources of the island. An
extensive study was carried out in response to this event and a
protective offshore breakwater was built to avoid future damages.
For a comprehensive list of flooding events in the Maldives, the
reader is referred to Wadey et al. (2017), where the available
information of several flooding events has been collected from
a number of sources.
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Despite the recurrent flooding episodes associated with swells,
overall, in the Maldivian archipelago a complete and accurate
assessment on the wind-wave climate, including extreme waves,
is hindered by the lack of observations and regionalisation of
model runs. Numerical wind-wave simulations are available with
a global coverage, including both re-analyses (i.e., Saha et al.,
2010) and projections (i.e., Hemer and Trenham, 2016; Morim
et al., 2019), although with a coarse resolution that prevents
their use for many practical purposes, such as accurate local
assessments. This work intends to fill this gap by providing
the necessary information on waves to perform coastal studies
along the Maldivian shorelines. The objectives of the present
study are three-fold: first, we fully characterise the wave climate
around the Maldives on the basis of global, coarse resolution
numerical wave dynamical simulations for present-day, and we
further evaluate the projected changes under climate change
scenarios (section 3). Secondly, we downscale the extreme wave
climate through propagation of the main extreme waves from
the dominant directions toward the coastlines with a much
higher resolution (section 4). And finally, we illustrate how this
information can be translated into a flood hazard assessment
in a selected location that is exposed to the largest incoming
swell waves in the archipelago. To do so, we propagate wave
conditions from the nearshore to the coastline under different
mean sea-level rise scenarios and quantify the flooding extent
with and without land reclamation (section 5). Data, methods
and numerical models are described in section 2, while all the
results are discussed together in section 6.

2. DATA AND METHODS

This section describes the global wave data that is used to
characterise and downscale wave information to the nearshore
in the Maldives, together with the numerical models and their
implementation. Local wave modelling is used as the basis of
flood hazard assessment for a case study. To do so, waves are
combined with a set of mean sea-level changes using a scenario-
independent approach. That is, waves are propagated toward the
shoreline under prescribed mean sea-level increments of 0.25,
0.5, 0.75, and 1 m with respect to present-day averaged value.
Note that these values are not necessarily interpreted as climate-
induced mean sea-level rise; they can also be associated to tidal
oscillations or to a combination of tides and mean sea-level rise.

2.1. Global Wind-Wave Datasets
We have used the CAWCR Global wind-wave data set that
is freely distributed through the CSIRO data server (Hemer
et al., 2015). This set, generated with the WaveWatch III wave
model (version 3.14, Tolman, 2009) in a common 1◦ × 1◦

resolution global grid, consists of a hindcast, historical runs
(late twentieth century), and projections for the twenty-first
century. The hindcast has been forced with surface wind fields
from the NCEP CFSR (Saha et al., 2010) and covers the period
from 1979 to 2009 with a temporal resolution of 1 h (this
simulation is referred to as CFSR hereinafter). The historical
runs and projections were generated using the output fields of

8 different CMIP5 models (ACCESS1.0, BCC-CSM1.1, CNRM-
CM5, GFDL-ESM2M, HadGEM2-ES, INMCM4, MIROC5, and
MRI-CGCM3), covering three different time periods with a
temporal resolution of 6 h: historical runs for 1980-2005;
and projected waves for mid-(2026–2045) and late-(2081–2100)
twenty-first century. The projections for mid- and late-twenty-
first century were run under two different emission scenarios,
RCP4.5 and RCP8.5, although we will use only the latter. A
detailed description of the wave climate dataset can be found in
Hemer et al. (2013).

Global wave models are used to characterise the present-
day and future projected changes of wave climate around the
Maldivian archipelago, with emphasis on the extreme wave
climate. Return levels of Hs for a set of prescribed return periods
are calculated by fitting the top 1% waves to a Generalised
Pareto Distribution. Given the coarse spatial resolution of the
model configuration, we do not expect the small islands as the
Maldives to be accurately represented by these global simulations.
Given that the wave fields are modified by the presence of the
islands (see for example Supplementary Video 1 from Amores
and Marcos, 2019), the global fields must be downscaled in order
to be usable for practical purposes. This process is described in
the following.

2.2. Regional Wave Modelling
Global waves have been dynamically downscaled in the Maldives
using the WaveWatchIII wave model (version 4.18, Tolman,
2014). The model was implemented on an unstructured mesh
with 33160 nodes and 64456 elements over a domain ranging
from 71.5 to 75.5◦E in longitude and from −1.5◦N to 8.5◦N in
latitude (black rectangle surrounding the Maldives in Figure 1).
The spatial resolution of the unstructured mesh varied from
50 km along the boundaries of the domain down to 500 m
in the channels between the atolls. Only the external coasts of
the atoll islands were considered due to the lack of bathymetric
information inside the atolls. The regional bathymetry used to
build the model grid was the GEBCO bathymetry 2014 in a
global 30 arc-second interval grid (https://www.gebco.net/). The
wave spectrum was defined by a directional resolution of 10◦

and 24 frequency bands ranging non-linearly from 0.0373 to 1.1
Hz. Dynamical downscaling was preferred instead of statistical
approaches because there is no local information on waves that
can be used to calibrate the model.

2.3. Local Wave Modelling
Nearshore downscaled waves have been propagated toward the
coastline for a case study site. The selected location corresponds
to Haa Alif atoll (HA) at Hoarafushi island, located at the
north of the archipelago (Figure 1). Hoarafushi has a maximum
length of 2,500 m and a maximum width of 500 m (Figure 1).
This site has been chosen for two main reasons: firstly, at
the start of this study a land reclamation project to build a
new airport next to the island was foreseen. The development
of the regional airport on the newly reclaimed island on the
reef of HA Hoarafushi is part of the government’s regional
development and decentralisation plans, which puts extra focus
on the northernmost atoll Ihavandhippolhu. We therefore aimed
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at evaluating the exposure of this new reclaimed land to incoming
waves and how its presence can alter the wave propagation
over the reef and the exposure of the current island. The
process of land reclamation was started on April 16th, 2019
(https://edition.mv/news/10159) and finished almost 5 months
later, on September 5th, 2019 (https://edition.mv/news/12266;
see Supplementary Figure 1, to see the construction process on
June 15th, 2019). Secondly, information on the local bathymetry
and land elevation is available and allows to simulate the wave
propagation. A bathymetry around the island was generated
by combining measurements on the reef flat performed by
the Maldives Transport and Contracting Company, who was
in charge of the design of the land reclamation project. We
completed these data with reef slope measurements taken during
a field trip on February 2018 (using a single beam echosounder).
Our measurements included a total of 10 profiles across-slope
separated around 200–500 m between them as well as several
along-slope transects. The minimum depth measured in the
across-slope profiles was around 3m, that was the closest the boat
could get to the reef crest, and the maximum depth recorded,
that was fixed by the maximum range of the echosounder, was
around 50 m. Unfortunately, there is no detailed information
on the topography of the island. Instead, a constant land height
of 1.5 m above present-day mean sea level has been used,
according to visual inspections and in accordance with existing
regulations. The coastline of the island has been represented with
a constant slope, given that there are not hard structures in the
oceanward side. Two topo-bathymetries have been implemented,
with and without the presence of the airport. Finally, it is worth
mentioning that HA Hoarafushi island is exposed to the highest
incoming waves around the archipelago, as will be shown below.

The local wave propagation has used the SWASH model
(Zijlema et al., 2011, code available at http://swash.sourceforge.
net/) in a 2D regular grid of 6,220 m in the W-E direction and
7,320 m in the S-N direction with 10 m of spatial resolution
(see the domain in Figure 8). This model is suitable for our
purposes as it is capable of simulating wave setup and runup
and predicting infragravity waves in the nearshore (Rijnsdorp
et al., 2012), a relevant process that contributes to the amount
of flooding by raising temporary the sea level near the coast. The
West and South boundaries were considered active introducing
the wave forcing in the domain with Jonswap spectra with a wave
dispersion of 20◦ and a peak enhancement parameter γ of 3.3.
A different combination of wave dispersion and γ was tested (5◦

and 10◦, respectively), resulting in essentially the same results in
terms of flooding. A 150 m sponge layer was placed in the eastern
boundary and 1,000 m sponge layer in the northern boundary,
to avoid unrealistic wave forcing from the interior of the atoll
given by spurious wave reflection from the those boundaries.
The lack of in-situ measurements of wave propagation and
transformation along the domain made it impossible to calibrate
theManning’s friction coefficient. The values for coral reefs found
in the literature vary from 0.01 to 0.2. For example, Zijlema
(2012) used 0.01, Prager (1991) used 0.05, Kraines et al. (1998)
used 0.1, and Cialone and Smith (2007) used spatially-varying
Manning’s coefficient values of 0.02, 0.19, and 0.2 depending
on the region of their domain. The Manning’s coefficient value

was finally fixed to 0.019 following Suzuki et al. (2018), who
investigated the most suitable value for SWASH model applied
to overtopping computation along a beach profile with defined
defenses. In our case, there is not a complete beach profile, but
the overtopping, which is the process of interest here, is occurring
at the shoreline of a sandy beach.

With this configuration, the total simulated time for each
combination of parameters was 70 min, with an initial
integration time of 0.05 s and having outputs every 5 s. This
is computationally intensive but still feasible for the range of
experiments and for the two topographies (with and without
the airport).

3. CHARACTERISATION OF WAVE
CLIMATE AROUND THE MALDIVES

3.1. Present-Day Wave Climate
The outputs of the CFSR wave hindcast at 24 grid points around
theMaldives are used to describe the large-scale present-day wave
climate in the archipelago (Figure 2). Wave roses in Figure 2

identify, for each grid point, the direction of the dominant wave
regimes with their corresponding significant wave heights (Hs)
and peak periods (Tp). One prominent feature is that the largest
significant wave heights are usually accompanied by peak periods
longer than 10–12 s (and reaching up to 24 s), which suggests
that these are remotely generated waves, i.e, swell waves. This is
in agreement with the location of the Maldives in the Equatorial
region, where winds are weak, and in a region exposed to swell
waves from the Southern Ocean (Wadey et al., 2017; Amores and
Marcos, 2019) and is further examined below.

Waves from the south-west (∼ 205◦) are the most common
with Hs reaching values larger than 4 m (note that the angles
follow the maritime convention, as indicated by the labels in the
wave rose of point #1). This finding is in line with Amores and
Marcos (2019) that demonstrated that between 80 and 90% of the
swell events impacting along the Maldivian coastlines are from
SW and originated in a region located between south of Africa
and east of South America. The second most frequent direction
is the south-east (∼ 145◦). These waves reach maximum values
ofHs around 3 m, thus smaller than∼ 205◦ waves, and with peak
periods between 10 and 12 s. In addition to these two dominant
swell wave directions, two other casesmuch less frequent but with
non-negligible Hs are detected. In the north of the archipelago
the largest waves withHs of up to 5 m are from the west direction
(∼ 275◦, see wave-rose #17 in Figure 2). And finally, waves from
60◦ are also found in the points of the northeastern side of the
archipelago (see, for example, wave-rose #10 in Figure 2) with
peak periods smaller than 10 s andHs smaller than around 2.5 m.

The characteristics of the incoming large-scale waves are
further analysed in greater detail for three grid points capturing
the entire range of directions: point #17 (northwest), point
#3 (south), and point #10 (northeast). Figure 3 examines the
annual and seasonal distribution of incoming waves for every
direction and their classification in terms of wind-seas and swells,
according to the spectral partitioning provided by the global
wave models. These histograms, representing the number of
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FIGURE 2 | Distribution of the ocean wave climate around the Maldives from the CFSR Hindcast. Each wind-rose-plot corresponds to one point of the central map.

The radial distance of each single point in each wind-rose indicates the wave height (m) while the azimutal value indicates the direction that the waves are coming from

in nautical convention. The colour of each point shows the peak period. The continuous black (grey) line indicates the quantile 50 (99) for each direction while the

dashed black like shows the quantile 50 averaging all the directions. Shadowed areas in the wave roses indicate the most frequent incoming wave directions in a 1◦

bins (% referred to the radial axis).
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events per year, have been constructed with wave events separated
at least 3 days to avoid over-representation of the dominant
directions and with a minimum peak prominence Hs of 0.2
m to remove noise from smaller waves. The three points are
representative of the four incoming wave directions identified
above and all register a similar number of waves during the
hindcasted period (between 45 and 50 per year, as listed in the
title of the panels in Figure 3). Their distribution in directions
is, however, different, and depends on their position. The most
frequent wave direction, around 205◦, is evident in points #17
and #3 and is equally likely throughout the entire year (see
panels d, e, g, h for comparison among seasons). A composite
of the wave and wind fields corresponding to these events is
mapped in Supplementary Figure 2, demonstrating that these
waves indeed correspond to remotely generated southwestern
swells, in line with the findings in Amores and Marcos (2019).
Waves from the west direction, around 275◦, are the second
most frequent in point #17 with a marked seasonal character,
being only detected between May and October (panel d) and
classified as a mixed sea+swell. These waves are generated by
the Indian monsoon and only affect the northernmost area of
the archipelago. The corresponding composites are shown in
Supplementary Figure 3. The presence of waves generated by
the Indian monsoon likely has an impact on the wave type
distribution of the southwestern swell at point #17, since its
percentage of sea+swell is larger between May and October; also,
the wind fields of the composites corresponding to both types of
waves are identical (see last rows in Supplementary Figures 2, 3).

The second peak in point #3, seven times less frequent
that the southwestern swell and also observed in point #10,
corresponds to the direction around 145◦, with waves detected
throughout the entire year. According to the wave and wind fields
composites (Supplementary Figure 4) these are waves generated
in the Southern Ocean, in a region off the southeastern coast
of Australia (Amores and Marcos, 2019). Finally, the fourth
incoming direction, around 55◦, is clearly detected in point
#10, with a strong seasonal character. These waves correspond
to the northeast monsoon (Wadey et al., 2017) and are only
relevant between November and April, contrasting with the
Indian monsoon (panel f and i).

Return levels of Hs for every direction and for the
three grid points are shown in Figure 4 and listed in
Supplementary Table 1. Noteworthy are the flat tails for the
southeastern swells evident in points #10 and #3. Independence
among wave events is ensured with the 3-day declustering. A
Generalised Pareto Distribution (GPD) has been fitted to the
top 1% of the largest Hs; in the case that this subset is too
small as to reliably fit the distribution, the 30 largest values (1
event per year on average) were used. The largest return levels
correspond to waves generated by the Indian monsoon in point
#17 (Figure 4D). This direction has a Hs of 4.75 m for a 10
year return period that is larger than all the return levels for
the 500 year return periods for all cases (with the exception
of the southeastern swell affecting point #3 that has 4.99 m as
Hs associated with 500 year return period). On the other side,
the lowest return levels correspond to the northeast monsoon
affecting point #10 with a Hs equal to 2.74 m for a return period

of 500 years, around 1 m lower from the closest return level (3.61
m for 500 year return period for the swell coming from southeast
in point #3).

3.2. Wave Projections During the
Twenty-First Century
The same three grid points analysed above are used as proxies
to evaluate the projected changes in waves around the Maldives,
using the output of historical simulations and projections during
the twenty-first century. Figure 5 represents changes in the
frequency of arrival of waves for each direction of propagation by
the end of the twenty-first century under RCP8.5 with respect to
present-day values for each point. The median of the 8 climate
model projections is shown in red (blue) when the projected
changes indicate an increase (decrease) in the number of wave
events and the grey area represents the model spread. Global
models project an increase (∼ 3%) of the southwestern swells,
consistent with the findings in Amores and Marcos (2019), who
showed a greater activity in swell generation in the region of
formation of these waves later in this century. For the waves
generated by the Indian monsoon, models show a smaller
decrease in the number of waves. Other directions do not show
robust projected changes, as the model spread is larger than
the median change. The same applies to projected variations
in median and extreme Hs in all directions of propagation
(Supplementary Figure 8).

Overall, projected changes in Hs are smaller than the multi-
model spread even under RCP8.5 climate scenario. Variations
are expected to be even smaller under RCP4.5. In consequence,
present-day significant wave height is considered to be largely
representative of future wave climate for the purposes of this
work and only CFSR wave fields will be downscaled and
propagated toward the shorelines. It is worth noting that changes
in the frequency of each wave direction (Figure 5) can be
relevant to the transport of sediments and could modify current
erosion patterns.

4. REGIONAL WAVE DOWNSCALING

Global wave information needs to be downscaled to become
representative and usable in the nearshore; however, downscaling
the full hourly 30-year CFSR hindcast is computationally
too intensive. On the other hand, in terms of coastal
impacts assessments and, in particular when coastal flooding is
concerned, it is extreme values that are the most relevant metric.
Therefore, our approach consists of dynamically downscaling
the return levels for Hs calculated for 6 different return periods
(namely, 10, 20, 50, 100, 500, and 1000 years) and the four main
wave directions that were previously identified. To do so, we
have used the Wave-WatchIII model configuration described in
section 2.2. The Hs return level associated with a given wave
direction is defined at a reference grid point and propagated
along the corresponding boundary. In order to insert consistently
the Hs at the rest of the grid points in the same boundary,
the linear relationships between simultaneous events (±24 h),
arriving from the same direction and reaching the reference point
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FIGURE 3 | Histograms of wave direction (in nautical convention) registered at the three points selected as being representative (point #17 in the first column (a,d,g),

#3 in the second (b,e,h), and #10 in the third) (c,f,i). The first row shows the annual histograms (a,b,c), May-October histograms are shown in the second row (d,e,f)

and November-April histograms are in the last row (g,h,i). Each pie chart indicates the spectral separation by type of wave produced by WaveWatch III model [pure

sea (Hs of swell = 0), pure swell (Hs of sea = 0), sea + swell dominated by sea (Hs of sea > Hs of swell) and swell + sea dominated by swell (Hs of swell > Hs of sea)]

corresponding to each wave component identified (grey shadows).

and the other boundary points were computed. This procedure
is illustrated in Supplementary Figures 9–12, where also the
reference grid points at each boundary are marked. The linear
relationships between the reference grid point and the others are

used to scale Hs at each active boundary point. The boundary
points where no simultaneous events with the reference point
were found or, alternatively, for which there is no correlation
(we set the limit value of R2 of the linear adjustment to 0.2),
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FIGURE 4 | Return levels associated with each return period (thick continuous lines) for the three representative points (point #17 in the first column (a,d), #3 in the

second (b,e), and #10 in the third) (c,f) for the wave directions identified at each point (for example, panel a corresponds to the first grey shadow in Figure 3a). The

uncertainty bands correspond to ±σ (dashed lines) and the 5−95 % intervals (dotted lines) and have been computed using the delta method. The return period

indicated in the top of the panels (10, 20, 50, 100, and 500 years) are the ones selected to perform the regional downscaling with WaveWatch III. Note that the y-axis

are different for each panel and do not allow a direct comparison.

FIGURE 5 | Projected changes in wave direction by the CMIP5 models described in section 2.1 for each one of the representative points selected (a point #17, b

point #3, and c point #10). Black line represents the CFSR hindcast histogram (same as the first row in Figure 3); grey shadow indicates the spread of the CMIP5

models (RCP8.5 - Historical); red (blue) shadows show where the models agree to project a frequency increase (decrease) of a given direction.

were assigned a linear slope of 0.01 in order to avoid introducing
spurious waves. The peak period (Tp) of the incoming waves
associated with each return level for Hs, have been determined

using a linear relationship between all the (Hs,Tp) events
extracted at each reference point for each of the four directions
of the incoming waves (Supplementary Figure 13).
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The resulting downscaled wave fields consist of a set of four
return level curves at every coastal grid point with a spatial
resolution of ∼500 m. This resolution permits to model wave
propagation at the scale of the archipelago. Although it is not
accurate enough to perform local assessments inside an atoll,
it provides, instead, the necessary boundary condition for the
forcing. The full data set is provided at the Zenodo repository
under this doi: 10.5281/zenodo.3886273. Figure 6 shows the
results for the 100-year return level of the four directions over
the entire domain, sorted by decreasing Hs. Note that the spatial
patterns of different return levels will be the same for each wave
direction and only the magnitude changes. Due to the limited
resolution of the GEBCO topobathymetry (∼ 1 km), an accurate
representation of the islands and the inner part of the atolls
is not feasible. Thus, the atolls have been considered as whole
entities. This assumption implies that the side of the islands that
faces toward the atoll’s interior is not solved by our regional
downscaling. Nevertheless, it is not relevant at this scale because
this side of the islands is not directly impacted by waves. We
consider that, given the limited depth on the atoll rims (roughly
1 m), this assumption is reasonable, especially because a more
accurate assessment would require tide-current local modelling
to capture lagoon/ocean interactions.

Figure 6 shows that the largest waves in the Maldives (Hs >

5m) are generated by the Indian monsoon (panel a) in the
northwestern part of the archipelago, with values ofHs exceeding
2 m in the area northwards from 3◦N (note that the same colour
scale is used for the four maps). One remarkable feature is that
these waves, although attenuated, reach the western side of the
Kaafu atoll, the most populated atoll in the Maldives and where
the capital city Malé is located. Because of the absence of shadow
effects, the western coast of the Kaafu atoll, is the inner region
of the Maldives exposed to waves with larger Hs, reaching values
between 2.5 and 3.0 m. The southwestern swell (panel b), the
second direction with largest Hs after the Indian monsoon, is
the component that spreads larger Hs to a broader scale. More
precisely, it generates ocean waves with Hs >3 m (even than 3.5
m) to all the western sides of the atolls comprising the Maldives.
The third ocean wave direction in terms ofHs is the southeastern
swell (panel c), that affects all the eastern side of theMaldives with
Hs ranging from 2 to 3.5 m. Finally, the northeastern monsoon
(panel d) is the ocean wave component with smaller Hs (< 2m).
Its effects are concentrated in the central region of the eastern side
of the archipelago, from 2 to 6.5◦N. It does not strongly affect the
northernmost part of the Maldives because this region is located
under the shadow of the Indian continent to the monsoon winds
(Supplementary Figure 6).

Combining the results of the four wave directions shown in
Figure 6, we can identify the wave component with greater Hs at
each grid point along the coastlines (Figure 7a), the value of this
greater Hs (Figure 7b), as well as how many different directions
each coastal point is exposed to Figure 7c;Hs ≥ 1.5 m. In relative
numbers, 33% of the coastlines are exposed to the large waves
from the Indian monsoon, in 25% of them the highest waves
arrive from the southwestern swell, in 28% from southeastern
swell, and only 14% from the northeastern monsoon. As in the
case of the Kaafu atoll mentioned above, a similar effect is found

in the eastern part of the Faafu and Dhaalu atolls, also located in
the interior of the Maldives. Here the dominant wave component
reaching the eastern coast of these atolls is the southeastern swell
that penetrates in the middle of the Maldives between Thaa Atoll
and Meemu Atoll.

In terms of maximum Hs (Figure 7b), around 15% of the
coastal points, most of them located in the interior of the
archipelago, are affected by waves with 100-year return periods
smaller than 1 m. The most common values are between 1 and 2
m, affecting 35% of the coastal locations. In 22% of the coasts, the
100-year return levels of Hs vary between 2 and 3 m and in 17%
Hs between 3 and 4 m. The largest values, over 4 m, affect around
11% of the coastal points which are found, as expected, in regions
where the Indian Monsoon dominates (Figure 7b).

Another metric for the exposure of the coasts to incoming
waves is the number of swell directions reaching every coastal
point. This is illustrated in Figure 7c, where we have quantified
how many wave directions, from the 4 represented in Figure 6,
reach each coastal point with Hs ≥ 1.5m for the 100 year return
period. The choice of the Hs threshold and the return period
selected is arbitrary and used only for illustration purposes; it
is not determinant for the resulting map. We conclude that,
in 32% of the coastal points, the 100-year return level of Hs is
always smaller than 1.5 m (grey points in Figure 7c), with these
areas located mainly in the interior of the archipelago. In 29%
of the coastal points waves arrive from a single direction (blue
points) and in 38% from two directions (yellow points), with
the latter case mainly affecting the eastern and western side of
the Maldives. In only 1% of the coastal grid points waves arrive
from 3 directions (red points), but these are concentrated in the
easternmost side of the Vaavu atoll.

5. LOCAL WAVE MODELLING AND FLOOD
HAZARD IN HOARAFUSHI ISLAND

The outputs of the regional wave downscaling developed in
the previous section are used here in a local flood hazard
assessment, illustrating its direct applicability. To do so,
downscaled nearshore wave information in a coastal grid point
next to Hoarafushi island is propagated toward the shoreline
and used to assess coastal flooding under different mean sea-
level rise scenarios. The are two reasons that make this location
particularly interesting for local wave modelling: first, it is
affected by the two largest wave components in the archipelago,
i.e., the IndianMonsoon and the southwestern swell; and second,
a new island was reclaimed to host a regional airport, which
raises questions of present and future climate hazards (see section
2.3). The projected airport, that will have a length of around 1.5
km and a width of 300 m in its wider section, will be located
in the reef of the island that faces toward the outer side of
the atoll. This means that the shoreline of the airport will be
substantially closer to the reef edge than the original island (150–
200 m instead of 600 m), reducing the amount of wave energy
that can be absorbed by the reef. This local-case study does
not pretend to give any recommendation to stakeholders on the
airport island height for this specific site. To do so, detailed

Frontiers in Marine Science | www.frontiersin.org 9 June 2021 | Volume 8 | Article 665672

https://doi.org/10.5281/zenodo.3886273
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Amores et al. Coastal Flooding in the Maldives

FIGURE 6 | Regional downscaling of the 100 year return period wave event performed with WaveWatch III model (see section 2.2 for the details) for each one of the

wave components identified [(a) Indian Monsoon, (b) Southwestern Swell, (c) Southeastern swell, and (d) Northeastern Mosoon]. Black arrow in each panel indicated

the wave direction. Black stars indicate the position of Malé, the main city of the Maldives, and Hoarafushi, the island where the local modelling was done.

local information, such as a high-resolution topo-bathymetry or
ocean waves in-situ data to validate the model outputs would be
required. This example illustrates the applicability of the regional
wave downscaling developed here to a local study if precise local
information was available.

Wave propagation with SWASH was carried out in the
domains in Figure 8. In total, 60 different runs were completed by
combining 3 different return periods ofHs (10, 50 and 100 years),
two wave directions (Indian Monsoon and the southwestern
swell), and 5 different mean sea levels (0, +0.25, +0.50, +0.75,
and+1m) for the island configuration with and without airport.
We have followed a scenario-independent approach for mean
sea-level rise, with 0m corresponding to present-day mean sea
level. Mean sea-level changes with respect to the current situation
may be interpreted in terms of projected mean sea-level rise
(e.g., +0.50m is the median projected mean sea-level rise in
2068 under RCP8.5 and 2088 under RCP2.6, according to Kopp
et al., 2014) or as a combination of mean sea-level rise and high
tides (e.g., +0.50m is the mean rise in 2041 under RCP8.5 plus
+0.25m of tidal amplitude). The mean sea-level changes tested
may also include, besides projected mean sea-level rise and tides,

other physical processes that can cause mean sea-level variations
from seasonal to decadal time scales. We recall here that tides
in the Maldives reach a maximum range of around 1m (0.7m
median range, Wadey et al., 2017). Note that precise geodetic
references relating altitudes and tidal levels are lacking in the
Maldives, so these values should be considered as an order of
magnitude only. Four examples of selected simulations can be
found in Supplementary Videos 1, 2.

It has not been possible to validate the model outputs for the
present-day situation due to the lack of observations. We are
providing, nevertheless, a qualitative validation by comparing the
velocity field obtained with the configuration that includes the
airport to a satellite photography in which the airport is under
construction (Supplementary Figure 1). There is a consistency
between higher current velocities in the model and the imprint
of sediment transport from the new-built airport that are likely
driven away by the currents.

The outputs of the first set of 30 model runs, that correspond
to the spatial configuration without the airport (Figure 8a), are
used to evaluate the exposure of the island in terms of the amount
of flooding under different forcing conditions. The outputs along
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FIGURE 7 | Products derived by combining the regional downscaling for the 100 year return period of the 4 wave components in Figure 6 along the Maldivian

coastlines. (a) shows the wave component causing the largest Hs at each coastal point; (b) the maximum Hs at the coast; and (c), the number of wave directions with

Hs larger than 1.5 m that hit each coastal location for the 100 year return period.

a 100-m wide coastal strip covering the western coast of the
island (plotted as grey area in Figure 8a) have been gathered
together. To do so, the strip is divided in 25-m long sections
resulting in 25 × 100 m boxes. Simulated water level time series
were extracted for each box and used to compute median and
maxima water levels for eachmodel run in each of them. Figure 9
represents the boxplots along the entire coastal strip of these
median (left panel) and maxima (right panel) values under all
mean sea levels and return levels considered. The horizontal
black thick line in both panels marks the height of the island and
the two incoming directions are separated by vertical shadowed
areas for comparison. Median values of total water level, that
correspond to the superposition of the mean sea level and wave
setup, do not reach the threshold of land elevation, indicating
that there is no overflow at any point along the coastline under
all the forcing conditions considered. The results also point
at the southwestern swells as the potentially most hazardous

waves, as these systematically induce higher water levels than
the Indian monsoon waves (shadowed areas against blanked
areas). The reason lies in the longer Tp associated with the
southwestern waves (∼ 20 s) in front of the monsoon waves (
∼ 12 s). As expected, the larger wave setup for a given return
period is obtained for the lowest mean sea level of 0m: wave
setup reaches almost 0.4 m under present-day mean sea level
conditions and reduces to 0.3 m with an increase of 1m. This
is because in shallower waters the effects of wave shoaling and
breaking leading to wave setup are larger. It is worth noting here
that while an increased water level leads to a decreased setup,
deeper water allows for largerHs on the reef flat and an increased
run-up potential which could be relevant in terms of impact
to infrastructures and erosion. On the other hand, maximum
values along the coastal strip have been used to measure whether
there has been overtopping generated by the incoming waves.
Overtopping occurs whenever these values exceed the island
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FIGURE 8 | Example of local downscaling simulations with SWASH model (see section 2.3 for details) for the 10 year return period southwestern swell event with 0.5

m of sea level rise (this increase in sea level could mean permanent sea level or high tide with present sea level) for the case without the airport (a) and with the new

airport (b). Grey (purple) stripe indicates the coastal region where the box plots from Figure 9 (Supplementary Figure 15) are computed.

FIGURE 9 | Box plots along Hoarafushi coast without airport computed with time series of simulated water levels: (a) median values; (b) Maximum values. Box plot

colours indicate the sea level of the simulation (dark blue 0 m; light blue 0.25 m; green 0.5 m; orange 0.75 m; dark red 1 m) and are referenced from the dashed line

with the same colour. Box plots on grey (white) background are for the simulations for the southwestern swell (Indian Monsoon). The thicker line of the box plots

shows the median values; the lower (upper) limit of the boxes indicates the 25th (75th) quantile; and the lower and upper whiskers indicate the minimum and

maximum values. The horizontal thick black line indicates the island height.

elevation, with their magnitude indicating the severity of the
flooding. The boxplots for the maximum values (right panel in
Figure 9) point to the occurrence of overtopping under several
forcing configurations. For example, 100-year return level waves
from southwestern swell and +0.5m mean sea level increase.

Note that this may correspond to a 1 in 100-year events reaching
the coast during the spring tides and under present-day mean sea
level conditions. It also occurs for moderate extreme waves with a
return period of 10-years in combination with+1m of mean sea
level (this case is also provided in the Supplementary Video 1)
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FIGURE 10 | Level of hazard on the new airport for all the SWASH simulations. The colourscale indicates the level of hazard defined by a combination of water height

on the airport and water velocity (see Supplementary Figure 16). Different sea levels are represented at each row while the columns indicate return periods of Hs

(10, 50, and 100 years) as defined in the text for the regional wave climate. For each combination of sea level and return period, the result for the Indian Monsoon and

Southwestern swell are shown at left and right, respectively.

and for all the return periods for the southwestern swell with
+0.75m of mean sea level rise.

With the construction of the airport connected to Hoarafushi
(Figure 8b), the median and maximum water level values
computed along the coast (grey area in Figure 8b) slightly
increased for all combinations of mean sea level, extreme waves
and wave directions (see the equivalent figure to Figure 9 in
Supplementary Figure 14). On average, the median values of

water level along the coast increase around 0.05 m solely due
to the presence of the airport, that partially blocks the channel
between Hoarafushi and the island located southwards, leading
to higher wave setup. The new reclaimed land is also exposed
to incoming waves, and this exposure has been measured in
a similar manner as for Hoarafushi, i.e., along a coastal strip
on its western coast (blue area in Figure 8b). We remark that
the airport has been built 150-200 m away from the reef edge,
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reducing to a large extent the protection of the wave damping
induced by the reef flat. Consequently, both median and maxima
water level values are significantly higher than in Hoarafushi
island (Supplementary Figure 15). For example, with +1m of
increase in mean sea level, even moderate extreme waves would
cause overtopping (e.g., 10-year return levels or less under
high tide), and under current conditions a 50-year return level
southwestern swell would partially flood the airport.

The flood hazard of the new reclaimed land is summarised
in Figure 10, using the set of 30 simulation runs with the
airport. The flood hazard has been defined following the
French standards, that define four different flooding hazard
levels (low, moderate, high, and very high) that arise as
combinations of inundation level and the water speed over land
(see Supplementary Figure 16). The artificial island built for the
airport is completely flooded with a high level of hazard for most
part of the island for both wave directions and all return periods
with an increase in mean sea level of ≥ 0.75m (with the only
exception of the Indian monsoon 10-year return period). It is
foreseen that the reclaimed land suffers from partial flooding
under a southwestern swell extreme of 50-year return period with
current conditions of mean sea level. It is worth mentioning that,
given the lack of topographic data for the new airport island,
flooding hazard is possibly biased high. We simulated the island
as being completely flat and without any coastal defenses. This
is unlikely to be the case for a critical infrastructure. However,
the actual defense height remains unknown, which is why we
assume compliance to land reclamation regulations i.e., 1.5 m
land elevation. Coastal defenses would only delay the impact of
coastal flooding, but would not avoid it.

6. SUMMARY AND DISCUSSION

6.1. Global to Local Coastal Modelling
Mean sea-level rise, despite having a global origin, has severe local
coastal impacts, as it raises the baseline level on top of which
extreme events reach the coastlines. Yet, projections of changes
in mean sea-level as well as assessments of marine extremes
are often provided on a large-scale basis (e.g., Vousdoukas
et al., 2017), while understanding the causes of coastal flooding
and anticipating the impacts require quantitative information
at the local scale. This can be feasible to implement in regions
where monitoring networks, forecasting and operational systems
and development programs for sustainable coastlines are well
established and mature (for example, the Flood and Coastal
Erosion Risk Management Programme in the UK, or the Delta
Programme in the Netherlands). In many cases, however, even
local assessments rely on coarse resolution, large-scale global
climate information.

In this work we have focused on the Maldivian archipelago,
a region where recurrent flooding episodes occur driven by
remotely generated waves. These events are, furthermore,
projected to become more frequent as mean sea level rises due to
the low elevation of the islands. Despite their exposure to waves,
to our knowledge, the only source of wave climate information in
the region so far are the outputs of global wave reanalysis with a
spatial resolution of the order of a degree. Our work illustrates

how these global wave fields from coarse resolution climate
models can be translated into usable information for regional
and local studies and how it can be combined with regionalised
projections of mean sea-level rise and local topo-bathymetries.

The first step consisted of a detailed analysis and
characterisation of the global wave climate around the Maldives
using the closest grid points from the CFSR wave reanalysis
(section 2.1). This is a prior mandatory step before the design
of the regionalisation. We identified four dominant incoming
wave directions from remotely generated waves: the two most
common, that originate in the Southern Ocean (Amores
and Marcos, 2019), and swells generated by the Indian and
Northwestern monsoons. In a second step, for each direction,
extreme waves have been characterised in terms of Hs and Tp

and a set of five return levels have been dynamically-downscaled
using the spectral model WWIII (section 2.2). We have focused
on extreme waves only because these are the most relevant
for risk analyses; furthermore, the alternative of dynamically-
downscaling a 35-year long reanalysis is unfeasible due to
computational constraints (this worsens if historical runs and
projections are considered). The regionalisation has resulted in a
major product of the present work: a valuable data set of extreme
waves along the Maldivian coasts with spatial resolutions down
to 500 m in the points nearest to the coast. The data set is
published at doi: 10.5281/zenodo.3886273. The output of our
regionalisation provides quantitative information on extreme
waves, in the form of return level curves, at the regional scale
in the Maldives and for the first time. This dataset is useful for
coastal engineering studies, for feeding local coastal models
of flooding hazards and for planning land reclamation and
other regional developments. It also serves to compute the
inundation potential at every location and for every incoming
swell direction, that depends on wave energy, H2

s · Tp, in line
with the “response approach” discussed in Sanuy et al. (2020).
Overall, it is expected to become a compelling source of scientific
information that can be embedded in coastal climate services
(Le Cozannet et al., 2017; Kopp et al., 2019). The users should,
nevertheless, ensure that the inherent uncertainties in the
method and data are considered. This means that regional waves
are representative of ocean swells in the vicinity of the atolls and
that, for practical purposes, a detailed topobathymetry is needed
is these regional outputs are to be used as boundary forcings.
Also, the four main swell directions arriving to the archipelago
are considered separately, since the generation mechanisms are
independent; thus, every coastal location may be exposed to a
different number of incoming wave directions, and all of them
should be explored in a local case study, as illustrated in section
5 above.

There is a number of limitations in our regionalised wave
fields. The bathymetry used in the regional wave model (GEBCO,
see section 2.2) has a spatial resolution of ∼ 1 km, which is
not enough to resolve the features inside the atolls. We have
therefore included every atoll as a single entity in the model
domain, neglecting the wave propagation in the inner region and
the exchanges between the lagoon of the atoll and the ocean. We
consider, nevertheless, that this assumption is reasonable because
our results provide evidence that shadow effects of the atolls to
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incoming waves are realistically simulated from all directions.
That implies that we account for the waves that reach the external
coast of the atolls everywhere in the Maldives. This limitation
can be overcome in areas where mesoscale (∼ 100 m resolution)
bathymetric data sets exist, in which case the interactions with
the inner lagoon can also be accounted for. Another caveat of
the regional product is that only selected return periods of Hs

are provided, instead of an entire high-frequency time series
at every coastal grid point. While the quantification of return
levels is central to risk assessments, no information on averaged
wave fields (useful for erosion studies, for example) is provided.
Finally, it is worth pointing out that the regional product has not
been validated against observations due to the lack of data.

6.2. Application for Coastal Flood Hazard
We have conducted a local flood hazard modelling experiment
that demonstrates the applicability of the regionalised wave fields.
Our case study is in the North of the archipelago, exposed to
the largest incoming waves, and includes a land reclamation
project. We have used the regionalised wave information to
feed the wave propagation model SWASH around Hoarafushi
island, where local bathymetry has been measured. We have
estimated the flooding hazard under present-day conditions and
also under projected future scenarios. Our analysis of the global
wave climate revealed that projected changes in the large-scale
wave characteristics during the twenty-first century are small in
comparison to the multi-model spread even under the RCP8.5
scenario. Therefore, we rely on the downscaled regional wave
reanalysis and assume that future changes in marine hazards
will be driven only by mean sea-level rise. The local model
does take into account the modification of the wave propagation
due to higher mean sea levels, though. The set of the model
experiments included the island configuration with and without
the airport in order to determine how the presence of the new
reclaimed land alters the flood hazard, the wave propagation and
the associated currents.

Our results identified the southwestern swells as the
potentially most hazardous waves in Hoarafushi, with 100-year
return levels of Hs up to 4 m and associated Tp of ∼20 s. This is,
in addition, the most common wave direction that reaches this
part of the archipelago, although not the one with largestHs (that
are associated with the Indian monsoon). Our findings indicate
that a moderate incoming southwestern swell corresponding
to a return period of only 10 years will cause overtopping
in Hoarafushi island if it reaches the shoreline under a mean
sea level 0.75 m higher than its present-day value (Figure 9).
The presence of the reclaimed land slightly increases these
impacts (Supplementary Figure 14). The flood hazard is much
stronger in the reclaimed land, that will experience overtopping
episodes with sea levels only 0.25 m above present-day mean
value (Supplementary Figure 15). The reason is its location close
to the reef that reduces the wave damping over the reef flat.
We recall here that we have adopted a scenario-independent
approach for mean sea level increases; this may be justified given
that the range of mean sea level changes that we are considering
(below 1 m) will be reached even under strong mitigation, as the
maximum value lies within the committed global mean sea-level
rise of past GHGs emissions (Nauels et al., 2019). Thus, it is not

about whether these higher mean sea levels will be reached, but
when it will occur. Impact studies based on scenario-independent
approaches in combination with ongoing monitoring of regional
mean sea-level rise can facilitate the design of adaptive solutions
to climate-induced hazards.

In addition, this approach also allows to evaluate the wave-
induced flood hazard under particular tidal conditions. In the
example above, mean sea level 0.75 m higher than present-day
values can be interpreted as a combination of climate-induced
mean sea-level rise and tidal oscillations. For instance, 0.75 m
can be reached with 0.5 m of climate-induced mean sea level
that, according to Kopp et al. (2014), corresponds to the median
projected value in 2068 under the RCP8.5 scenario, plus 0.25 m
of tidal amplitude. In consequence, according to our estimates,
the recently developed (in 2019) regional airport will be flooded
under present-day mean sea-level conditions and 0.25 m of tidal
amplitude if a moderate extreme swell event (10-year return
period) reaches the area, that is, within the present decade.
Note that we are not computing the likelihood of co-occurrence
of extreme swells and high tides. The reasons for that are,
firstly, that these two processes are uncorrelated (astronomical
tides and remotely-generated swell events have independent
driving mechanisms) which means that their joint probability
could be computed as the product of their marginal probability
distributions (Pugh andWoodworth, 2014). However, this would
require a complete set of time series of the two processes at every
grid point. Although there are methods to generate a set of full
synthetic time series from their statistical characterisation (e.g.,
Solari and Losada, 2011), this is a different type of product that is
beyond the scope of the present work. Secondly, our approach
is more flexible since it does not constrain the interpretation
of the increments in mean sea level (either climate-induced
sea level rise or tides or both), hence, allowing final users to
tailor our approach to their needs, based on their respective
risk-taking propensity.

The modification of the island configuration with the
presence of the reclaimed land significantly modifies the patterns
of the currents (Supplementary Figure 1). Such changes are
determinant for coastal erosion, as they control the sediment
transport along the coastlines. Coastal erosion is considered a
central problem in the Maldives, especially in densely populated
islands (Zahir et al., 2016; Duvat and Magnan, 2019). Erosion
can be prevented or enhanced by many factors, including land
reclamation, dredging and building coastal defenses. Here we
demonstrate that our regional wave fields are a valuable tool also
for anticipating possible erosion and changing spatial patterns in
particular case studies.

The major limitation of our local coastal modelling exercise
is the lack of a detailed topography of Hoarafushi and its
nearby reclaimed airport. While we have measured bathymetric
profiles during a field trip, the information on the topography
is limited to the averaged elevation of the island. Likewise,
the elevation of the reclaimed land (which was not yet built
when the field trip took place) has been defined according to
the national regulations. In consequence, we have not included
coastal defenses and we have instead considered that both the
island and the new reclaimed land are flat. This implies that
our estimates of overtopping and flooding could be biased high;
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however, the presence of coastal defenses would not completely
avoid the flood hazard, they would simple delay the impacts of
mean sea-level rise.

Another point worthy of discussion is the assumption of
static bathymetry and null reef response to changing climatic
conditions. It is clear that reefs can change over time. For
example, they can accrete following sea level rise (Woodroffe
and Murray-Wallace, 2012), they can degrade due to human
activities (the construction of the airport is a good example) or
they can die as a consequence of warmer temperatures (Bruno
and Selig, 2007) (indeed, warm reefs are projected to significantly
decline even with global warming only 1.5◦C above pre-industrial
levels (Bindoff et al., 2019) and to be virtually extinct with
2◦C of warming (Hoegh-Guldberg et al., 2018). In any of these
cases, changes in the reef would imply changes in the wave
propagation and level of protection of the island (Sheppard et al.,
2005). We disregard these potential changes in our local flood
hazard modelling experiment because we analyse an artificially
reclaimed island. Here, human activities generally have severe
negative effects on the reef (Duvat, 2020) and the island is
protected with hard measures. This is also to urban atoll islands,
as Hoarafushi, that are continuously adapting to increased hazard
potential by building coastal infrastructures or artificially raising
the land (Duvat and Magnan, 2019; Esteban et al., 2019; Hinkel
et al., 2019; Brown et al., 2020). This reduces the ability of the
island to naturally increase its elevation by sediment deposition
during overtopping events (Kench and Beetham, 2019). Hence,
we argue that in this case human interventions are probably more
important for wave propagation than changes in the reef (Duvat
andMagnan, 2019). Contrastingly, in a natural island, assuming a
static bathymetry and null reef response, would bias the results of
model overtopping (Beetham et al., 2017; Beetham and Kench,
2018). Nevertheless, the regional downscaling that we provide
serves as a boundary condition for subsequent studies of wave-
induced flooding under future conditions, which then have to
account for these uncertainties of future reef responses.

7. CONCLUDING REMARKS

Our study provides the framework to fill the gap between global
information of marine climate drivers, including mean sea level
and extremes, and local coastal flood hazard modelling. In
particular, we demonstrate the feasibility of using large-scale data
sets (regionalised sea-level projections and global wind-waves
simulations) to inform regional planning and local decision-
making. Our work focused in the Maldives, but our technique
can be applied to any coastal region, being most relevant where
regional and local climate information is not available. Together
with the outputs, we have discussed a number of uncertainties
in regional as well as local coastal modelling that are inherent
to the methodology. Some of the limitations, though, stem,
to a large extent, from the lack of coastal observations (i.e.,
local topo-bathymetries). Our study thus advocates for improved
monitoring systems and data collection to reduce uncertainties
and better inform final users.

We have generated a valuable regional wave data set that
fulfils the purposes of characterisation of the wave climate

in a sparsely observed area. This dataset, in combination
with detailed local information (e.g., high-resolution topo-
bathymetries), serves as a milestone for informing adaptation
policy and Maldivian decision-makers facing the challenge of
adapting to rising sea-levels.
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