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SmallIsland Developing States (SIDS) have long been recognized as some of
the planet’s most vulnerable areas to climate change, notably torising sea
levels and coastal extremes. They have been crucial in raising ambitions to
keep global warming below 1.5 °C and in advancing the difficult debate on loss
and damage. Still, quantitative estimates of loss and damage for SIDS under
different mitigation targets are lacking. Here we carry out an assessment

of future flood risk from slow-onset sea-level rise and episodic sea-level
extremes along the coastlines of SIDS worldwide. We show that by the end
of'this century, without adaptation, climate change would amplify present
direct economic damages from coastal flooding by more than 14 times under
high-emissions scenarios. Keeping global warming below 1.5 °C could avoid
almost half of unmitigated damage, depending on the region. Achieving this
climate target, however, would still not prevent several SIDS from suffering
economiclosses that correspond to considerable shares of their GDP,
probably leading to forced migration from low-lying coastal zones. Our results
underline thatinvestments in adaptation and sustainable developmentin
SIDS are urgently needed, as well as dedicated support to assisting developing
countriesinresponding to loss and damage due to climate change.

Rising sealevels' together with changing weather patterns®are expected
to affect coastal communities worldwide’. Collectively, Small Island
Developing States (SIDS) defines a group of countries located in the
Caribbean Sea, East Atlantic, and Pacific and Indian Oceans, and are
home to ~70 million people (see Table 1 for the list of countries and
regions). Already from the 1990s and the Intergovernmental Panel
on Climate Change (IPCC) First Assessment Report*, Small Islands

have beenidentified as some of the most vulnerable regions to climate
change’® due to the large proportions of people, assets and infrastruc-
ture necessarily located in the coastal zone®, compounded by eco-
nomic, technological, social and ecological barriers to adaptation’.
Despite their similarities in terms of climate vulnerability to
coastal flooding, the 52 to 60 (depending on the definition) SIDS exhibit
large differences among themselves. SIDS include 4 atoll nations
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Table 1] List of SIDS countries per region and their GDP (reference year 2015), population and total area, with country names

and codes, and membership in the AOSIS

Area Country Country code AOSIS member GDP (US$B) Population (x1,000) Area (km?)
Aruba ABW No 5.41 nmnm 180
Anguilla AIA No 0.32 14.49 78
Antigua and Barbuda ATG Yes 1.30 95.20 440
Bonaire, Sint Eustatius and Saba BES No 1.03 27.07 316
Bahamas BHS Yes 12.33 382.99 10,010
Belize BLZ Yes 3.87 355.92 22,810
Bermuda BMU No 9.38 65.26 54
Barbados BRB Yes 5.39 277.20 430
Cuba CuUB Yes 190.19 11,031.29 103,800
Curacao CUW No 5.75 178.96 444
Cayman Islands CYM No 7.00 57.96 240
Dominica DMA Yes 0.45 72.02 750
Dominican Republic DOM Yes 146.85 10,885.17 48,310
Guadeloupe GLP No 7.65 480.34 1,645
Grenada GRD Yes 1.05 107.29 340
Caribbean Sea Guyana GUY Yes 413 762.43 196,850
Haiti HTI Yes 21.75 10,945.28 27,560
Jamaica JAM Yes 33.81 2,791.66 10,830
Saint Kitts and Nevis KNA Yes 0.90 51.86 260
Saint Lucia LCA Yes 1.49 181.00 610
Saint-Martin MAF No 0.76 36.26 50
Montserrat MSR No 0.06 5.09 101
Martinique MTQ No 773 4797 m7
Puerto Rico PRI No 9117 3,620.01 8,870
Suriname SUR Yes 9.61 563.33 156,000
Sint Maarten SXM No 1.22 40.93 34
Turks and Caicos Islands TCA No 1.45 38.07 950
Trinidad and Tobago TTO Yes 40.28 1,357.62 5130
Saint Vincent and the Grenadines VCT Yes 0.62 108.73 390
British Virgin Islands VGB No 114 26.83 150
Virgin Islands, US VIR No 3.65 98.25 350
Cape Verde CPV Yes 2.25 552.67 4,030
East Atlantic Guinea-Bissau GNB Yes 1.48 1,842.10 28,120
Sao Tome and Principe STP Yes 0.33 221.52 960
Bahrain BHR No 64.03 1,861.27 780
Comoros COM Yes 3.26 976.61 1,861
Indian Ocean Maldives MDV Yes 212 357.87 300
Mauritius MUS Yes 14.01 1.44.77 2,030
Seychelles SYc Yes 4.65 14.39 460
American Samoa ASM No 0.91 53.65 200
Cook Islands COK Yes 0.4 16.49 18
Fiji FJI Yes 5.95 896.98 18,270
Micronesia FSM Yes 0.85 111.54 700
Pacific Ocean
Guam GUM No 15.51 198.76 540
Kiribati KIR Yes 0.23 M1.75 810
Marshall Islands MHL Yes 0.47 54.34 180
Northern Mariana Islands MNP No 2.43 60.44 460
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Table 1(continued) | List of SIDS countries per region and their GDP (reference year 2015), population and total area, with

country names and codes, and membership in the AOSIS

Area Country Country code AOSIS member GDP (US$B) Population (x1,000) Area (km?)
New Caledonia NCL No 18.47 287.62 18,280
Niue NIU Yes 0.03 1.58 267
Nauru NRU Yes 0.22 11.56 20
Palau PLW Yes 0.43 1819 460
Papua New Guinea PNG Yes 43.75 8,093.91 452,860
French Polynesia PYF No 77 297.49 3,520
Singapore SGP Yes 333.98 5,706.35 709
Solomon Islands SLB Yes 247 647.28 27,990
Timor-Leste TLS Yes 3.87 1,342.42 14,870
Tonga TON Yes 0.59 97.39 720
Tuvalu TUV Yes 0.07 13.08 30
Vanuatu VUT Yes 2.87 287.51 12,190
Samoa WSM Yes 1.68 182.93 2,830

AOSIS, Alliance of Small Island States (https://www.aosis.org/).

(thatis, Kiribati, Marshall Islands, Tuvalu and Maldives), 14 volcanic
islands (that s, Cape Verde, Comoros, Sao Tome and Principe, Domi-
nica, Grenada, SaintKitts and Nevis, Saint Lucia, Saint Vincentand the
Grenadines, Fiji, Papua New Guinea, Samoa, Solomon Islands, Tonga,
Vanuatu) and 4 continental countries (Belize, Guinea-Bissau, Guyana,
Suriname). Consequently, their coastal ecosystems and geomorpholo-
gies are very different. In terms of drivers of coastal flooding, while
most SIDS are located in the tropical cyclone (TC) belt, there are afew
that hardly experience TCs (for example, Bahrain, Belize, Suriname).
Some SIDS are exposed to long-period swell waves (for example, Pacific
SIDS), while others mostly experience short-period wind sea waves
(for example, Caribbean SIDS). Tides are predominantly microtidal
inSIDS. Their economies also vary remarkably, including some of the
least developed countriesinthe world, as well as some of the countries
with the highest gross domestic product (GDP) per capita (for example,
Singapore). Finally, their land governance structures are diverse, with
some of these countries practicing a land tenure system where most
ofthelandis publicly owned or held under customary law, and others
whereitis privately owned. Thus, the adaptive capacities of different
SIDS vary greatly, consequently affecting their present and future
vulnerability to coastal flooding. In addition, high temperatures and
ocean acidification are known to threaten coral communities and the
natural protection they offer,

SIDS already suffer high losses and damage from extreme coastal
events and rising seas®. In 2019, tropical cyclone Dorian resulted in
over US$3 billion in damages and losses linked to flooding only in
the Bahamas, with 30,000 people impacted, 67 fatalities and 282
missing’. Tropical cyclone Maria hit Dominica in 2017 and resulted
in an economic damage of US$1.311 billion, or 226% of its 2016 GDP,
with 80% of the population affected™. In the Pacific Solomon Islands
and Micronesia, the islands of Hetaheta and Sogomou have lost 62%
and 55% of land compared to 1947, while Kale and Rapita have been
completely lost™.

There is growing attention on climate risks in SIDS®, but studies
thus far have mainly focused on a single state'?, group of states” or
region'. The diversity among SIDS in terms of their territorial areas,
governance systems, economic development and geographic char-
acteristics, combined with differences in data and methodologies
used inlocal and regional studies, hinders the development of acom-
prehensive picture of future risks of rising seas and coastal extremes
in these vulnerable states. There are global coastal hazard® and risk’
assessments thatinclude SIDS, but they either do not perform detailed

assessments'®, or only provide a general overview along coastlines
worldwide, without a specific focus on SIDS".

Here we present an assessment of coastal flood risk for all SIDS
during the present century for scenarios that span from ambitious
emissions cuts to very high emissions: ‘1.5 °C world’ (Shared Socio-
economic Pathways (SSP)1-1.9), ‘low-emissions’ (SSP1-2.6), ‘moderate
emissions’ (SSP2-4.5), ‘high emissions’ (SSP3-7.0) and ‘very high emis-
sions’ (SSP5-8.5). The modelling framework combines probabilistic
dynamicsimulations of relative sea-level rise, tides, waves and surges
to estimate extreme sea levels (ESLs) along the coastlines of SIDS
throughout this century. Land areas permanently inundated and
episodically flooded by ESLs were obtained using two-dimensional
(2D) hydrodynamic modelling while accounting for artificial flood
protection and natural protection afforded by reefs and mangroves.
We quantify human exposure and direct economic losses by combin-
ing the flood inundation maps with a detailed mapping of exposure
(population, land use, GDP per capita) and empirical vulnerability
relations (see Methods). Below we discuss median estimates, with
confidence ranges listed in brackets (5th-95th percentiles) where
appropriate.

Present-day coastal flood loss and damage in SIDS
We estimate that at present and for all SIDS, the expected flooded
area (Expected Annual Flooded Area (EAFA), calculated by integra-
tion of flooded areas over probability of occurrence of flooding) in
agiven year is 3,568 (1,460-10,368) km? (Fig. 1e and Supplementary
Data Table 1). This corresponds to 0.31% (0.13%-0.94%) of the total
SIDS land area. Half of the EAFA is located in the Caribbean Sea and
42% in the Pacific Ocean, with the East Atlantic and the Indian Ocean
containing the remaining 5% and 1%, respectively (Fig.1a,b). However,
the region with the highest fraction of its SIDS land area expected to
be flooded is the Indian Ocean (0.71%), followed by the East Atlantic
(0.61%), Caribbean Sea (0.32%) and Pacific Ocean (0.28%).

The present-day Expected Annual Number of People Exposed
(EAPE) to coastal flooding for all SIDS amounts to 131,315 (49,834~
415,472),0r 0.18% (0.07%-0.58%) of SIDS’ total population (Fig. 2a and
Supplementary Data Table 4). Approximately 61% of people exposed
are in the Caribbean Sea and 22% in the Pacific Ocean, with the high-
est contribution from Haiti (22%), Papua New Guinea and Cuba (both
around 11%). The country with the highest EAPE as a fraction of its total
population is Vanuatu (1.96%), followed by Belize (1.59%), while there
arealso several other countries where the estimated EAPE exceeds 1%
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Fig.1|SIDS will be increasingly exposed to coastal floods until 2150. a, Pie
plotindicating the countries with the highest share of the total baseline EAFA.
Coloursina-dare unique for each country and only the countries with the

10 highest values are shown. b, Baseline EAFA as a percentage of the country
area (median values in bars, black whiskers indicate the 5th-95th confidence
intervals). ¢, Pie plot indicating the highest country contributions to the total
2100 EAFA under SSP2-4.5. d, Ten countries with the highest 2100 EAFA asa
percentage of the country area (median valuesin circles, black whiskers indicate
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the 5th-95th quantile ranges); bars are grouped in stacks of 5, with one each for
the 5scenarios studied: 1.5 °C world’ (SSP1-1.9, green), ‘low-emissions’ (SSP1-2.6,
blue), ‘moderate-emissions’ (SSP2-4.5, purple), ‘high-emissions’ (SSP3-7.0,
orange) and ‘very-high-emissions’ (SSP5-8.5, red). e,f, Evolution of EAFA (e)

and area permanently flooded (f) (that is, below the high-tide water level) until
the year 2150 under all five scenarios (the lines express the ensemble median
projections and the coloured areas the 5th-95th confidence intervals). For
country abbreviations, see Table 1.

of the total population (for example, Anguilla, Bahamas, Micronesia,
Bermuda and Marshall Islands).

The present-day Expected Annual Damage (EAD) for all SIDS is
US$1.64 (0.69-5.15) billion (2020 values), corresponding to 0.13%
(0.06%-0.41%) of SIDS’ total GDP (Figs. 2b and 3f, and Supplemen-
tary Data Table 6). Around 96% of the total losses occur in the Carib-
bean Sea (49%; Fig. 3a) and the Pacific Ocean (46.5%; Fig. 3d), while the
region with the highest EAD as afraction of the GDP is the East Atlantic
(1% (0.5%-5.9%); Fig. 3b), eventhoughits absolute values are the lowest
among all regions, followed by the Indian Ocean (Fig. 3c). For several
SIDS, present average annual coastal flood losses already amount to
a considerable portion of their GDP, most notably for Belize (3.17%),
Bahamas (1.75%), Vanuatu (1.47%), Turks and Caicos (1.4%) and Papua
New Guinea (1.24%; Supplementary Data Table 7).

Climate change-induced coastal flood loss and
damagein SIDS

By 2050, the area expected to be flooded per year (EAFA) for all SIDS
is projected to more than triple compared with the present-day value
and to extend from 14,224 (9,809-19,601) km?for the 1.5 °C world sce-
nario to 15,620 (11,175-21,151) km?for the very-high-emissions scenario
(Fig. 1e) and amount to 13,933 (10,628-20,221) for the moderate-
emissions scenario. For all scenarios, EAFA expands with time, toreach
23,890 (13,810-38,059) km? by the end of this century for SSP2-4.5,

a number that accounts for 1.1-3.2% of SIDS’ total area. Limiting
warming to 1.5 °C would restrain the flooded area in 2100 to 19,213
(1,460-31,697) km?, while under the very high-emissions SSP5-8.5
scenario, it would increase to 29,515 (18,330-46,463) km? Part of the
land lies below the future high-tide water level and will be subject to
regular tidal (or nuisance) flooding, hence any development will be
permanently lost unless adequately protected. The median extent of
this low-lying land ranges between 7,653 km?for the 1.5 °C scenario to
16,274 km?for the very-high-emissions scenario (Fig. 1fand Supplemen-
tary DataTable 3). Theincreasing trend extends beyond the twenty-first
century as EAFAin 2150is projected to reach 23,845 (1,460-43,873) km?
(or2.2(0.9-4.0)% of the total area) and 43,625 (22,898-76,657) km?
(3.6 (1.9-6.4)%) under SSP1-1.9 and SSP5-8.5, respectively. For the same
scenarios, the median area permanently inundated ranges between
11,530 and 28,083 km? or 1.0% and 2.3% of the total area. The SIDS with
the highest relative contributions to the total EAFA are similar to the
baseline (Fig.1a,b), but some rankings change, with Bonaire, Sint Eusta-
tius and Saba, as well as the Maldives being added to thelist (Fig.1c,d).

How these projected changes in flood hazard translate into future
coastal impacts will depend on local exposure subject to socioeco-
nomicdynamics, including adaptation policy implementation and the
development of coastal management plans'®, Because assumptions of
demographic and economic developments over long time spans are
highly uncertain®, it is important to single out the effect of climate
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socioeconomic dynamics in green. Lighter and darker coloured bars indicate
estimates in 2050 and 2100, respectively. The bars represent the median results
and the black whiskers indicate the 5Sth-95th confidence intervals.

change and therefore, here we firstimpose the flood hazard projections
on present (2020) population and economy.

Given that nearshore areas tend to be densely populated with
growing levels of informal urbanism®, the projected increase in popu-
lation exposed outpaces thatin the projected size of flooded area. By
mid-century, -5 times more people will be flooded compared with pre-
sent day for the lowest emissions scenario (SSP1-1.9) and nearly 7 times
asmany under the very high-emissions scenario (SSP5-8.5) (Fig.2aand
Supplementary Data Table 4). By 2100, the number of people exposed
tofloodinginagiven year furtherincreases for all scenarios and is pro-
jectedtoamountto nearly 1.45 million (49,834-2,598,672) (2.2% of SIDS
population, ~10-fold of today) with 1.5 °C warming. The same number
reaches 1.88 million (951,383-3,184,341) for SSP2-4.5 and 2.4 million
(1,368,081-3,958,061) for SSP5-8.5. By 2150, EAPE is projected to reach
1,875,817 (49,834-3,719,588) and 3,696,801 (1,788,618-6,530,437)
under SSP1-1.9 and SSP5-8.5, respectively.

Flood damage is projected to increase even more dramatically
than population exposed, with estimated EAD by mid-century being
9 to 11 times the present-day damages. We project that by the end of
this century, due to climate change only, average annual damages
from coastal flooding in SIDS will further grow to US$23.8 (0.7-44.3),
US$31.5 (14.9-54.7) and US$40.7 (22.3-68.2) billion for the SSP1-1.9,
SSP2-4.5 and SSP5-8.5 scenarios, respectively (Fig. 3f and Supple-
mentary Data Table 6). This corresponds t01.89% (0.06%-3.53%), 2.5%
(1.19%-4.36%) and 3.24% (1.78%-5.43%) of SIDS’ total GDP (Fig. 2b). For
the same scenarios and the year 2150, EAD increases even further to
reachUS$31.4 (0.7-64.3), US$46.3 (17.8-85.2) and US$63.9 (29.8-111.5)
billion, respectively, with the median values corresponding to 2.5%,
3.7% and 5.1% of the GDP. Such high increase in economic impacts is
driven by the expansion of the flooded areas, but also by higher flood
depths that cause more damage per unit area. Overall, regional, total
and AOSIS (Fig. 3e) EAD estimates follow similar trends.

At a more granular level, flood exposure and losses vary sub-
stantially among regions and countries. By the end of the century,
eachyear 0.9 to 1.7 million people will be exposed (EAPE) to flooding
in the 31 SIDS of the Caribbean Sea, corresponding to 2.0-3.6% of

their population and to a 10- to 18-fold increase compared with the
present day. In this region, damages from coastal flooding will be 15
(SSP1-1.9) to 28 (SSP5-8.5) times those of today by 2100, with EAD
amounting to US$13.2 billion under 1.5 °C warming, US$18.2 billion
under SSP2-4.5 and US$21.44 billion under SSP5-8.5 (Fig. 3a). For
the two high-emissions scenarios (SSP3-7.0 and SSP5-8.5), EAD will
exceed US$2billion peryear in Cuba, Puerto Rico and Guyanaby 2100,
with atleast one third of the countriesin thisregion experiencing two
orders of magnitude or higher rise in damages by the end of the century
compared with present day. Limiting globalwarming to 1.5 °C by 2100
wouldstill resultin >100-fold increases in EAD in Saint Kitts and Nevis,
Saint-Martin, the US Virgin Islands, Trinidad and Tobago, Barbados,
Guadeloupe and Bermuda. Relative to the size of the present economy,
impacts will be highestin Guyana (38% for SSP1-1.9, 64% for SSP5-8.5),
Turks and Caicos (39-61%) and Suriname (20-40%).

Inthe 21SIDS of the Pacific Ocean, the number of people exposed
to coastal flooding is projected toincrease 4.5 to 7 times by 2100, cor-
respondingto1.2-2.0% of the populationin thisregion. Damages by the
same time will range between US$6.6 million (SSP1-1.9) and US$10.7
billion (SSP5-8.5) (Fig. 3d), or 1.4% and 2.2% of GDP, respectively, of
the Pacific Ocean SIDS. More than 50% of the damages for this region
will occurinPapua New Guineaand 14%in Singapore. Under moderate
emissions (SSP2-4.5), damages rise by at least two orders or more in
Tuvalu, Kiribati, Bahrain, Nauru, American Samoa and Singapore. For
Singapore, damages remain relatively limited compared with the size
of its economy (<1% of GDP) due to its wealth and higher protection
standard compared with other SIDS. However, for less prosperous
islands such as Tuvalu (48% for SSP1-1.9, 71% for SSP5-8.5), Marshall
Islands (27-43%) and Kiribati (15-29%), damages are projected to grow
to considerable shares of GDP.

The5SIDS locatedinthe Indian Ocean show the highest rise among
theregions, with13 (1.5 °Cworld) to17 (very high emissions) times more
people exposed by 2100 compared with present day, while damages are
projected to become 113 to 152 times higher (Fig. 3c). More than 60%
of population exposed and 70% of damages will be in Bahrain, while
damages will grow by more than two orders of magnitude inallislands
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globallevel (f) under ‘1.5 °C world’ (SSP1-1.9, green), ‘low-emissions’ (SSP1-2.6,
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blue), ‘moderate-emissions’ (SSP2-4.5, purple), ‘high-emissions’ (SSP3-7.0,
orange) and ‘very-high-emissions’ (SSP5-8.5, red). The lines indicate the median
projections and the coloured areas the 5th-95th confidence intervals. Estimates
not considering socioeconomic dynamics are presented.

apartfromthe Seychelles. These increases in flooding are projected to
lead to economic losses of 2.4% (SSP1-1.9) to 4.3% (SSP5-8.5) of GDP in
Bahrainand 9.2% to 12.5% in the Maldives. Population exposure (90%)
and damages (>70%) in Guinea-Bissau dominate the total flood impacts
of the 3 SIDS in the East Atlantic, with EAD ranging from 5.4% to 8.6%
of GDP under 1.5 °C warming and very high emissions, respectively.
Our analysis shows that avoiding very high emissions (that is,
according to SSP5-8.5) and reducing them to moderate levels (that is,
according to SSP2-4.5) will result in mitigation of the end-of-century
coastal flood damage for SIDS by 23% (Fig. 4); such benefits are pro-
jected to increase beyond the twenty-first century, reaching 27.5% in
2150. The effect of such mitigation policies varies regionally depending
onthegeographical characteristics of SIDS. Itis stronger for the India
Ocean (24%; Fig. 4c), followed by the Caribbean (23%; Fig. 4a), the
East Atlantic (19%; Fig. 4d) and the Pacific Ocean SIDS (19%; Fig. 4b).
Benefits of mitigating further to stay below 1.5 °C global warming
include anadditional reductionin EAD of 24.5% and 30.2% in the years
2100 and 2150, respectively. Countries that would benefit most from
mitigationin terms of relative reductionin damages by 2100 are Barba-
dos, CaymanIslands, Dominica, Saint Lucia, Northern Marianalslands,
Puerto Rico, Singapore, Suriname, Trinidad and Tobago, for which
total mitigation benefits (that is, comparison between SSP5-8.5 and
SSP1-1.9; Fig. 4) exceed 55%. Most of the above SIDS are low-lying
islands where ESL reductionimplies a higher reduction of flooded areas
compared with steeper landscapes; for example, the lowest mitigation
benefits are projected for some steep volcanicislands such as American

Samoa, Tonga and French Polynesia. Exceptions are low-lying islands
such as Tuvalu and the Maldives, which are severely affected islands
under all scenarios but with differences in projected damage among
SSPsbeing smaller thanin other SIDS due to their most valuable assets
being already exposed to flooding even under low emissions.

By the end of the 22nd century and under SSP1-2.6, the mean
sea-level rises by 0.26-1.92 m and EAFA for all SIDS ranges between
7,515 and 24,711 km? (Supplementary Data Table 10), values which cor-
respond to 0.6%-2% of the total SIDS area. By the end of the twenty-third
century, sea-level rise (SLR) is projected to even exceed 3.1 m and
similar estimates rise to 8,141-35,554 km? and 0.7-2.9%. The upper
limit of the SLR projections likely range under very high emissions
(SSP5-8.5) exceeds 9 and 16 m by the end of the twenty-second and
the twenty-third century, respectively. Such mean sea levels come
with high uncertainty but would result in at least 6% of all SIDS area
annually flooded, with some islands severely affected (for example,
Tuvalu, Marshalllslands, Cayman Islands, Bahamas and the Maldives).

Impacts of rising seas under future
socioeconomic conditions

When combiningthe flood hazard projectionsin view of climate change
together with scenarios of population and economy (see Methods),
EAPE for SSP1-2.6 is 28% lower compared with when only accounting
for climate change (Fig. 2a). This reflects the decline in SIDS population
projected under SSP1, from 71 million at present to 54 million by 2100.
The same mechanism drives a 35% reduction in EAPE for SSP5-8.5.
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Fig. 4| Greenhouse gas emissions mitigation reduces coastal flood losses in
SIDS. Percent reduction of the EAD from coastal flooding in 2100 between very
high (SSP5-8.5) and moderate emissions (SSP2-4.5) scenarios (darker bars), and
between moderate emissions (SSP2-4.5) and 1.5 °C warming (SSP1-1.9)
scenarios (lighter bars). Results at country level for each of the four regions

(a, Caribbean Sea; b, East Atlantic; ¢, Indian Ocean; d, Pacific Ocean). Bars indicate

the ensemble median country-level values, and the black whiskers indicate

the 5th-95th confidence ranges. The horizontal lines show the corresponding
median mitigation effect at regional level (solid line from SSP5-8.5 to SSP2-45,
dashed line from SSP2-4.5 to SSP1-1.9). The bottom map highlights the four
regions as dark blue (Caribbean), light blue (Pacific), light brown (Indian) and
dark brown (East Atlantic). For country abbreviations, see Table 1.

On the contrary, the projected increase in SIDS population and
migration towards coastal zones under SSP3-7.0 drive an additional
increase in EAPE of 57% by 2100. SIDS in the Indian Ocean show the
highestincreaseinthe proportion of the population thatlivesin coastal
flood-prone areas, followed by the PacificIslands. Even for the SSP1-2.6
scenario, 34% and 11% more people are projected to live near the coast
in the Indian and Pacific Oceans, respectively, while in the Caribbean
and East Atlantic, the populationin coastal low-lying areas are projected
to decrease by 30% under this scenario.

Economic growth amplifies damages for all scenarios, with the
2100 EAD projected to reach US$128.3 (4.4-225.3) (SSP1-1.9), US$140.9
(59.7-240.1) (SSP1-2.6), US$133.5 (66.6-224.3) (SSP2-4.5), US$81.48
(42.2-137.9) (SSP3-7.0) and US$337.2 (198.8-526.4) (SSP5-8.5) bil-
lion, a multi-fold increase from present-day estimated damage of
US$1.64 billion (Fig. 2b). The stronger economic growth projected
for SSP2 compared with SSP3 results in the highest absolute dam-
age in SSP2-4.5, despite the smaller increase in ESLs for this scenario

compared with SSP3-7.0. For SSP5-8.5, higher SLR projections coincide
with higher asset values as GDP increases and population decreases,
resultingin2100 EAD estimates that are almost 2.5 times higher than for
SSP2-4.5.Relative to the size of the economy in 2100, these estimates
correspond to 3.5 (SSP1-1.9), 3.8 (SSP1-2.6), 3.2 (SSP2-4.5) and 6.6%
(SSP5-8.5) of SIDS’ GDP, or 82%, 81%, 27% and 104% higher, respectively,
compared withwhen only the effects of climate change are accounted
for. This is due to the concentration of people, infrastructure and
wealthin coastal zones, all of which are projected to intensify in most
countries, especially in the Pacific and the Caribbean. The only excep-
tionis SSP3-7.0, for which EAD as afraction of the GDPis 22% lower than
when static economy is considered.

Discussion

Despite being highly vulnerable to the effects of climate change, SIDS
are among the least-studied regions of the planet™. This study presents
acomprehensive assessment of flood risk along coastlines of all SIDS.
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We integrate state-of-the-art global modelling tools and datasets with
notable improvements on several aspects, such as the accuracy of
the digital elevation model, accounting for wave and tropical cyclone
effects, nonlinear interactions betweenwater-level components, attenu-
ation of ESLs by reefs and mangroves, and applying 2D hydraulic flood
inundation modelling. The spatial and temporal scales considered,
however, impose some inevitable epistemic, computational and data
limitations (see also Limitations in Methods), therefore our results
should be considered as afirst-pass global-scale assessment that gives
insights on spatial patterns of future coastal flood impacts in SIDS and
identifies potential hotspots ofimpacts of climate change. The present
findings should not be directly used for adaptation decision-making at
localscales, for whichmore detailed local-scale assessments are needed.

Coastlines of SIDS host a variety of environments, from low-lying
coral atolls to steep rocky coasts. Nearshore waves and currents
and thus ESLs are modulated by the nearshore bathymetry and
topography. Improvements in the quality and availability of spatial
topo-bathymetric data would substantially benefit coastal flood
risk modelling'>%, allowing better representation of complicated
hydrodynamic processes, in particular at open complex coastlines,
such as around temperate rocky coasts and coral reefs that surround
many SIDS* %,

Anthropogenicfactorsare key drivers of shoreline change world-
wide?, and human interventions modulate the impact of extreme
weather events by affecting the different flood risk components (haz-
ard, exposure and vulnerability). The bathymetry and topography
acts as natural protection, attenuating incoming wave energy, but
such capacity depends on its long-term evolution which is difficult
to predict®. Similarly, numerical modelling studies have shown that
the extent to which rising seas will affect nearshore hydrodynamics
depends onwhether societies will decide to ‘hold theline’ or let shore-
lineretreat”. Alimited number of states are already planning to further
enhance coastal protection in response to SLR?, but these efforts are
stilllocal. Ithas been demonstrated that the interplay between hazard
and vulnerability is complex®’, and despite the increasing frequency of
extreme events, risk reduction efforts have been successfulinreducing
vulnerability and flood risk*°.

Allthe above interactions depend on multiscale economic, social
and political conditions®, which are beyond the scope of the present
study restricted to assessing coastal flood impacts for SIDS assum-
ing static vulnerability and no improvement in existing natural and
artificial coastal protection. This includes the inherent assumption
that ecosystems will retain their natural protection capacity in the
future, but for this to be the case, they should be properly managed
and protected against intensifying stressors®. Recent IPCC reports®
underline that coral bleaching will severely affect coral habitats even
under 1.5 °C warming and beyond the year 2040, but a recent study
leaves some hope that ecosystems could at least adapt if we achieve
suchatemperature goal®. The factis that we are still developing tools
that will allow us comprehensive quantitative projections of reef and
mangrove evolution, and the absence of such informationis aninevita-
blelimitation of studies such as ours. Here we assume that ecosystems
will continue to provide natural protection, based also on the fact that
as part of the management of natural defences, governments are decid-
ing to purchase insurance to protect reefs from storm damages and
to invest in national disaster recovery funding for reef restoration to
protect coastal populations®. At the same time, we need to highlight
that the above assumptionrenders our results more conservative and
incase ecosystems will not be preserved, future floods will result with
even higher impacts.

SIDS have played an important role in international climate dis-
cussions to promote the curbing of global warming and implement
mechanisms to address loss and damage® that are not avoided through
mitigation and adaptation®. Our findings corroborate the urgency
of adapting to slow-onset SLR and associated intensified extreme

coastal events expressed by these vulnerable countries. Even under a
stringent mitigation scenario, coastal flood risk in SIDS is projected to
increase by more thananorder of magnitude by the end of this century.
For several SIDS, the costs of future coastal flooding will be very high
relative to the size of their economy (for example, Guyana, Turks and
Caicos, the Marshall Islands, Guinea-Bisau, Suriname, Kiribati, Belize
and Tuvalu). Local flood risk could be further amplified by growing
levels of informal urbanism where people and communities settle in
highly exposed locations®.

Substantial adaptation efforts will therefore be required to miti-
gate coastal flood impacts. To keep economic damages in 2100 at
today’s levels, existing natural and artificial protection would need
to be upgraded to withstand rises of extreme sea levels by more than
ametre in several countries and under the high-emission scenarios
(Supplementary Data Table 11). Countries with the highest estimates
of additional protection needed are American Samoa, Samoa, Cook
Islands, Cuba, Cayman Islands, Micronesia, Jamaica, Saint-Martin,
Aruba, Mauritius and Nauru. Built infrastructure may be cost effec-
tive in areas with highly valued assets”, yet is expensive and can have
negative effects on biodiversity®. Therefore, effective management of
existing natural defences can serve as a cost-effective and less intru-
sive adaptation option®’, but further research is needed regarding
their costs and benefits*’, and the extent to which they can absorb the
effects of higher-end SLR* and other climatic changes (for example,
increasing marine heat waves, ocean acidity). Retreat from low-lying
coastal zones in SIDS can be considered either proactively or as an
ultimate measure (for example, as aresult of failed adaptation, orasa
loss and damage response), but can often be hampered by social and
ethical challenges and may even be impossible in several islands with
limited high-elevation land*.

Beyond the twenty-first century, there is strong incentive for cli-
mate mitigation as under higher emissions, extreme sea levels could
increase by several more metres, threatening the more low-lying
islands. The implementation of adaptation in SIDS is further com-
pounded by the lack of resources, governance issues and limited insti-
tutional capacity’. Major political decisions need to be taken, notably
onfinancingforloss and damage to support vulnerable communities
around the world to avert, minimize and address loss and damage from
climate change.

Methods

Coastal flood risk modelling framework

We assessed impacts from SLR and episodic flooding along coastlines
of SIDS during the twenty-first century, considering both permanent
inundation from SLR and tides, and episodic flooding from coastal
extremes. The analysis is based on the modular framework LISCOAST
(Large-scale Integrated Sea-level and Coastal Assessment Tool). It
combines state-of-the-art large-scale modelling tools and datasets
to quantify hazard, exposure and vulnerability in coastal areas and
compute consequent risks**>. We considered the five principal SSP
scenarios that span arange fromambitious mitigation to no emission
policies: SSP1-1.9 that allows achieving the Paris Agreement goal of
holding the increase in global temperature to below 1.5 °C compared
with pre-industrial levels; low-emissions (SSP1-2.6), reaching net-zero
emissions after 2050 and achieving the 2 °C goal; moderate emis-
sions (SSP2-4.5), implying stable emissions until mid-century, when
they start to be reduced without reaching net-zero; high emissions
(SSP3-7.0), with emissions rising constantly to almost double from
current levels by the end of the century; and a high fossil-fuel devel-
opment world throughout the twenty-first century (SSP5-8.5)**. For
each of these scenarios, we generated probabilistic projections of
mean and extreme sea levels that give rise to permanentinundation or
episodic flooding, and combine them with exposure and vulnerability
to quantify economiclosses. More details on the different steps of the
analysis are provided below.
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Hazard modelling

Coastal areas in SIDS are exposed to rising mean sea levels (MSL) and
episodic high sealevels under extreme atmospheric conditions. ESLs
are driven by the combined effect of MSL, tides and water-level fluctua-
tions due to waves and storm surges. We derived the contribution of
eachofthese drivers with state-of-the-art modelling tools and datasets,
and combined them to obtain ESLs every 1 km along the coastline.

For the baseline period spanning from 1980 to 2020, we ran a
reanalysis of waves and storm surges on the basis of atwo-way coupled
ocean model using an unstructured grid with a resolution ranging
from ~-50 km offshore to -2 km nearshore. The coupled model system
includes the Semi-implicit Cross-scale Hydroscience Integrated Sys-
tem Model (SCHISM)*®, configured in its 2D barotropic mode and the
third-generation spectral wave model (WWM-V)*¢, The model accounts
for the combined effects of wind, atmospheric pressure gradients
and tides. Bathymetric data are available from the European Marine
Observation and Data Network (EMODnet) in angular coordinates
at aresolution of 1/8 arc-minute (0.0021° of latitude and longitude;
http://www.emodnet.eu/bathymetry) and are interpolated onto the
computational grid.

We applied the coupled model to produce areanalysis of waves and
storm surges, forced by sea-level pressure and wind speed data from
ERAS (ref. 47). The reanalysis was carried out without tidal forcing to
make sure that our hindcast resolves the weather-driven component
of ESLs without the stochastic modulation of tidal variations. Fur-
ther details about the model setup and the validation can be found in
ref. 48. Since it is known that nonlinear interactions between tides,
waves and storm surges can be important in some areas, we applied
a correction for the above effects following an approach similar to
that in ref. 49. To this end, we ran a shorter 10-yr reanalysis including
tidal forces and from the overlapping time series, we used copulas to
produceacorrection function for nonlinear tidal effects on water-level
anomaly and significant wave height.

To improve the accuracy of the reanalysis data, we implemented
some additional steps as detailed below. Using satellite altimetry data,
we applied aquantile mapping bias correction onboth the water-level
anomaly and the significant wave height. This was done after compiling
all coinciding model and satellite values along 1° x 1° cells. To further
improve the cyclone-related stormsurge estimates which have notbeen
sufficiently resolved by our reanalysis, we did additional simulations
of tropical cyclone-driven sea-level anomalies using the Delft3D-FM
model*® forced by the IBTrACS best-track archive®. The reanalysis
values were corrected by considering the tropical cyclone runs values
when they are higher than those of our ERAS runs. More information
about the approach and data can be found inref. 15.

Spectral wave parameters provide one characteristic estimate for
wave height, direction and period from the whole spectrumand there-
forelack the detail needed to describe wave processes along complex
shorelines. To overcome this shortcoming, we used the spectral peaks
from the WWM-V model output and propagated each peak along a
global transect dataset with 1 kmalongshore resolution. The transect
dataset includes information on the shoreline position, orientation,
submerged and subaerial slope, among others. Details of the dataand
methods used to generate transects are provided in ref. 52. We ben-
efitted from the complete spectral information from the wave model
to propagate each peak at each time stamp along its corresponding
transect using Snell’s law>>, We then estimated the wave breaking height
combining the peak wave parameters with the submerged profile
slope®. Subsequently, we obtained the wave run-up height R, on the
basis of the Stockdon empirical formula®*, after combining the break-
ing wave height and period with the subaerial beach profile slope. The
abovestepsresulted inwave run-up height estimates for each spectral
peak and we considered the highest value as the characteristic for the
specifictime stamp. We then combined the wave run-up with the storm
surge to obtain the meteorological tide and applied non-stationary

extreme value analysis® to the time series to obtain estimates for dif-
ferent return periods.

Several of the SIDS coastlines are characterized by the presence
of coral reefs and mangroves, which can attenuate nearshore extreme
sealevels. Previous studies provide information about the spatial dis-
tribution of coral reefs*® and mangroves”, as well as nearshore extreme
sea-level estimates, with and without ecosystem attenuation for dif-
ferent return periods. The latter allowed us to obtain ESL reduction
coefficients due to the natural protection from ecosystems, whichin
turn allowed us to have the final ESLs considering such protection. To
assess theimportance of natural protection, we carried out a sensitivity
analysis applying our framework with and without ecosystem effects
for the 50 yr return period event and the baseline, as well as the year
2050 under SSP5-8.5.

Present-day ESLs were produced by combining the final meteoro-
logical tide time series with tidal elevations obtained from the FES2014
model*®. Following the approach in ref. 15, the high-tide water level
was considered, takingintoaccount the range due to the spring-neap
tide cycle.

We obtained projections of ESLs up to 2100 for the SSP scenarios
asfollows. Relative SLR projections were obtained from the latest IPCC
AR6 assessment’*’ and incorporated the effects of the various compo-
nents of future SLR, as simulated by climate models from the Coupled
Model Intercomparison Project phase 6 (CMIP6), including steric SLR,
dynamic sea-level change, contributions from glaciers and ice caps,
land-water storage and glacial isostatic adjustment, among others.
Delft3D-FM*° was used to assess changes in global tidal elevations due
to changing sea levels”. Future sea water-level fluctuations due to cli-
mate extremes, thatis, water levels driven by waves and storm surges,
have been shown to be highly uncertain along coastlines worldwide
and that they are much smaller than the effects of SLR for moderate and
high greenhouse gas emissions trajectories”. In view of this uncertainty
and similar to other globalimpact studies, projected regional relative
SLR was combined with the present meteorological tide estimates to
obtain ESLs for future time periods.

All ESL components (RSLR, tide, surges and R,) were expressed
as probability density functions (PDFs) that account for the different
sources of uncertainty, and they were combined through Monte Carlo
simulations to generate probabilistic estimates of ESLs in each coastal
segment (1 km alongshore resolution). Non-stationary extreme value
analysis® was then applied to obtain, for a range of return periods
(thatis, 1,2,5,10,20,50,100,200,500,1,000 and 5,000 yr), PDFs of the
corresponding return values of ESL throughout this century.

Previous global or SIDS studies produced inundation maps using
staticapproaches, which are known to overestimate coastal flooding,
especially for flat terrains®. A substantial improvement of this study
is that hydraulic 2D simulations were used along the entire coastline
of SIDS to estimate inundation extent and depth. We followed the
approachpresentedinref. 60 and ran the Lisflood-ACC model®at30 m
spatial resolution, using the estimated ESLs as forcing and considering
hydraulic roughness derived from land-use maps®. Up to high-tide
water levels (that is, combination of mean sea level and high tide), we
applied thebathtub approach, and land below this sea water level and
the corresponding assets were considered permanently inundated due
tothe effects of sea-level rise. For episodic flooding, Lisflood-ACC was
appliedfor each coastal segment, with the model domain extending up
to 200 km landwards to ensure the inclusion of all potentially hydro-
logically connected areas that may lieinland and away from the coast.

Another improvement compared to previous studies relates to
the Digital Elevation Model (DEM) used here, as the accuracy of the
DEM used in flood modelling has been identified as one of the major
sources of uncertainty in flood inundation modelling®***. Here we
used the recently published GLO-30 DEM® that is based on synthetic
aperture radar measurements and is known toreduce the vertical bias
of SRTM-based products. Inaddition, we applied post-processing using
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global LIDAR observations to further remove vertical bias, correcting
for buildings and vegetation. The description of the development of
the new DEM is beyond the scope of the present study but is detailed
inref. 66 and the dataset is publicly available.

Another known limitation of flood risk analyses, especially at
regional scale and beyond, is the absence of information on coastal
flood protection. Asaresult, previous studies did not consider protec-
tion standards®, or used proxy variables such as per capita wealth®®
or population density and expert judgement®. Here we extended
the set of criteria and combined a range of indicators as a proxy to
define present levels of flood protection at coastal segment resolu-
tion. These are: wealth expressed by GDP per capita’ considering the
World Bank classification (https://blogs.worldbank.org/opendata/
new-world-bank-country-classifications-income-level-2020-2021), the
presence of critical infrastructure suchas ports (https://geonode.wfp.
org/layers/esri_gn:geonode:wld_trs_ports_wfp) and airports (https://
datacatalog.worldbank.org/dataset/global-airports, https://www.
partow.net/miscellaneous/airportdatabase), urbanization/artificial
surface derived fromland use and population density (see the following
section for the datasets; http://www.worldpop.org/).

For each coastal segment, we identified the presence of peo-
ple, urbanization, critical infrastructure and economic capacity in
the present 1-in-500 yr flood area and assumed a positive relation
between coastal protection and the number of people, assets and
economicactivity presentin this area®®, Weimposed the following rules
to define coastal protection, where the GDP,,,,, refers to the average
gridded GDP,;, in the coastal segment and not the country GDP, ;...
The minimum protection level considered was against a 1-in-1yr sea
level. When more than one of the conditions below were satisfied,
the higher protection level was chosen. If the 1-in-500 yr flood area
of the segment was covered by at least 10% of artificial surface or has
a population density >500 people per km?, it was assumed that low
(GDP,, i < US$1,036), lower-middle (US$1,036 < GDP,, ., < US$4,045),
upper-middle (US$4,045 < GDP,,,, < US$12,535) and high-income
coastal communities (GDP,,;,, > US$12,535) would be protected against
thel-in-1,1-in-2,1-in-5and 1-in-30 yr ESL, respectively. If there isalarge
port present, in high-income communities the segment was assumed
tobeprotected up tothel-in-50 yr event, whereas for the otherincome
societies, protection was up to the 1-in-10 yr event. For small ports,
protection wasassumed tobeeitherup toal-in-2 yr (low, lower-middle
income) or a 1-in-10 yr (upper-middle, high income) event. If there is
an airport, it was assumed that low, lower-middle, upper-middle and
high-income communities would at least be protected for the 1-in-2,
1-in-5,1-in-10 and 1-in-30 yr ESLs, respectively. Thus, obtained protec-
tion levels were implemented in the flood inundation modelling by
assuming that flooding occurs only when coastal water level exceeds
the existing protection levels. In areas where we obtained unrealistic
results, despite the above improvements, we followed the procedure
inref. 43 by applying a reverse calibration of the coastal protection
standards using information from the PCRAFI dataset”, local stud-

ies’>*%*and expert judgement.

Exposure and vulnerability

Theresulting flood inundation maps were combined with exposure and
vulnerability information to estimate population exposure and direct
flood damages**”%. For today’s population exposure, we overlaid the
presentinundation maps with the WorldPop 2020 population dataset
(www.worldpop.org), whichisanopenand high-resolution geospatial
dataset of population and demographic dynamics, with a focus on
low- and middle-income countries. The vulnerability to flooding was
expressed through depth-damage functions (DDFs)*, which define
the relation between direct damage and flood inundation depth for
differentland-use classes. Asset values were further scaled according
to the GDP per capita available at 5 arc-min resolution’® to account
for differences in the spatial distribution of wealth within countries.

Baseline globalland cover is available from the European Space Agency
(https://worldcover2020.esa.int/; reference year 2020) at 10 mresolu-
tion. Given that more than 95% of the damages relate to built-up areas,
land use was corrected to take into account 30-m-resolution gridded
information on global human built-up and settlement extent” (refer-
enceyear2010).

Future population exposure for the SSP scenarios was obtained
from global projections of population density and urban popu-
lation gridded at 1km resolution (https://sedac.ciesin.colum-
bia.edu/data/set/popdynamics-1-km-downscaled-pop-base
-year-projection-ssp-2000-2100-rev01). Given that urban land-use
classes drive most of the estimated coastal flood damages, and in the
absence of high-resolution gridded land-use projections, changes in
urbanization were used to estimate changesin damages due toland-use
change. The projections of urban population were considered as a
proxy for the degree of urbanization. Country-level GDP projections
forthe SSPs were taken from [IASA and OECD™. The projected changes
incountry GDP were spatially disaggregated on the basis of the popula-
tion projections and were used to adjust future asset values.

Some SIDS were not included in the SSP projections and the
missing data were compensated for by values from the most similar
countries. To this end, we applied a k-means clustering algorithm
for all countries using the following variables: the mean latitude and
longitude of the country border polygon, GDP, GDP per capita, popu-
lation, country area and population. The algorithm grouped all coun-
tries into 20 clusters on the basis of similarities in their location and
socioeconomic characteristics. For each SIDS notincluded in the SSP
projections, we considered the average relative change of all countries
belonging to the same cluster.

Risk assessment

For each coastal segment, the areaflooded, number of people affected
anddirect flood losses were calculated at ~-100 m resolution by combin-
ing flood inundation estimates with population and land-use maps, and
the vulnerability functions. For areas that are inundated on a regular
basis (which could happen in the future with SLR), defined as lying
below the present high-tide water level, assets were considered as fully
damaged and the maximum loss according to the DDFs was applied. For
areasinundated only during extreme events, the damage was estimated
by applying the DDFs combined with the simulated inundation depth
and land-use information.

MSLs and ESLs, and the corresponding flood depths, are avail-
able as PDFs for different return periods (1, 2, 5, 10, 20, 50, 100, 200,
500, 1,000 and 5,000 yr). Consequently, for each coastal segment,
we obtained probabilistic estimates of flooded area (FA), population
exposed (PE) and impact (D) from 1981 up to 2100. Integrating FA, PE
and D over the return periods allowed obtaining the EAFA, EAPE and
EAD. We present and discuss our results on risk at global, regional, as
wellas country level, and we focus on the median, Sthand 95th percen-
tiles (very likely range).

Adaptation

Even though assessing adaptation options liesbeyond the scope of the
present study, we produced preliminary results about the additional
protection height needed to keep the 2100 EAD at present-day levels.
To this end, we estimated the 2100 EAD by incrementally increasing
the protection standard and producing curves of EAD as a function of
the coastal protection standard. These curves were theninterpolated
to estimate the protection needed to achieve the desired EAD, which
is expressed in return periods, additional elevation, as well as cost
per km of coastline, with unit costs available from previous studies”.

Limitations
The present study expresses the current state of the art in large-scale
coastal impact assessments, but the spatial and temporal scales
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considered impose some inevitable epistemic and data limitations.
We focused on direct damages from flooding and excluded indirect
damages. The latter can be substantial but require a different modelling
framework” and are beyond the scope of our study.

ESLs arethe combined result of rising sea levels, tides, waves and
storm surge which are known to interact with each other*’. With the
two-way coupled model used here, we resolved the sensitivity of wave
processes to ocean circulation and storm surge’, as well as the Dop-
pler and other effects of tidal and wind-driven currents to waves’”. On
the other hand, we omitted nonlinear interactions between SLR and
the other ESL components?®. This is an inherent limitation of present
state-of-the-art large-scale assessments, as discussed in detail in ref.
15and other studies™””.

Our work advances in the estimation of wave run-up to express
wave contributions to ESLs, compared with the generic approximation
of wave set-up previously applied*>**”°, This was feasible due to recently
published datasets of submerged and subaerial beach profile slopes.
On the other hand, we omitted other wave-related processes such as
overtopping®® and coastal protection failure®’. This would require
very detailed simulations that are presently not feasible at this scale.

Nearshore hydrodynamic processes are modulated by the con-
stantly changing nearshore topography and bathymetry®, and events
of similar intensity occurring afew days apart can have distinctly differ-
entimpacts on the coast due to changing wave attenuation patterns®.
Such complexity can be even more enhanced in coral atolls™*** and
other environments where geological controls can affect nearshore
hydrodynamics and sediment transport®***, Simulating the above
interactions requires high-resolution process-based models and
data®?*, Performing such detailed analysis in a common framework
for all SIDS is currently infeasible due to a lack of detailed data for all
SIDS and computational restrictions. Even if these limitations were
somehow overcome, issues arising from the uncertainty in future
geomorphological conditions still remain. Climate change and rising
seas, long-term weather variability and humaninterventions will affect
nearshore morphology in away thatis difficult to predict®. As coastal
morphology evolves, especially under rising seas®, the range of pos-
sible future topo-bathymetric conditions that could governnearshore
extreme sealevels” becomes very broad and prohibits the application
of expensive modelling frameworks at large scales.

Despite continued efforts to improve coastal protection charac-
terization, we recognize that the scientific community is stillalong way
away from having accurate information regarding protection stand-
ards along the global coastlines, including those of SIDS®*. We used
wealth as a proxy for vulnerability in line with empirical evidence that
shows astrongrelation between wealth and socioeconomic impact™.
Even though our estimates are based on gridded data, hence trying
to capture local differences between and within countries, existing
wealthinequalities canresultinartefactswhen consideringthe GDP per
capitaasaproxy for theinterplay betweenrisk perception and coastal
protection. For transparency, the protection standards applied in this
research are made available together with the public dataset to facili-
tate similar assessments and possible improvements whenever new
information becomes available. Anadditional knownimportant factor
of uncertainty is the digital elevation model, which albeit improved
compared to previous efforts, still introduce epistemic uncertainty
in our framework.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The models and datasets presented are part of the integrated risk
assessment tool LISCoAsT (Large-scale Integrated Sea-level and
Coastal Assessment Tool) developed by the Joint Research Centre of

the European Commission. The flood risk assessment data are pro-
vided in the supplementary information. Source data are provided
with this paper.

Code availability

Most of the code that supported the findings of this study is already
openaccess, with references provided in the manuscript; specific tools
thatarenotavailablein publicrepositories will be available on reason-
able request from the corresponding authors.
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