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The Maldives, with one of the lowest average land elevatiorsbove present-day mean
sea level, is among the world regions that will be the most imgcted by mean sea-level
rise and marine extreme events induced by climate change. Yethe lack of regional and
local information on marine drivers is a major drawback thatoastal decision-makers face
to anticipate the impacts of climate change along the Maldian coastlines. In this study
we focus on wind-waves, the main driver of extremes causing @astal ooding in the

region. We dynamically downscale large-scale elds from gbal wave models, providing
a valuable source of climate information along the coastlés with spatial resolution down
to 500 m. This dataset serves to characterise the wave climataround the Maldives, with
applications in regional development and land reclamatigrand is also an essential input
for local ood hazard modelling. We illustrate this with a cse study of HA Hoarafushi, an
atoll island where local topo-bathymetry is available. Thisland is exposed to the highest
incoming waves in the archipelago and recently saw developent of an airport island on
its reef via land reclamation. Regional waves are propagateioward the shoreline using
a phase-resolving model and coastal inundation is simulateunder different mean sea-
level rise conditions of up to 1 m above present-day mean seaelel. The results are
represented as risk maps with different hazard levels gathizg inundation depth and
speed, providing a clear evidence of the impacts of the sea el rise combined with
extreme wave events.

Keywords: coastal ooding, wind-waves, sea-level rise, gl obal-to-local modelling, climate services
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1. INTRODUCTION

Increased coastal ooding damages are among the poteniralist hazardous and costliest aspects
of global warming inkel et al., 201)} impacting populations, ecosystems and assets. Coastal ood
exposure is currently increasing at rates higher than inlane  population growth, urbanisation
and the coastward migration of peoplé¢rkens et al., 20)8and also due to coastal extreme water
levels being raised by mean sea-level ridar¢os and Woodworth, 20)7The Special Report

on the Ocean and Cryosphere in a Changing Climate (SROCC) ofriteedovernmental Panel
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on Climate Change (IPCC) projects that if greenhouse gas (LHG
emissions continue to rise unmitigated (i.e., RCP8.5) gllob
mean sea levels are likely to rise by 0.6-1.1 m by 2100, al
2.3-5.4 m by 2300ppenheimer et al., 20).9Projected mean
sea-level rise during the twenty- rst century and beyorthpp
et al., 201xwill inevitably increase the intensity of ood events
and will thus exacerbate the exposure and vulnerability ebtal
areas in the decades to come, with highest impacts expected in 582 b
low-lying regions.Hinkel et al. (2014)estimated that, without 9°N 7 V
Indz'anMonsoo’n$

Haa Alif atoll

adaptation, by 2100 almost 5% of the global population wil|
be potentially ooded annually, with losses of up to 10% of
the global GDP, under a 1.20 m mean sea-level rise. This wil
require the implementation of extensive and ubiquitous taks )
adaptation solutions to avoid such large impadtsnikel et al., ik ﬁ
2019. But also if emissions are reduced to meet the goal ¢ : i s

o

=h

osfy

the Paris Agreement to limit global warming “well bellow® |

. . . . Hoarafushi
(i.e., RCP2.6), global mean sea-level is likely to rise By O. lﬂ_:_:_:_:_:_:_:_:_:

0.6 m in 2100 and 0.6-1.1 m by 2300, which will still be a 4E - SHEBUE GO 7ZE TR B4E OUE 96

tremendous Cha”enge' n partlcular for very low lylng regio FIGURE 1 | Map of the Indian Ocean with the Maldivian archipelago insidéne

such as atoll states. ) ] ) black box. The four black arrows indicate the main wave dirg@n identi ed.
The threats of ooding events are particularly worrisome| The red arrow indicates the location of the Haa Alif atoll in ich is located

in low-lying coastal zones, including large deltas and sigki | Hoarafushiisland (satellite image in the bottom-right caer extracted from
coastal mega-cities; but the regions with the largest egpect| ©°0dle Earth.Imageo 2019 Maxar Technologies; Imageo 2019
. . . CNES/Airbus; Data SIO, NOAA, U.S. Navy, NGA, GEBCO).

relative impacts are small island statégu(se et al., 2004
The Maldivian archipelago is an iconic case of vulnerability
to mean sea-level rise. Located in the equatorial regiorhef t
Tropical Indian Ocean, the Maldives consist of 1192 islandg\Woodworth et al., 2010 The design of adaptation strategies
dispersed across 860 km from Borth to 1 south in latitude, therefore involves the knowledge of every individual drigad
of which 188 are inhabited\(BS, 2017; Wadey et al., 2018ee their future projections at the local scale, as well as theisibes
Figure 1). The resident population in 2014 was 437,000 peoplateractions (Nicholls et al., 201y In the case of the Maldives, the
and is estimated to reach 557,000 in 2020, with 40% of thidal range is relatively smalk(l m of maximum high waters)
population living in the capital, Malé, and its surroundingeistls  and the storm surge contribution is negligible, as corresgond
Villimalé and Hulhumalé {IBS, 201p Average land elevations to an equatorial region\{adey et al., 20)7 Earlier studies
range from 0.5 m to 2.3 m above present-day mean sea lev#ve pointed at wind-waves as the primary mechanism causing
(Woodworth, 200%, with 80% falling below 1 m. Since the 1950s ooding events in the Maldives, similarly to other Indian dn
several land reclamation projects have been carried outdoemd ~ Paci ¢ islands Hoeke et al., 20)30One of the rst works was
land scarcity, for example in the southern lagoon of Malé inpresented bydarangozo (2013)who investigated an event that
1954 (Maniku, 1990. With the rapid economic development occurred in April 1987 that ooded Mal?¢€, including reclaimed
of the Maldives, land reclamation projects have also in@@as land below 1 m above mean sea-level and during which the hard
The Maldivian government estimates that over 1300 hectafres structures designed to protect this land were destroyeded®an
reef or lagoon area have been reclaimed up until 200&K, altimetric wave measurements aimdsitu sea-level observations,
2017. This new land is required to be elevated between 1.this event was attributed to prolonged swell waves origithate
and 1.75 m above mean sea-level. However, this static approdohthe Southern Indian Ocean and reaching the island during
to island elevation ignores the di ering wave exposure acrosBigh tides. Similarly, in 2007, the Fares island, locatedhim
the archipelago. southernmost atoll of the Maldives was ooded due to a series

A lot of land reclamation is taking place in the Maldives and aof remotely-generated swell events reaching the islakddey
new long-term regional development strategy is currentlinge et al., 2017; Beetham and Kench, 20&Bich also a ected other
prepared that prioritises islands for developmefiussmann areas of the eastern Indian Ocean (elge¢cacheux et al., 2012
and Hinkel, 202). While it is known that wave exposure di ers in La Réunion Island). This event was particularly hazardaus a
across islands, this has so far not been taken into account it ooded almost the entire island and a ected more than 1500
land reclamation and regional development. The developmergeople as well as the limited water resources of the island. An
of adaptation plans in the framework of coastline managemergxtensive study was carried out in response to this event and a
aimed to address ood hazards requires accurate infornmatio protective o shore breakwater was built to avoid future dagea.
and a deep understanding of the driving processes. Coastal o For a comprehensive list of ooding events in the Maldives th
events are caused by extreme coastal water levels thatrin turader is referred tdVadey et al. (2017)where the available
result from the combination of relative mean sea-levelesid information of several ooding events has been collectemir
storm surges, wind-waves, precipitation and/or river run-o anumber of sources.
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Despite the recurrent ooding episodes associated with swell8 di erent CMIP5 models (ACCESS1.0, BCC-CSM1.1, CNRM-
overall, in the Maldivian archipelago a complete and accurat€M5, GFDL-ESM2M, HadGEM2-ES, INMCM4, MIROCS5, and
assessment on the wind-wave climate, including extremesgyav MRI-CGCM3), covering three dierent time periods with a
is hindered by the lack of observations and regionalisattbn temporal resolution of 6 h: historical runs for 1980-2005;
model runs. Numerical wind-wave simulations are availatita ~ and projected waves for mid-(2026—2045) and late-(20816Y210
a global coverage, including both re-analyses (Seha et al., twenty- rst century. The projections for mid- and late-twanr
2010 and projections (i.e.Hemer and Trenham, 2016; Morim rst century were run under two di erent emission scenarios,
et al.,, 201} although with a coarse resolution that preventsRCP4.5 and RCP8.5, although we will use only the latter. A
their use for many practical purposes, such as accurate locdétailed description of the wave climate dataset can be fonnd i
assessments. This work intends to |l this gap by providingHemer et al. (2013)
the necessary information on waves to perform coastal ssudie Global wave models are used to characterise the present-
along the Maldivian shorelines. The objectives of the presemay and future projected changes of wave climate around the
study are three-fold: rst, we fully characterise the walmnate = Maldivian archipelago, with emphasis on the extreme wave
around the Maldives on the basis of global, coarse resalutioclimate. Return levels of Hs for a set of prescribed return pkio
numerical wave dynamical simulations for present-day, ard ware calculated by tting the top 1% waves to a Generalised
further evaluate the projected changes under climate chandareto Distribution. Given the coarse spatial resolutiontio#
scenarios (section 3). Secondly, we downscale the extrewve wmodel con guration, we do not expect the small islands as the
climate through propagation of the main extreme waves fromMaldives to be accurately represented by these global siingat
the dominant directions toward the coastlines with a muchGiven that the wave elds are modi ed by the presence of the
higher resolution (section 4). And nally, we illustrate hawis  islands (see for example Supplementary Video 1 fromores
information can be translated into a ood hazard assessmerind Marcos, 201)9the global elds must be downscaled in order
in a selected location that is exposed to the largest incomintp be usable for practical purposes. This process is described in
swell waves in the archipelago. To do so, we propagate watree following.
conditions from the nearshore to the coastline under di erent
mean sea-level rise scenarios and quantify the oodingrexte 2.2. Regional Wave Modelling
with and without land reclamation (section 5). Data, metlsod Global waves have been dynamically downscaled in the Maddiv
and numerical models are described in section 2, while @l thusing the WaveWatchlll wave model (version 4.1&Iman,
results are discussed together in section 6. 2014. The model was implemented on an unstructured mesh
with 33160 nodes and 64456 elements over a domain ranging
from 71.5 to 75.5E in longitude and from 1.5N to 85N in

2. DATA AND METHODS latitude (black rectangle surrounding the MaldivesHigure 1).

The spatial resolution of the unstructured mesh varied from

km along the boundaries of the domain down to 500 m
) X - : “in the channels between the atolls. Only the external caafsts
in the Maldives, together with the numerical models and theity o 410 islands were considered due to the lack of bathyimet
implementation. Local wave modelling is used as the basis @f¢ormation inside the atolls. The regional bathymetry uged

ood hazard assessment for a case study. To do so, waves ¥81d the model grid was the GEBCO bathymetry 2014 in a
combined with a set of mean sea-level changes using a suenaré)La

) . obal 30 arc-second interval grid (https://www.gebcondihe
independent approach. That is, waves are propagated toward t ve spectrum was de ned by a directional resolution of 10

shoreline under presc_:ribed mean sea-level increments &, 0.2,,d 24 frequency bands ranging non-linearly from 0.0373.10 1
0.5, 0.75, and 1 m with respect to present-day averaged VaILI'*‘i’z. Dynamical downscaling was preferred instead of stagiktic

Note that these values are not necessarily interpretedms®i 05 hes hecause there is no local information on waves that
induced mean sea-level rise; they can also be associatiehlto t can be used to calibrate the model.

oscillations or to a combination of tides and mean sea-lasel

This section describes the global wave data that is used
characterise and downscale wave information to the neaesho

2.3. Local Wave Modelling
2.1. Global Wind-Wave Datasets Nearshore downscaled waves have been propagated toward the
We have used the CAWCR Global wind-wave data set thatoastline for a case study site. The selected location @ames
is freely distributed through the CSIRO data servefe(ner to Haa Alif atoll (HA) at Hoarafushi island, located at the
et al., 201p This set, generated with the WaveWatch Il wavenorth of the archipelagoRigure 1). Hoarafushi has a maximum
model (version 3.14Tolman, 200y in a common 1 1 length of 2,500 m and a maximum width of 500 rRigure 1).
resolution global grid, consists of a hindcast, historicahs This site has been chosen for two main reasons: rstly, at
(late twentieth century), and projections for the twentystr the start of this study a land reclamation project to build a
century. The hindcast has been forced with surface wind eldsiew airport next to the island was foreseen. The development
from the NCEP CFSRSaha et al., 20)@nd covers the period of the regional airport on the newly reclaimed island on the
from 1979 to 2009 with a temporal resolution of 1 h (thisreef of HA Hoarafushi is part of the governments regional
simulation is referred to as CFSR hereinafter). The histdri development and decentralisation plans, which puts extrasocu
runs and projections were generated using the output elds obn the northernmost atoll Ihavandhippolhu. We therefore agine
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at evaluating the exposure of this new reclaimed land to inogm was nally xed to 0.019 followingSuzuki et al. (2018)who
waves and how its presence can alter the wave propagatiamvestigated the most suitable value for SWASH model applied
over the reef and the exposure of the current island. Théo overtopping computation along a beach pro le with de ned
process of land reclamation was started on April 16th, 2018lefenses. In our case, there is not a complete beach pro le, but
(https://edition.mv/news/10159) and nished almost 5 mbget the overtopping, which is the process of interest here, is aoayr
later, on September 5th, 2019 (https://edition.mv/newsBB22 at the shoreline of a sandy beach.

seeSupplementary Figure 1to see the construction process on  With this con guration, the total simulated time for each
June 15th, 2019). Secondly, information on the local battiggne combination of parameters was 70 min, with an initial
and land elevation is available and allows to simulate theewa integration time of 0.05 s and having outputs every 5 s. This
propagation. A bathymetry around the island was generatets computationally intensive but still feasible for the rande o
by combining measurements on the reef at performed byexperiments and for the two topographies (with and without
the Maldives Transport and Contracting Company, who waghe airport).

in charge of the design of the land reclamation project. We

completed these data with reef slope measurements takenglurin

a eld trip on February 2018 (using a single beam echosounder3, CHARACTERISATION OF WAVE

Our measurements included a total of 10 pro les across-slopg>| [MATE AROUND THE MALDIVES
separated around 200-500 m between them as well as several

along-slope transects. The minimum depth measured in th&.1. Present-Day Wave Climate

across-slope pro les was around 3 m, that was the closest thie bor'he outputs of the CFSR wave hindcast at 24 grid points around
could get to the reef crest, and the maximum depth recordedhe Maldives are used to describe the large-scale presgntaise
that was xed by the maximum range of the echosounder, waslimate in the archipelagoFgure 2. Wave roses irFigure 2
around 50 m. Unfortunately, there is no detailed informationidentify, for each grid point, the direction of the dominaniawe

on the topography of the island. Instead, a constant land heigtregimes with their corresponding signi cant wave heighits)

of 1.5 m above present-day mean sea level has been usadd peak periodsT(y). One prominent feature is that the largest
according to visual inspections and in accordance with agst signi cant wave heights are usually accompanied by peak periods
regulations. The coastline of the island has been repredevitt  longer than 10-12 s (and reaching up to 24 s), which suggests
a constant slope, given that there are not hard structurefién t that these are remotely generated waves, i.e, swell wavsssT
oceanward side. Two topo-bathymetries have been implementeid agreement with the location of the Maldives in the Equétbr
with and without the presence of the airport. Finally, it is wor  region, where winds are weak, and in a region exposed to swell
mentioning that HA Hoarafushi island is exposed to the higheswaves from the Southern Ocearv@dey et al., 2017; Amores and
incoming waves around the archipelago, as will be shown belowiarcos, 201pand is further examined below.

The local wave propagation has used the SWASH model Waves from the south-west ( 205) are the most common
(zijlema et al., 2011code available at http://swash.sourceforgewith Hs reaching values larger than 4 m (note that the angles
net/) in a 2D regular grid of 6,220 m in the W-E direction and follow the maritime convention, as indicated by the labelgha
7,320 m in the S-N direction with 10 m of spatial resolutionwave rose of point #1). This nding is in line withmores and
(see the domain inFigure 8). This model is suitable for our Marcos (2019that demonstrated that between 80 and 90% of the
purposes as it is capable of simulating wave setup and runugwell events impacting along the Maldivian coastlines asenfr
and predicting infragravity waves in the nearshof@jisdorp SW and originated in a region located between south of Africa
et al., 201}, a relevant process that contributes to the amountand east of South America. The second most frequent directio
of ooding by raising temporary the sea level near the coalse T is the south-east ( 145). These waves reach maximum values
West and South boundaries were considered active intradyuci of Hsaround 3 m, thus smaller than 205 waves, and with peak
the wave forcing in the domain with Jonswap spectra with a wavperiods between 10 and 12 s. In addition to these two dominant
dispersion of 20 and a peak enhancement parameteof 3.3.  swell wave directions, two other cases much less frequemtitiu
A di erent combination of wave dispersion andwas tested (5 non-negligibleHs are detected. In the north of the archipelago
and 10, respectively), resulting in essentially the same results ithe largest waves witHs of up to 5 m are from the west direction
terms of ooding. A 150 m sponge layer was placed in the easterfy 275, see wave-rose #17Higure 2). And nally, waves from
boundary and 1,000 m sponge layer in the northern boundary60 are also found in the points of the northeastern side of the
to avoid unrealistic wave forcing from the interior of theolt archipelago (see, for example, wave-rose #1Bigure 2) with
given by spurious wave re ection from the those boundariespeak periods smaller than 10 s aHdsmaller than around 2.5 m.
The lack ofin-situ measurements of wave propagation and The characteristics of the incoming large-scale waves are
transformation along the domain made it impossible to calibra further analysed in greater detail for three grid points captgr
the Manning's friction coe cient. The values for coral resfound  the entire range of directions: point #17 (northwest), point
in the literature vary from 0.01 to 0.2. For examplgjlema  #3 (south), and point #10 (northeastlrigure 3 examines the
(2012)used 0.01Prager (1991used 0.05Kraines et al. (1998) annual and seasonal distribution of incoming waves for gver
used 0.1, andCialone and Smith (2007)sed spatially-varying direction and their classi cation in terms of wind-seas amels,
Manning's coe cient values of 0.02, 0.19, and 0.2 dependingccording to the spectral partitioning provided by the global
on the region of their domain. The Manning's coe cient value wave models. These histograms, representing the number of
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FIGURE 2 | Distribution of the ocean wave climate around the Maldivesdm the CFSR Hindcast. Each wind-rose-plot corresponds to ae point of the central map.
The radial distance of each single point in each wind-rose dicates the wave height (m) while the azimutal value indiczg the direction that the waves are coming from
in nautical convention. The colour of each point shows the pek period. The continuous black (grey) line indicates the guntile 50 (99) for each direction while the

dashed black like shows the quantile 50 averaging all the dictions. Shadowed areas in the wave roses indicate the mostréquent 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 s&paraf 500 years, around 1 m lower from the closest return leveéll(3.
at least 3 days to avoid over-representation of the dominantn for 500 year return period for the swell coming from southeas
directions and with a minimum peak prominencds of 0.2 in point #3).

m to remove noise from smaller waves. The three points are

representative of the four incoming wave directions ideetl 3 2, \Wave Projections During the

above and all register a similar number of waves during th‘Twenty-First Century

hindcasted period (between 45 and 50 per year, as listed in thIfhe same three grid points analysed above are used as proxies

title of the panels inFigure 3). Their distribution in directions . . .
. . . - to evaluate the projected changes in waves around the Maldive
is, however, di erent, and depends on their position. The most

I . . . . using the output of historical simulations and projectiongi
frequent wave direction, around 205is evident in points #17 the gtlwenty- rzt century. Figure 5 representspchjanges iﬂlgthe
and #3 and is equally likely throughout the entire year (se? )

panels d, e, g, h for comparison among seasons). A Compos%{(?quency of arrival of waves for each direction of propagakip

of the wave and wind elds corresponding to these events is € end of the twenty- rst century under RCP8.5 with respet t

: : . present-day values for each point. The median of the 8 climate
mapped inSupplementary Figure 2 demonstrating that these A . ) )
- model projections is shown in red (blue) when the projected
waves indeed correspond to remotely generated southweste(r:Han es indicate an increase (decrease) in the number of wav
swells, in line with the ndings inAmores and Marcos (2019) 9

Waves from the west direction. around 275re the second events and the grey area represents the model spread. Global

i i 0,
most frequent in point #17 with a marked seasonal charactanOdels project an increase (3%) of the southwestern swells,

being only detected between May and October (panel d) angonsstent with the ndings inAmores and Marcos (2019Who

. . owed a greater activity in swell generation in the regién o
classi ed as a mixed sea+swell. These waves are generate . . )
; oration of these waves later in this century. For the waves
the Indian monsoon and only a ect the northernmost area of .
. . . enerated by the Indian monsoon, models show a smaller
the archipelago. The corresponding composites are shown

Supplementary Fiaure 3 The presence of waves generated bdecrease in the number of waves. Other directions do not show
bp yrig P 9 Yobust projected changes, as the model spread is larger than

the _Indlgn monsoon likely has an impact on the wave ty'.oethe median change. The same applies to projected variations
distribution of the southwestern swell at point #17, sincg it in median and extremeHs in all directions of propagation
S

percentage of sea+swell is larger between May and Octobery; al .
. . . Supplementary Figure $.
the wind elds of the composites corresponding to both types o ; .
; . . . Overall, projected changes s are smaller than the multi-
waves are identical (see last rowSimpplementary Figures 2,3 : . i
- . : model spread even under RCP8.5 climate scenario. Variations
The second peak in point #3, seven times less frequent
. . re expected to be even smaller under RCP4.5. In consequence,
that the southwestern swell and also observed in point #1 - . . .
L . present-day signi cant wave height is considered to be largely
corresponds to the direction around 145with waves detected . - .
: . - representative of future wave climate for the purposes of this
throughout the entire year. According to the wave and wintie .
. . work and only CFSR wave elds will be downscaled and
compositesgupplementary Figure jthese are waves generated ropagated toward the shorelines. It is worth noting that ches
in the Southern Ocean, in a region o the southeastern coas? pag 9

of Australia (Amores and Marcos, 20)9Finally, the fourth in the frequency of each wave directioffigure 5 can be
. : N . . . relevant to the transport of sediments and could modify cutren
incoming direction, around 55 is clearly detected in point

. erosion patterns.
#10, with a strong seasonal character. These waves cortespon P

to the northeast monsoon\(adey et al., 20)7and are only
relevant between November and April, contrasting with the4, REGIONAL WAVE DOWNSCALING
Indian monsoon (panel f and i).

Return levels ofHs for every direction and for the Global wave information needs to be downscaled to become
three grid points are shown inFigure4 and listed in representative and usable in the nearshore; however, dalngc
Supplementary Table 1 Noteworthy are the at tails for the the full hourly 30-year CFSR hindcast is computationally
southeastern swells evident in points #10 and #3. Indeperentoo intensive. On the other hand, in terms of coastal
among wave events is ensured with the 3-day declustering. ifnpacts assessments and, in particular when coastal ooding i
Generalised Pareto Distribution (GPD) has been tted to theconcerned, it is extreme values that are the most relevairiene
top 1% of the largesHs; in the case that this subset is too Therefore, our approach consists of dynamically downscaling
small as to reliably t the distribution, the 30 largest vatu(1 the return levels foHs calculated for 6 di erent return periods
event per year on average) were used. The largest returrs lev@iamely, 10, 20, 50, 100, 500, and 1000 years) and the foar mai
correspond to waves generated by the Indian monsoon in poinvave directions that were previously identi ed. To do so, we
#17 Figure 4D). This direction has &Hs of 4.75 m for a 10 have used the Wave-Watchlll model con guration describad i
year return period that is larger than all the return levels fo section 2.2. TheHs return level associated with a given wave
the 500 year return periods for all cases (with the exceptiodirection is de ned at a reference grid point and propagated
of the southeastern swell a ecting point #3 that has 4.99 m aslong the corresponding boundary. In order to insert consiiien
Hs associated with 500 year return period). On the other sidethe Hs at the rest of the grid points in the same boundary,
the lowest return levels correspond to the northeast monsoothe linear relationships between simultaneous event24h),

a ecting point #10 with aHg equal to 2.74 m for a return period arriving from the same direction and reaching the referepaimt
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FIGURE 3 | Histograms of wave direction (in nautical convention) regfered at the three points selected as being representativ@oint #17 in the rst column @,d,g),
#3 in the second p,e,h), and #10 in the third) €,f,i). The rst row shows the annual histograms €,b,c), May-October histograms are shown in the second rowde,f)
and November-April histograms are in the last rowgh,i). Each pie chart indicates the spectral separation by typefovave produced by WaveWatch |1l model [pure
sea Hs of swell D 0), pure swell Hs of seaD 0), sea + swell dominated by sealfs of sea> Hs of swell) and swell + sea dominated by swelHs of swell> Hs of sea)]
corresponding to each wave component identi ed (grey shadovs).

and the other boundary points were computed. This procedureised to scaléds at each active boundary point. The boundary
is illustrated in Supplementary Figures 9-12where also the points where no simultaneous events with the reference point
reference grid points at each boundary are marked. The lineavere found or, alternatively, for which there is no corredat
relationships between the reference grid point and the othezs (we set the limit value oR2 of the linear adjustment to 0.2),
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FIGURE 4 | Return levels associated with each return period (thick camuous lines) for the three representative points (pointl in the rst column (a,d), #3 in the
second (b,e), and #10 in the third)(c,f) for the wave directions identi ed at each point (for examplepanel a corresponds to the rst grey shadow inFigure 3a). The
uncertainty bands correspond to  (dashed lines) and the 5 95 % intervals (dotted lines) and have been computed using thdelta method. The return period
indicated in the top of the panels (10, 20, 50, 100, and 500 yegs) are the ones selected to perform the regional downscalgqwith WaveWatch I1l. Note that they-axis
are different for each panel and do not allow a direct compason.

FIGURE 5 | Projected changes in wave direction by the CMIP5 models desdved in section 2.1 for each one of the representative pointselected @ point #17, b
point #3, and ¢ point #10). Black line represents the CFSR hindcast histogm (same as the rst row inFigure 3); grey shadow indicates the spread of the CMIP5
models (RCP8.5 - Historical); red (blue) shadows show wherae models agree to project a frequency increase (decreasef a given direction.

were assigned a linear slope of 0.01 in order to avoid introdpuc using a linear relationship between all thélg(T,) events
spurious waves. The peak perio@ip] of the incoming waves extracted at each reference point for each of the four dioasti
associated with each return level fidg, have been determined of the incoming wavesSupplementary Figure 13
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The resulting downscaled wave elds consist of a set of fouin the eastern part of the Faafu and Dhaalu atolls, also lodated
return level curves at every coastal grid point with a spatiathe interior of the Maldives. Here the dominant wave compoinen
resolution of 500 m. This resolution permits to model wave reaching the eastern coast of these atolls is the soutleastell
propagation at the scale of the archipelago. Although it is nothat penetrates in the middle of the Maldives between Thadl Ato
accurate enough to perform local assessments inside an ata@hd Meemu Atoll.
it provides, instead, the necessary boundary condition Fa t In terms of maximumHs (Figure 7b), around 15% of the
forcing. The full data set is provided at the Zenodo repositorycoastal points, most of them located in the interior of the
under this doi: 10.5281/zenodo.38862F3gure 6 shows the archipelago, are a ected by waves with 100-year return periods
results for the 100-year return level of the four directiamser  smaller than 1 m. The most common values are between 1 and 2
the entire domain, sorted by decreasidg Note that the spatial m, a ecting 35% of the coastal locations. In 22% of the co#sts,
patterns of di erent return levels will be the same for each &av 100-year return levels ¢is vary between 2 and 3 m and in 17%
direction and only the magnitude changes. Due to the limitedHsbetween 3 and 4 m. The largest values, over 4 m, a ect around
resolution of the GEBCO topobathymetry (1 km), an accurate 11% of the coastal points which are found, as expected, inmegio
representation of the islands and the inner part of the atollsvhere the Indian Monsoon dominateBigure 75).
is not feasible. Thus, the atolls have been considered atewho Another metric for the exposure of the coasts to incoming
entities. This assumption implies that the side of the islathds  waves is the number of swell directions reaching every abast
faces toward the atoll's interior is not solved by our regbn point. This is illustrated inFigure 7¢ where we have quanti ed
downscaling. Nevertheless, it is not relevant at this doadmuse how many wave directions, from the 4 representedrigure 6,
this side of the islands is not directly impacted by waves. Wesach each coastal point witths ~ 1.5m for the 100 year return
consider that, given the limited depth on the atoll rims (rdtyg  period. The choice of théls threshold and the return period
1 m), this assumption is reasonable, especially because a memdected is arbitrary and used only for illustration purposes;
accurate assessment would require tide-current local diade is not determinant for the resulting map. We conclude that,
to capture lagoon/ocean interactions. in 32% of the coastal points, the 100-year return leveHegfs

Figure 6 shows that the largest waves in the Maldividg &  always smaller than 1.5 m (grey pointskigure 79, with these
5m) are generated by the Indian monsoon (panel a) in theareas located mainly in the interior of the archipelago. In 29%
northwestern part of the archipelago, with value$igfexceeding of the coastal points waves arrive from a single directionébl
2 min the area northwards from 8! (note that the same colour points) and in 38% from two directions (yellow points), with
scale is used for the four maps). One remarkable feature ts ththe latter case mainly a ecting the eastern and western sfde o
these waves, although attenuated, reach the western sithe of the Maldives. In only 1% of the coastal grid points waves arriv
Kaafu atoll, the most populated atoll in the Maldives and wherdrom 3 directions (red points), but these are concentratedhia t
the capital city Malé is located. Because of the absenceddwha easternmost side of the Vaavu atoll.

e ects, the western coast of the Kaafu atoll, is the inner negio
of the Maldives exposed to waves with largler reaching values

between 2.5 and 3.0 m. The southwestern swell (panel b), tte LOCAL WAVE MODELLING AND FLOOD
second direction with largedtls after the Indian monsoon, is HAZARD IN HOARAFUSHI ISLAND
the component that spreads largelg to a broader scale. More
precisely, it generates ocean waves \Wgh> 3 m (even than 3.5 The outputs of the regional wave downscaling developed in
m) to all the western sides of the atolls comprising the Maddiv the previous section are used here in a local ood hazard
The third ocean wave direction in terms B is the southeastern assessment, illustrating its direct applicability. To do so,
swell (panel c), that a ects all the eastern side of the Makiiwigh ~ downscaled nearshore wave information in a coastal grid {poin
Hs ranging from 2 to 3.5 m. Finally, the northeastern monsoonnext to Hoarafushi island is propagated toward the shoreline
(panel d) is the ocean wave component with smale < 2m).  and used to assess coastal ooding under di erent mean sea-
Its e ects are concentrated in the central region of the est@le  level rise scenarios. The are two reasons that make thisdaca
of the archipelago, from 2 to 6.8l It does not strongly a ect the particularly interesting for local wave modelling: rst, is
northernmost part of the Maldives because this region istleta a ected by the two largest wave components in the archipelago,
under the shadow of the Indian continent to the monsoon windsi.e., the Indian Monsoon and the southwestern swell; andrsgico
(Supplementary Figure . a new island was reclaimed to host a regional airport, which
Combining the results of the four wave directions shown inraises questions of present and future climate hazards (s8erse
Figure 6, we can identify the wave component with gredtkrat  2.3). The projected airport, that will have a length of aroung 1
each grid point along the coastlindsSigure 79, the value of this km and a width of 300 m in its wider section, will be located
greaterHs (Figure 7b), as well as how many di erent directions in the reef of the island that faces toward the outer side of
each coastal pointis exposediigure 7cHs  1.5m. Inrelative the atoll. This means that the shoreline of the airport will be
numbers, 33% of the coastlines are exposed to the large wawesstantially closer to the reef edge than the original tldb0—
from the Indian monsoon, in 25% of them the highest wave200 m instead of 600 m), reducing the amount of wave energy
arrive from the southwestern swell, in 28% from southeasterthat can be absorbed by the reef. This local-case study does
swell, and only 14% from the northeastern monsoon. As in theot pretend to give any recommendation to stakeholders on the
case of the Kaafu atoll mentioned above, a similar e ect isifbu airport island height for this specic site. To do so, detailed
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FIGURE 6 | Regional downscaling of the 100 year return period wave evemperformed with WaveWatch |1l model (see section 2.2 for the dails) for each one of the
wave components identi ed [(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 M&l, the main city of the Maldives, and Hoarafushi, the island mere the local modelling was done.

local information, such as a high-resolution topo-bathynyedr  other physical processes that can cause mean sea-leveloreriat
ocean waves-situ data to validate the model outputs would be from seasonal to decadal time scales. We recall here thed tid
required. This example illustrates the applicability of thgiomal in the Maldives reach a maximum range of arounch0.7m
wave downscaling developed here to a local study if preciaé loanedian range\Wadey et al., 20)7 Note that precise geodetic
information was available. references relating altitudes and tidal levels are lackinthe
Wave propagation with SWASH was carried out in theMaldives, so these values should be considered as an order of
domains inFigure 8 In total, 60 di erent runs were completed by magnitude only. Four examples of selected simulations can be
combining 3 di erent return periods oHs (10, 50 and 100 years), found in Supplementary Videos 1, 2
two wave directions (Indian Monsoon and the southwestern It has not been possible to validate the model outputs for the
swell), and 5 di erent mean sea levels (00.25,C0.50,C0.75, present-day situation due to the lack of observations. We are
andC1m) for the island con guration with and without airport.  providing, nevertheless, a qualitative validation by conmathe
We have followed a scenario-independent approach for meavelocity eld obtained with the con guration that includehe
sea-level rise, with & corresponding to present-day mean seaairport to a satellite photography in which the airport is under
level. Mean sea-level changes with respect to the curremtigitu  construction Supplementary Figure 1. There is a consistency
may be interpreted in terms of projected mean sea-level riseetween higher current velocities in the model and the imprin
(e.g.,C0.50m is the median projected mean sea-level rise irof sediment transport from the new-built airport that are llige
2068 under RCP8.5 and 2088 under RCP2.6, accordifigipp  driven away by the currents.
et al., 201)lor as a combination of mean sea-level rise and high The outputs of the rst set of 30 model runs, that correspond
tides (e.g.£0.50m is the mean rise in 2041 under RCP8.5 plusto the spatial con guration without the airportKigure 89, are
C0.25m of tidal amplitude). The mean sea-level changes testagsed to evaluate the exposure of the island in terms of the amou
may also include, besides projected mean sea-level risédmsi t of ooding under di erent forcing conditions. The outputs at@
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FIGURE 7 | Products derived by combining the regional downscaling fothe 100 year return period of the 4 wave components irFigure 6 along the Maldivian
coastlines. (a) shows the wave component causing the largests at each coastal point;(b) the maximumHs 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 yar return period.

a 100-m wide coastal strip covering the western coast of th@aves, as these systematically induce higher water lehaats t
island (plotted as grey area iRigure 89 have been gathered the Indian monsoon waves (shadowed areas against blanked
together. To do so, the strip is divided in 25-m long sectionsareas). The reason lies in the long€s associated with the
resulting in 25 100 m boxes. Simulated water level time seriesouthwestern waves ( 209) in front of the monsoon waves (
were extracted for each box and used to compute median and 12s). As expected, the larger wave setup for a given return
maxima water levels for each model run in each of thEigure 9  period is obtained for the lowest mean sea level of: Qvave
represents the boxplots along the entire coastal strip ofethesetup reaches almost 0.4 m under present-day mean sea level
median (left panel) and maxima (right panel) values under altonditions and reduces to 0.3 m with an increase aof. IThis
mean sea levels and return levels considered. The horizontia because in shallower waters the e ects of wave shoaling and
black thick line in both panels marks the height of the islamdla breaking leading to wave setup are larger. It is worth notiege

the two incoming directions are separated by vertical shatbw that while an increased water level leads to a decreaseq, setu
areas for comparison. Median values of total water level, thateeper water allows for largkls on the reef atand an increased
correspond to the superposition of the mean sea level and waven-up potential which could be relevant in terms of impact
setup, do not reach the threshold of land elevation, indimgti to infrastructures and erosion. On the other hand, maximum
that there is no over ow at any point along the coastline undervalues along the coastal strip have been used to measureevheth
all the forcing conditions considered. The results also pointhere has been overtopping generated by the incoming waves.
at the southwestern swells as the potentially most hazardo@vertopping occurs whenever these values exceed the island
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FIGURE 8 | Example of local downscaling simulations with SWASH modesée section 2.3 for details) for the 10 year return period sdbwestern swell event with 0.5
m of sea level rise (this increase in sea level could mean peament sea level or high tide with present sea level) for the sa without the airport(a) and with the new
airport (b). Grey (purple) stripe indicates the coastal region where ¢hbox plots from Figure 9 (Supplementary Figure 15 ) are computed.

FIGURE 9 | Box plots along Hoarafushi coast without airport computed \ith time series of simulated water levels(a) median values;(b) Maximum values. Box plot
colours indicate the sea level of the simulation (dark blue ®; light blue 0.25 m; green 0.5 m; orange 0.75 m; dark red 1 m) ad are referenced from the dashed line
with the same colour. Box plots on grey (white) background & for the simulations for the southwestern swell (Indian Mom®n). The thicker line of the box plots
shows the median values; the lower (upper) limit of the boxesdicates the 25th (75th) quantile; and the lower and upper hiskers indicate the minimum and
maximum values. The horizontal thick black line indicate$ie island height.

elevation, with their magnitude indicating the severity te  Note that this may correspond to a 1 in 100-year events reachin
ooding. The boxplots for the maximum values (right panel in the coast during the spring tides and under present-day mean se
Figure 9) point to the occurrence of overtopping under severallevel conditions. It also occurs for moderate extreme waxtdsa
forcing con gurations. For example, 100-year return leveM&s  return period of 10-years in combination wit1m of mean sea
from southwestern swell an@0.5m mean sea level increase.level (this case is also provided in tBeipplementary Video )
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FIGURE 10 | Level of hazard on the new airport for all the SWASH simulatis. The colourscale indicates the level of hazard de ned by a@mbination of water height
on the airport and water velocity (se€Supplementary Figure 16 ). Different sea levels are represented at each row while thmlumns indicate return periods ofHs
(10, 50, and 100 years) as de ned in the text for the regional wee climate. For each combination of sea level and return pexd, the result for the Indian Monsoon and
Southwestern swell are shown at left and right, respectivel

and for all the return periods for the southwestern swell withwater level along the coast increase around 0.05 m solely due
C0.75m of mean sea level rise. to the presence of the airport, that partially blocks the channe
With the construction of the airport connected to Hoarafushi between Hoarafushi and the island located southwards,rigad

(Figure 8p), the median and maximum water level valuesto higher wave setup. The new reclaimed land is also exposed
computed along the coast (grey area kigure 8b) slightly to incoming waves, and this exposure has been measured in
increased for all combinations of mean sea level, extrenvesva a similar manner as for Hoarafushi, i.e., along a coastab str
and wave directions (see the equivalent gureR@ure 9in  on its western coast (blue area ligure 8h). We remark that
Supplementary Figure 1% On average, the median values ofthe 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 dampindgiow these global wave elds from coarse resolution climate
induced by the reef at. Consequently, both median and maxim models can be translated into usable information for reglona
water level values are signi cantly higher than in Hoardfius and local studies and how it can be combined with regiondlise
island Supplementary Figure 1k For example, withC1m of  projections of mean sea-level rise and local topo-bathyrestri
increase in mean sea level, even moderate extreme waves woul The rst step consisted of a detailed analysis and
cause overtopping (e.g., 10-year return levels or less undeharacterisation of the global wave climate around the Malgli
high tide), and under current conditions a 50-year returndé using the closest grid points from the CFSR wave reanalysis
southwestern swell would partially ood the airport. (section 2.1). This is a prior mandatory step before the desig
The ood hazard of the new reclaimed land is summarisedof the regionalisation. We identi ed four dominant incomin
in Figure 1Q using the set of 30 simulation runs with the wave directions from remotely generated waves: the two most
airport. The ood hazard has been de ned following the common, that originate in the Southern Oceam\njores
French standards, that de ne four dierent ooding hazard and Marcos, 2019 and swells generated by the Indian and
levels (low, moderate, high, and very high) that arise ablorthwestern monsoons. In a second step, for each direction,
combinations of inundation level and the water speed ovedlanextreme waves have been characterised in termsdsaind T,
(seeSupplementary Figure 15 The arti cial island built for the and a set of ve return levels have been dynamically-dowlesca
airport is completely ooded with a high level of hazard for nbos using the spectral model WWIII (section 2.2). We have focused
part of the island for both wave directions and all return peiso on extreme waves only because these are the most relevant
with an increase in mean sea level of 0.75m (with the only  for risk analyses; furthermore, the alternative of dynarifyea
exception of the Indian monsoon 10-year return period). It isdownscaling a 35-year long reanalysis is unfeasible due to
foreseen that the reclaimed land su ers from partial ooding computational constraints (this worsens if historical ruasd
under a southwestern swell extreme of 50-year return periitld w projections are considered). The regionalisation has tedunh a
current conditions of mean sea level. It is worth mentionthgt, = major product of the present work: a valuable data set of ex¢rem
given the lack of topographic data for the new airport islandwaves along the Maldivian coasts with spatial resolutionsrdo
ooding hazard is possibly biased high. We simulated thendla to 500 m in the points nearest to the coast. The data set is
as being completely at and without any coastal defensess Thpublished at doi: 10.5281/zenodo.3886273. The output of our
is unlikely to be the case for a critical infrastructure. Hower, regionalisation provides quantitative information on estne
the actual defense height remains unknown, which is why wevaves, in the form of return level curves, at the regionalesca
assume compliance to land reclamation regulations i.e.jrL.5 in the Maldives and for the rst time. This dataset is usefut fo
land elevation. Coastal defenses would only delay the imgdact ooastal engineering studies, for feeding local coastal etsod

coastal ooding, but would not avoid it. of ooding hazards and for planning land reclamation and
other regional developments. It also serves to compute the

6. SUMMARY AND DISCUSSION inundation potential at every location and for every incomgin
swell direction, that depends on wave energ¢, Tp, in line

6.1. Global to Local Coastal Modelling with the “response approach” discussedSanuy et al(2020).

Mean sea-levelrise, despite having a global origin, haseskaga  Overall, it is expected to become a compelling source of saenti
coastal impacts, as it raises the baseline level on top ofhwhiinformation that can be embedded in coastal climate services
extreme events reach the coastlines. Yet, projections ofgesa (Le Cozannet et al., 2017; Kopp et al., 20The users should,
in mean sea-level as well as assessments of marine extremesertheless, ensure that the inherent uncertainties ie th
are often provided on a large-scale basis (evgpusdoukas method and data are considered. This means that regionagsvav
et al., 201y, while understanding the causes of coastal oodingare representative of ocean swells in the vicinity of thelstid
and anticipating the impacts require quantitative infornmati that, for practical purposes, a detailed topobathymetry is rded
at the local scale. This can be feasible to implement in reggions these regional outputs are to be used as boundary forcings.
where monitoring networks, forecasting and operationatays  Also, the four main swell directions arriving to the archipgda
and development programs for sustainable coastlines are welte considered separately, since the generation mechamisms
established and mature (for example, the Flood and Coastaldependent; thus, every coastal location may be exposed to a
Erosion Risk Management Programme in the UK, or the Deltali erent number of incoming wave directions, and all of them
Programme in the Netherlands). In many cases, however, evahould be explored in a local case study, as illustrated itiosec
local assessments rely on coarse resolution, large-sikcddal g 5 above.
climate information. There is a number of limitations in our regionalised wave
In this work we have focused on the Maldivian archipelago,elds. The bathymetry used in the regional wave model (GEBCO,
a region where recurrent ooding episodes occur driven bysee section 2.2) has a spatial resolution ofl km, which is
remotely generated waves. These events are, furthermorgt enough to resolve the features inside the atolls. We have
projected to become more frequent as mean sea level rises dughierefore included every atoll as a single entity in the niode
the low elevation of the islands. Despite their exposure toasav domain, neglecting the wave propagation in the inner regiod an
to our knowledge, the only source of wave climate informafio  the exchanges between the lagoon of the atoll and the ocean. W
the region so far are the outputs of global wave reanalysisavithconsider, nevertheless, that this assumption is reasobalokeuse
spatial resolution of the order of a degree. Our work illusésat our results provide evidence that shadow e ects of the atalls t
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incoming waves are realistically simulated from all direes. about whether these higher mean sea levels will be reached, b
That implies that we account for the waves that reach the egler when it will occur. Impact studies based on scenario-indepahde
coast of the atolls everywhere in the Maldives. This linorat approaches in combination with ongoing monitoring of regidna
can be overcome in areas where mesoscal®00 m resolution) mean sea-level rise can facilitate the design of adaptivéi@uu
bathymetric data sets exist, in which case the interactioitis  to climate-induced hazards.
the inner lagoon can also be accounted for. Another caveat of In addition, this approach also allows to evaluate the wave-
the regional product is that only selected return periodsHaf induced ood hazard under particular tidal conditions. In ¢h
are provided, instead of an entire high-frequency time serieexample above, mean sea level 0.75 m higher than present-day
at every coastal grid point. While the quanti cation of retur values can be interpreted as a combination of climate-induced
levels is central to risk assessments, no information one@gesl mean sea-level rise and tidal oscillations. For instancés tn
wave elds (useful for erosion studies, for example) is predid can be reached with 0.5 m of climate-induced mean sea level
Finally, it is worth pointing out that the regional product hast  that, according td<opp et al. (2014)corresponds to the median
been validated against observations due to the lack of data.  projected value in 2068 under the RCP8.5 scenario, plus 0.25 m
of tidal amplitude. In consequence, according to our estimate
6.2. Application for Coastal Flood Hazard the recently developed (in 2019) regional airport will be odde
We have conducted a local ood hazard modelling experimentinder present-day mean sea-level conditions and 0.25 m af tid
that demonstrates the applicability of the regionalised waldss.  amplitude if a moderate extreme swell event (10-year return
Our case study is in the North of the archipelago, exposed tperiod) reaches the area, that is, within the present decade.
the largest incoming waves, and includes a land reclamatioNote that we are not computing the likelihood of co-occurrence
project. We have used the regionalised wave information tof extreme swells and high tides. The reasons for that are,
feed the wave propagation model SWASH around Hoarafushistly, that these two processes are uncorrelated (astrocami
island, where local bathymetry has been measured. We hatides and remotely-generated swell events have independent
estimated the ooding hazard under present-day conditionda driving mechanisms) which means that their joint probalyilit
also under projected future scenarios. Our analysis of theajlo could be computed as the product of their marginal probability
wave climate revealed that projected changes in the lamje-scdistributions (Pugh and Woodworth, 20)4However, this would
wave characteristics during the twenty- rst century areahin ~ require a complete set of time series of the two processes at ever
comparison to the multi-model spread even under the RCP8.8rid point. Although there are methods to generate a set df ful
scenario. Therefore, we rely on the downscaled regionakwagynthetic time series from their statistical characteitaie.g.,
reanalysis and assume that future changes in marine hazar@slari and Losada, 20}, this is a di erent type of product that is
will be driven only by mean sea-level rise. The local moddbeyond the scope of the present work. Secondly, our approach
does take into account the modi cation of the wave propagatioris more exible since it does not constrain the interpretation
due to higher mean sea levels, though. The set of the modef the increments in mean sea level (either climate-induced
experiments included the island con guration with and withio ~ sea level rise or tides or both), hence, allowing nal users to
the airport in order to determine how the presence of the newtailor our approach to their needs, based on their respective
reclaimed land alters the ood hazard, the wave propagatiath anrisk-taking propensity.
the associated currents. The modication of the island con guration with the
Our results identied the southwestern swells as thepresence of the reclaimed land signi cantly modi es the patte
potentially most hazardous waves in Hoarafushi, with 108@rye of the currents Supplementary Figure 1. Such changes are
return levels oHs up to 4 m and associateéf, of 20s. Thisis, determinant for coastal erosion, as they control the sedime
in addition, the most common wave direction that reaches thi transport along the coastlines. Coastal erosion is considared
part of the archipelago, although not the one with largds(that  central problem in the Maldives, especially in densely populated
are associated with the Indian monsoon). Our ndings indiea islands Zahir et al., 2016; Duvat and Magnan, 2D1Erosion
that a moderate incoming southwestern swell correspondingan be prevented or enhanced by many factors, including land
to a return period of only 10 years will cause overtoppingreclamation, dredging and building coastal defenses. Hexe w
in Hoarafushi island if it reaches the shoreline under a mearlemonstrate that our regional wave elds are a valuable &dsx
sea level 0.75 m higher than its present-day vakigure 9. for anticipating possible erosion and changing spatial pattérns
The presence of the reclaimed land slightly increases theparticular case studies.
impacts Supplementary Figure 1% The ood hazard is much The major limitation of our local coastal modelling exercise
stronger in the reclaimed land, that will experience overtopi is the lack of a detailed topography of Hoarafushi and its
episodes with sea levels only 0.25 m above present-day meagarby reclaimed airport. While we have measured bathymetri
value Supplementary Figure 1k The reason is its location close pro les during a eld trip, the information on the topography
to the reef that reduces the wave damping over the reef atis limited to the averaged elevation of the island. Likewise
We recall here that we have adopted a scenario-independetite elevation of the reclaimed land (which was not yet built
approach for mean sea level increases; this may be justi eshgivwhen the eld trip took place) has been de ned according to
that the range of mean sea level changes that we are comgjderihe national regulations. In consequence, we have not iredud
(below 1 m) will be reached even under strong mitigation,les t coastal defenses and we have instead considered that both the
maximum value lies within the committed global mean sealev island and the new reclaimed land are at. This implies that
rise of past GHGs emissionklguels et al., 20)9Thus, itis not  our estimates of overtopping and ooding could be biased high;
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however, the presence of coastal defenses would not completely a sparsely observed area. This dataset, in combination

avoid the ood hazard, they would simple delay the impacts ofwith detailed local information (e.g., high-resolution po-

mean sea-level rise. bathymetries), serves as a milestone for informing adaptati
Another point worthy of discussion is the assumption of policy and Maldivian decision-makers facing the challenfe o

static bathymetry and null reef response to changing climatiadapting to rising sea-levels.

conditions. It is clear that reefs can change over time. For

example, they can accrete following sea level figeqdroe  DATA AVAILABILITY STATEMENT

and Murray-Wallace, 20)2they can degrade due to human

activities (the construction of the airport is a good example) The datasets presented in this study can be found in online

they can die as a consequence of warmer temperatles10  repositories. The names of the repository/repositories and

and Selig, 200{indeed, warm reefs are projected to signi cantly accession number(s) can be found below: https://zenodo.org/

decline even with global warming only 1Gabove pre-industrial record/3886273#.YCFTAOhKhPY.

levels Bindo et al., 2019 and to be virtually extinct with

2 C of warming (Hoegh-Guldberg et al., 20).8n any of these AUTHOR CONTRIBUTIONS

cases, changes in the reef would imply changes in the wave

propagation and level of protection of the islarféheppard etal., AA, MM, GL, and JH conceived the work. AA, MM, RP, and SL

2009. We disregard these potential changes in our local ooddesigned the numerical experiments. AA, MM, and JR analysed

hazard modelling experiment because we analyse an arti cialihe return periods. AS and ZK retrieved the topobathimetric

reclaimed island. Here, human activities generally haversev data. All authors contributed to the outline and writing of

negative e ects on the reefDQvat, 202) and the island is the manuscript.

protected with hard measures. This is also to urban atolhidsa

as Hoarafushi, that are continuously adapting toincreasethhd  FUNDING

potential by building coastal infrastructures or arti cigliaising

the land Quvat and Magnan, 2019; Esteban et al., 2019; Hinkdlhis study was supported by the FEDER/Ministerio de Ciencia,

et al., 2019; Brown et al., 2020 his reduces the ability of the Innovacion y Universidades Agencia Estatal de Investigacio

island to naturally increase its elevation by sediment ditjpms  through the MOCCA project (grant no. RTI2018-093941-

during overtopping eventskench and Beetham, 20)l%Hence, B-C31) and by the INSeaPTION Project that is part of

we argue that in this case human interventions are probablemo ERA4CS, an ERA-NET initiated by JPI Climate, and funded by

important for wave propagation than changes in the réefi(at  Ministerio de Economia, Industria y Competitividad Agencia

and Magnan, 200)9Contrastingly, in a natural island, assuming aEstatal de Investigacion (ES) (grant no. PCIN-2017-038)3B

static bathymetry and null reef response, would bias theltesti  (DE), NOW (NL), and ANR (FR) with co-funding by the

model overtopping Beetham et al., 2017; Beetham and Kenchturopean Union (Grant 690462). This research has been

2019. Nevertheless, the regional downscaling that we providelso supported by the ANR project Storisk supported by the

serves as a boundary condition for subsequent studies ofwavrench Research Agency. AA was funded by the Conselleria

induced ooding under future conditions, which then have to d'Educacid, Universitat i Recerca del Govern Balear through

account for these uncertainties of future reef responses. the Direccié General de Politica Universitaria i Recerca and b
the Fondo Social Europeo for the period 2014-2020 (grant no.
7. CONCLUDING REMARKS PD/011/2019). MM was supported by the Ministerio de Ciencia e

Innovacion and la Agencia Estatal de Investigacion throgigimt

Our study provides the framework to |l the gap between globalno. IED2019-000985-1.

information of marine climate drivers, including mean seaé|

and extremes, and local coastal ood hazard modelling. IACKNOWLEDGMENTS
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