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Abstract Joint effects of the dynamic sea-level rise projected changes in the large-scale atmosphere/
ocean circulation, and wave climate on hurricane-induced extreme water levels in the Caribbean region
are assessed. We use the 2D-depth integrated ADCIRC + SWAN wave-ocean model, baroclinically
coupled to an ocean-eddying version of the Community Earth System Model, to compare impacts of the
September 2017 hurricanes with projected impacts of similar hypothetical tropical storms occurring in the
future. The model predicts only minor changes in the hurricane-induced extreme water levels for those
Caribbean islands which were severely devastated by the 2017 tropical storms (Irma and Maria). That is,
provided that the hurricane intensity remains at the present-day level, the global mean sea-level rise is the
main future coastal flood risk factor.

Plain Language Summary The unique geophysical setting makes the Caribbean region
extremely vulnerable to climatic changes experienced over the past few decades. The majority of the
population and important infrastructures such as ports and airports are concentrated in the coastal zones
which are at risk of permanent flooding as sea level continues to rise. The economy of the small Caribbean
islands is heavily dependent on tourism and associated industries which are under pressure due to coral
bleaching and coastal erosion. Additionally, the Caribbean region experiences intense and frequent
extreme weather events which can potentially become more destructive in the future. As it is uncertain
whether the hurricanes themselves will change, we investigate how the present-day tropical cyclones
will impact the Caribbean in the future. Our results indicate that islands in the Northeast Caribbean will
not be at higher risk of hurricane-induced flooding in the future if coastal infrastructure and ecosystems
(coral reefs and seagrass meadows) can withstand the sea-level rise and continue to provide important
coastal protection services. In contrast, the projected increase in wave height in the southern Caribbean
can lead to more coastal flooding and beach erosion in these areas.

1. Introduction

Sea-level rise poses severe threats to low-lying coastal areas globally, and the Caribbean region is recognized
as being one of the most vulnerable regions of the world (Mycoo, 2018; Nurse et al., 2014). The vulnera-
bility arises from geophysical characteristics of small islands and coastal topographic settings, which limit
where population and economic centers can be located. While the land area permanently inundated by 1 m
sea-level rise will not exceed 5% for any of the Caribbean Community states, the most valuable land for tour-
ism, agriculture, and transportation infrastructure will be lost. The effects of sea-level rise on the economy
of the Caribbean region can therefore be dramatic (Simpson et al., 2010).

In addition, tropical storms and hurricanes developing over warm Atlantic waters present major hazards for
coastal areas in the Caribbean due to the associated extreme winds, rainfall, and storm surges. The Atlantic
tropical cyclone activity has shown clear increasing trends in the observed genesis number, the number
of intense hurricanes and mean maximum intensity over the past decades (Kossin et al., 2013; Landsea
et al., 2010; Murakami et al., 2014). However, the tropical cyclone activity levels in the Atlantic basin are
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subject to significant multidecadal variability attributed to natural changes in the meridional overturning
ocean circulation (Delworth & Mann, 2000; Klotzbach & Gray, 2008), volcanic eruptions, and Sahara dust
outbreaks (Evan et al., 2011; Evan, 2012), as well as to changes in the anthropogenic forcing factors such as
greenhouse gases and sulphate aerosols (Evan et al., 2009). The relative contribution of each mechanism to
the observed tropical cyclone variability is presently an active area of research. Projections on whether trop-
ical storm frequency and intensity in the Atlantic basin will increase during the 21st century under green-
house gas forcing vary considerably between the studies (T. R. Knutson et al., 2013; T. Knutson et al., 2019;
Villarini & Vecchi, 2012; Villarini & Vecchi, 2013; Walsh et al., 2016). Additionally, Colbert et al. (2013)
estimated fewer westward tracks and more recurving (open-ocean) tracks in the North Atlantic at the end
of the twenty-first century. These changes in the cyclone tracks would imply a decrease in landfall in the
Caribbean region and North America, independent of overall changes in the activity.

While it is uncertain if tropical cyclones will change in the future, it is important to assess whether the
impacts of the present-day hurricanes will alter under climate change. As the climate warms, the global
mean sea level is projected to rise, due to thermal expansion and melting of land ice (IPCC, 2019), there-
by increasing the risk of storm-induced flooding in the low-lying areas (Kleinosky et al., 2007; Mousavi
et al., 2011; Smith et al., 2010). Regional sea-level changes may, however, deviate from the global sea-level
trend due to, among others, local land subsidence, changes in the ocean circulation, and mesoscale eddy
activity (Hu et al., 2011; Torres & Tsimplis, 2013; van Westen et al., 2020). Melet et al. (2018) found that
the contribution of wave setup to coastal water levels can exceed the contribution from thermal expansion.
Wolf and Woolf (2006) and Joyce et al. (2019) have shown that changes in synoptic wind fields do not only
influence wave climate (and hence coastal wave setup) but also hurricane-induced wave heights. Besides
that, sea-level rise, alterations to coastal morphology and ice sheet extent, changes in ocean baroclinicity
can alter the tidal amplitude and phases (Haigh et al., 2020). This, in turn, would change the water level
during hurricane passage and, thus, influence the surge. Non-linear interactions between water depth, tide,
waves, and atmospheric surge could, thus, lead to changes in the peak water levels which are significantly
different from the changes in the mean sea level alone (Arns et al., 2015; Idier et al., 2019). Assessing the
impact of climate change on hurricane-induced flooding, therefore, requires explicit storm surge modeling
under future climate conditions. Since tropical storms and surges cannot be modeled directly in the low-res-
olution general circulation models used in climate studies, downscaling to high-resolution regional models
is required.

Storm surge forecasting is usually done using 2D-barotropic models, which do not take into account density
or vertical velocity structure. Such models are unable to represent the important baroclinic ocean processes
described above. Although it is possible to conduct surge forecasting with 3D models, these are still too
expensive, so either temporal or spatial resolution needs to be sacrificed. Pringle et al. (2019) developed
a depth-integrated model, which accounts for the effects of the oceanographic processes on the free sur-
face and depth-integrated currents. This was achieved by means of one-way coupling ADvanced CIRCula-
tion + Simulating WAves Near Shore (ADCIRC + SWAN; Dietrich et al. [2011]) model to the operational da-
ta-assimilated Global Ocean Forecasting System (GOFS 3.1, see Metzger et al. [2017]). Pringle et al. (2019)
showed that the 2D baroclinically-coupled ADCIRC is capable of reproducing the effects of the seasonal
water-level cycle, the large-scale ocean dynamics, as well as the impacts of the sea-level change due to trail-
ing cold wakes in the ocean surface temperature caused by vertical mixing from the passing hurricanes. The
inclusion of ocean baroclinicity with parameterized internal tide conversion also improved the representa-
tion of the tidal dynamics.

Following the approach of Pringle et al. (2019), we develop the baroclinic coupling of ADCIRC + SWAN
(Dietrich et al., 2011) to the Community Earth System Model (CESM, Padua [2011]). The coupled model
is used to assess how the ongoing sea-level rise and the projected changes in the large-scale ocean/atmos-
phere circulation will influence the storm inundation risk for the Caribbean islands. We compare impacts
of the 2017 Irma and Maria tropical storms to that of September-specific warming scenarios for 2080-2100.
The model used will be described in Section 2 and the numerical implementation and future scenario in
Section 3. The comparison between tide-gauge observations and the results of the present-day model con-
figuration is described in Section 4. The impact of tropical cyclones on the Caribbean region under climate
change is presented in Section 5, followed by a summary and discussion in Section 6.
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2. Model Description

Simulations are performed using the finite element ADCIRC + SWAN model (Dietrich et al., 2011) in
a baroclinic-coupled depth-integrated configuration (see Pringle et al. [2019]). In this configuration the
baroclinic processes are not simulated directly, but their effects on the free surface and depth-integrated
currents are accounted for. The coupling procedure is similar to the explicit external-internal mode-splitting
schemes used in the ocean models (Shchepetkin & McWilliams, 2005), but modes are only weakly one-way
coupled here. The baroclinic-coupled depth integrated model (which we will refer to below as 2DBC) uses
information from an external 3D-baroclinic model to compute depth-integrated baroclinic pressure gradi-
ents (VB), the depth integrated momentum dispersion (VD) and the dissipation vector (C) due to the energy
conversion from barotropic tides to baroclinic internal tides. These terms enter the standard shallow water
equations in the form of additional sinks as follows

% +V - (UH) = —c(x)( - ¢.) W

oU
—+U-VU+fk><U=—V{—p“ +8( o~ Csar)
ot Po

VM VD V -
oYM VD VB 1,57 sw-v.),
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)

where ¢ is the free surface elevation. The total water depth is defined as H = b + £, where b is the still water
depth. U denotes the depth-averaged velocity vector, g is the acceleration due to gravity and f is the Coriolis
parameter. The atmospheric pressure at the free surface is denoted as p, and p, = 1000kg/ m? is the refer-
ence density of water. The quantities ¢z, and (g, are the equilibrium tide and the ocean self-attraction and
loading term, respectively. The horizontal momentum diffusion VM is approximated through the Smago-
rinsky closure model (Smagorinsky, 1963). Finally, the stresses at the sea surface and bed are denoted as 7,
and 7, respectively. If the coefficient & = 1, the 2D baroclinic coupling is invoked; setting & = 0 reverts the

model to the 2D barotropic model (which we will refer to below as BT).

The depth-integrated baroclinic pressure gradient is calculated as
¢ ¢ H—
VB = [gv| [P0 dr |de 3)
-+ Lz Po

where p is the density field from the external 3D-baroclinic model (in our case, CESM). The upper limit on
the integral £ is obtained from the ADCIRC model during the simulation at each time step.

The depth-resolving (v) and depth-averaged (V) baroclinic velocity fields are used to calculate the depth-in-
tegrated momentum dispersion:

0
VD =V [[(v-V)-(v-V)ldz “)
-b

The dissipation vector C due to the energy conversion from barotropic tides to baroclinic internal tides is
calculated using the local generation formulation described in Pringle, Wirasaet, and Westerink (2018):

.. JIV = ?N? - o)
Tw

(Vb - Up)Vb ©)

Here U; is the prescribed depth-averaged tidal velocity vector, @ is set to the angular frequency of the M,
tidal constituent, N, and N are the sea bed and the depth-averaged buoyancy frequency respectively. To
prevent excessive dissipation on the continental shelves, C is set to zero for the areas where the still water
depth 4 is less than 100 meters.

To avoid artificial reflections that contaminate the solution, a sponge layer that absorbs outgoing oceanic
information is defined near the lateral open boundary. o(x) indicate the spatially varying coefficients in the
absorption-generation sponge layer region, see Pringle, Wirasaet, Suhardjo, et al. (2018). £, and U, are the
free surface and velocity tidal reference solutions that are applied in the sponge layer.
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3. Numerical Setup, Experiment Design, Observations
3.1. Numerical Setup: September 2017

We employ a high-resolution unstructured grid of Puerto Rico, the Virgin Islands, and the Caribbean Sea
(PRVI15) created by Joyce et al. (2019) for the ADCIRC Surge Guidance System (ASGS, https://cera.coast-
alrisk.live). The grid resolution varies from approximately 10 km in the deep regions of the North Atlantic
Ocean and Gulf of Mexico to 30-100 m along the coastlines of Puerto Rico and the US Virgin Islands
(Figure 1a).

Ocean baroclinicity and atmospheric data are drawn from climate model simulations performed with ver-
sion 1.0.4 of the CESM (van Westen et al., 2020). This high-resolution configuration of CESM has a nominal
horizontal resolution of 1/10° for the ocean component and 1/2° for the atmosphere component. The sim-
ulation used is branched off from a 200-years control simulation (under year 2000 forcing) and was forced
with a 1% increase of CO, over the period 2000-2100. This forcing is retained from the Representative Con-
centration Pathway (RCP) 8.5 scenario (Stocker et al., 2013).

The 10-m winds () required by ADCIRC are approximated from the CESM winds (u,) at lowermost model
level (H, ~ 60 m) using a logarithmic law

- log(10/zy) "
107 Jog(Hy/z5) ° (6)

with an open ocean roughness coefficient z, = 0.0002 m.

Since tropical cyclones are not simulated by CESM, the cyclone data were extracted from ERA5 (Copernicus
Climate Change Service (C3S), 2017). ERAS is the latest ECMWF atmospheric reanalysis of the global cli-
mate produced at a 1-hourly time step and has a horizontal resolution is 0.25°. The daily CESM atmospheric
data are upsampled to ERAS5 spatial and temporal resolution. ERA5 mean sea-level pressure and 10-m wind
velocity fields were smoothed using a 14-days moving average. Differences between the original ERAS5 and
the filtered fields represent the diurnal and short-term weather-related variations. These were superim-
posed onto the upsampled CESM mean sea-level pressure and 10-m wind velocity fields.

The density field needed for the calculation of the baroclinic forcing terms given by Equations 3-5 was
reconstructed from the CESM temperature and salinity fields using the GSW Oceanographic Toolbox (Mc-
Dougall & Barker, 2011). The baroclinic pressure gradients and buoyancy frequency terms were first calcu-
lated on a structured grid with uniform 1/10° horizontal resolution and 42 vertical levels. For the calculation
of the horizontal gradients, a second-order central finite-difference scheme was employed. Depth-integra-
tion is performed using the trapezoidal rule. The daily VB, VD and C values were then bi-linearly interpo-
lated in space onto the ADCIRC unstructured computational grid and linearly interpolated in time at each
computational step.

To account for the effects of the oceanic processes that develop outside of the computational domain, the
SSH drawn from the CESM is specified at the lateral open boundary. This elevation is added to the tidal
reference solutions reconstructed using TPX09.1 (Egbert & Erofeeva, 2002) eight major harmonic tidal con-
stituents M2, S2, N2, K2, K1, O1, Q1, and P1. To account for the long-term tidal variability, nodal/satellite
corrections were applied.

In the interior domain, tidal potential forcing was applied using the same constituents as are forced on the
open ocean boundary. Additionally, ocean self-attraction and loading term was interpolated from FES2014,
produced by Noveltis, Legos, and CLS and distributed by AVISO+, with support from CNES (https://www.
aviso.altimetry.fr/). At the sea bed a quadratic stress parameterization with the bottom drag coefficient de-
pendent on the Manning's n,, coefficient and depth at each mesh node (Kerr et al., 2013) was applied for
7, For the Atlantic Ocean the value of n,, was set to 0.025, while in the Caribbean Sea, n,, = 0.028 was
used. Frictional effects of coral reefs and mangroves covering an extensive area near Caribbean islands
(Giri et al., 2011; Kendall et al., 2001) were accounted for by using n,, = 0.220 (Kennedy et al., 2012) and
ny, = 0.400 (Wolanski et al., 1992), respectively. The free surface stress 7, due to winds was computed ac-
cording to Garratt's drag law (Garratt, 1977) with the drag coefficient set to an upper limit of 0.0035.
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Figure 1. (a) Computational domain with the colors indicating the local mesh resolution (defined as the element circumradius). Grayed area in the vicinity of
the open boundary shows the location of the sponge layer. (b) Approximate location of NOAA water level stations (green circles) and CARICOOS wave buoys
(red squares). Irma and Maria best tracks from Automated Tropical Cyclone Forecasting System and hurricane category on Saffir-Simpson Hurricane intensity

scale.

Within the sponge layer (grayed area in Figure 1a) the depth-integrated baroclinic pressure gradient and
momentum dispersion are set to zero. The free surface elevation given by the CESM is added to the tidal
elevation solution, while the velocity tidal reference solutions remained unchanged. Atmospheric pressure
and 10-m winds are set to their background values of 1,013hPa and Om/s, respectively.

The 2DBC and BT simulations were conducted over a two-month period beginning on August 1, 2017,
where the first month was used for spinning up the baroclinic forcing. These simulations are used to assess
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the quality of the baroclinic and atmospheric forcings as well as the ability of the coupled model to repre-
sent the hurricane-induced sea level variations.

3.2. Numerical Setup: Climate Scenarios

To compare the hurricane impacts in the present and future climate we force the 2DBC model using the
CESM results from the future warming simulation averaged over September 2000-2020 (present-day sce-
nario) and September 2080-2100 (future scenario). We blend the 2017 hurricane wind and sea-level pres-
sure ERA5 data with the mean atmospheric fields of the CESM for September 2000-2020 and 2080-2100
as described above. In this way, we can compare the impact of similar hurricanes in different background
conditions (2000-2020 and 2080-2100).

CESM provides projections of the sterodynamic sea-level rise caused by changes in ocean density and cir-
culation. The local sterodynamic sea-level consists of the global-mean thermosteric sea level and the ocean
dynamic sea-level components (Gregory et al., 2019; van Westen et al., 2020). The dynamic sea-level, which
is a part of the standard output from CESM, was specified at the lateral open boundary. The global-mean
thermosteric contribution was calculated by postprocessing as described in van Westen et al. (2020) and
amounted to 14.27 cm in the period from 2000-2020 to 2080-2100. Since the effects of mass loss by glaciers
and/or the Antarctic and Greenland ice sheets are not captured by CESM, these were drawn from Church
et al. (2013). The contributions are fairly homogeneous on the regional scale and were therefore incorpo-
rated into the global-mean thermosteric sea-level rise. The resulting value of 42.79 cm was included by ad-
justing the bathymetric depths while keeping a fixed present-day coastline. This configuration is analogous
to building vertical walls at the coastline prior to increasing the water depth, thus not allowing new areas
to flood. We assume that reefs and mangroves acting as natural barriers will continue to provide dissipation
and protection from the nearshore to the shelf edge in the future. The Manning's bottom roughness coeffi-
cient n,,, therefore, was unchanged.

As summarized in Haigh et al. (2020), recent studies project future modifications of the tidal properties
due to the ongoing sea level rise and climate change. However, a simulation of global tides with a 2m
sea-level rise (Pickering et al., 2017) found only minimal changes in the deep-sea tides in the vicinity of
the lateral open boundary. We, therefore, assume that the amplitudes and phases of the equilibrium tidal
constituents along the open boundary remain unchanged in 2080-2100 compared to 2000-2020. In the
climate simulations only equilibrium tidal dynamics is considered, that is, no nodal/satellite corrections
are applied.

3.3. Observation Data and Error Metrics

For model-data comparison a number of NOAA (U.S. National Oceanic and Atmospheric Administra-
tion, https://tidesandcurrents.noaa.gov/) tide gauge and CARICOOS (the IOOS Caribbean Coastal Ocean
Observing System, https://www.caricoos.org/) wave stations were selected (cf. Figures 1b and Table 1).
Water levels are measured every 6 min, while wave and meteorological data are available at 1-h time
intervals.

The model performance at a particular tide gauge is evaluated by means of three commonly used measures:
root-mean-square error, normalized variance of the error }/2 (Kodaira et al., 2016) and Willmott's index of
agreement d (Willmott, 1981); these are defined as

n _ 2
RMSE = |3 &m = o) (72)

i=1 n
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ZT\;Zl:rltisland Locations of the NOAA Tide Gauges and CARICOOS Wave Buoys Used for Model Validation

ID

NOAA tide gauges Station name Location %QC

1 Mona Island, PR (67°56.3' W, 18°05.4' N) 100/99/-
2 Arecibo, PR (66°42.1'W, 18°28.8' N) 78/78/75
3 San Juan, La Puntilla, San Juan Bay, PR (66°07.0' W, 18°27.6' N) 100/95/89
4 Yabucoa Harbor, PR (65°50.0' W, 18°03.3' N) 99/-/64
5 Fajardo, PR (65°37.8' W, 18°20.1' N) 65/-/65
6 Culebra, PR (65°18.1'W, 18°18.1' N) 100/-/-
7 Charlotte Amalie, VI (64°55.5' W, 18°20.8' N) 19/19/19
8 Lime Tree Bay, St. Croix, VI (64°45.2' W,17°41.7' N) 64/64/64
9 Christiansted Harbor, St. Croix, VI (64°41.9' W, 17°44.8' N) 100/-/-
10 Barbuda, AG (61°49.2" W, 17°35.5' N) 0/100/17
CARICOOS wave buoys

PR1 Ponce, PR (66°31.9'W, 17°52.1' N) 64
PR2 San Juan, PR (66°5.9' W, 18°28.5' N) 99
PR3 Vieques Island, PR (65°27.9' W, 18°15.7' N) 94
VI1 St. John, VI (64°45.8' W, 18°14.9' N) 99

Note. The last column shows the percentage of the quality controlled water level/mean sea level pressure/wind speed and significant wave height data for
September 2017. Note that station Barbuda, AG is not maintained by NOAA and water level data are not verified.

72 _ Var(§/71 — é’(;)

T @) 70)
LG -G
d=l-——— — (70)
20¢,, = Gl + 16, =D’
where n is the number of observations at each tide gauge within the assessment period and ¢, and ¢,

refer to the modeled and observed time series, respectively. The temporal mean of the observations is
denoted as C_,, and var represents the temporal variance; a more accurate agreement gives a smaller val-
ue of »% Willmott's index 4 describes the relative covariability of modeled and observed values about
the observation mean; a value of 1 represents perfect agreement and a value of 0 represents complete
disagreement.

4. September 2017 Model Validation
4.1. Atmospheric and Wave Fields

Figure 2 shows a comparison of September 2017 mean 10-m wind speed and mean sea-level pressure from
CESM and ERAS. The mean sea-level pressure from CESM is typically 1-2 hPa higher than that from ERAS.
The mean winds from CESM are stronger in the Atlantic and the Caribbean Sea south of 16°N, while being
weaker in the northwest Caribbean and southwest of Puerto Rico and Dominica.

The time series of the CESM and combined CESM + ERAS5 sea-level pressure and wind velocity over
the period September 2017 are shown at the selected stations in Figure 3. The time series of the blended
CESM + ERAS product is similar to that of ERAS. The quality of the tropical cyclone representation in the
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Figure 2. Difference between CESM and ERAS5 mean September 2017 sea-level pressure (a); mean September 10-m
wind speed drawn from ERAS5 (b) and CESM (c).
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Figure 3. September 2017 sea-level pressure and wind speed at the selected stations from Barbuda to Mona Island as observed (black line), modeled by CESM
(blue line) and used to force ADCIRC (red line).

blended product is limited by that of ERA5. Although ERAS is a large improvement to the previous versions
of the ECMWF atmospheric fields, it still tends to underestimate the central pressure deficit and wind speed
(Dullaart et al., 2020).

Figure 4 shows the comparison of the significant wave height from the 2DBC model with observations
made at the CARICOOS wave buoys. At St John and San Juan stations, model gives good representation
of the pre-storm significant wave height, while at Vieques and Ponce it is overestimated. The peak in
significant wave height induced by hurricane Irma is underestimated at St John and Viegues, but overes-
timated at San Juan. While the height of the peak agrees with observations at Ponce station, it is signifi-
cantly delayed. The height of the Maria induced peak is in very good agreement with the observations at
St John station while being underestimated at Vieques and overestimated at San Juan. The Ponce buoy
was ripped from its mooring during Hurricane Maria, and it is possible that the highest SWH was not
measured.

4.2. Water Levels

The 2DBC and BT simulations were conducted over a two-month period beginning on August 1, 2017,
where the first month was used for spinning-up the baroclinic forcing. A comparison of the modeled and
observed sea level time series at four stations around Puerto Rico and the Virgin Islands area is shown
in Figure 5. Where available, the modeled time series from Pringle et al. (2019) are also shown. Both BT
and 2DBC models are able to capture the primary surge processes. As shown by Joyce et al. (2019), the
storm surge affecting the Virgin Islands was predominantly driven by the inverted barometer response to
the central pressure deficit. As a result, overestimation of the tropical cyclone central pressure in ERAS5
(cf. Figure 3), contributes to an underestimation of the surge at Barbuda, and other stations in the direct
vicinity of the cyclone track. The storm surge values do not differ significantly between the BT and 2DBC
models. The peak water levels are better represented in the 2DBC model primarily because of the baro-
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Figure 4. Observed versus modeled significant wave height at the CARICOOS wave buoys for September 2017.

clinicity induced pre-storm offset in the background water levels. The offset is related to the thermo-steric
seasonal cycles affected by the large-scale dynamics of the ocean.The error metrics given by Equation 7
of the BT and 2DBC model simulations for the full signal including tides and for the non-tidal residual at
the tide gauges are shown in Figure 6. The non-tidal residual was calculated by subtracting the predicted
tide from the measured (simulated) sea level time-series. The tidal prediction was conducted by means
of UTide tidal harmonic analysis software (Codiga., 2011) requesting the same 8 tidal constituents as
used to force the model. Inclusion of the ocean baroclinicity results in a smaller root-mean-square error
of the full signal at nine out of 10 stations in the Puerto Rico - Virgin Islands (PRVI) region; the domain
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Figure 5. Observed versus model water-level timeseries at the selected stations from Barbuda to Mona Island, Puerto Rico.
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averaged error is reduced from 15 to 11 cm. The normalized variance of the full signal »? is reduced at
8 stations; the mean value decreased from 0.59 to 0.55. Willmott's index of agreement is increased at 9
stations; averaged over all the tide gauges d increased from 0.68 to 0.78. The residual RMSE, y* and the
Willmott's index of agreement of the baroclinically-coupled model run improved at 6 stations out all
belonging to the PRVI area.

Based on the error metrics of the full signal, the model of Pringle et al. (2019) baroclinically coupled to the
operational data-assimilated Global Ocean Forecast System 3.1 (Metzger et al., 2017) outperforms the one
presented here. The difference between the models is especially noticeable at the stations where a water-lev-
el set down following the storm passage was observed (e.g., Lime Tree Bay, VI station, Figure 5). This is not
surprising since tropical storms and, therefore mixing of the warm surface waters with colder waters below
the thermocline by the storm passage, are not directly simulated by CESM (no data-assimilation is used).
Nevertheless, coupling to CESM enhanced the ability of the model to represent water level variations and
improved its skill compared to the BT model. The 2DBC model, therefore, is better suited for studying the
future changes in the hurricane-induced extreme water levels than the BT one.

5. Changes in the Mean Fields and Hurricane Impacts

Here we use the 2DBC model results to assess projected changes in the local mean dynamic sea level
(MDSL), tidal range, wave pattern as well as in hurricane-induced water levels. The mean September 2000-
2020 dynamic sea level is shown in Figure 7a, and the difference between the 2080-2100 and 2000-2020
periods in Figure 7b. Note that the global mean sea level of 2080-2100 is offset by 42.79 cm from that of
2000-2020 to account for the global-mean thermosteric sea level rise and effects of mass addition. The pos-
itive (negative) MDSL difference, thus means above (bellow) average sea-level rise. Although the difference
pattern shown in Figure 7b is quite inhomogeneous, the model projects up to a 5 — 10 cm lower (higher)

Future changes in September MDSL (cm)
=4

S

o
degrees latitude

-75
degrees longitude

-70 -75

-70
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Figure 7. (a) Mean September 2000-2020 dynamic sea level (cm) and (b) the projected change for September 2080-2100. Note that the global mean sea-level of
2080-2100 is offset by 42.79 cm from that of 2000-2020.

KLEPTSOVA ET AL.

11 of 20



A7
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans

10.1029/2020JC016869

Table 2

September Mean Dynamic Sea Level (MDSL), Mean Equilibrium Tidal Range (MTR), Mean and Peak Significant Wave Height, Storm Tide and Storm Surge for
the 2000-2020 (Present) and 2080-2100 (Future) Cases

MDSL (cm) MTR (cm) Storm tide (cm) Storm surge (cm)
ID Present Future Present Future Present Future Present Future
Irma/Maria Irma/Maria Irma/Maria Irma/Maria
1 10.7 5.1 20.5 20.6 21.7/22.0 22.2/21.3 11.0/19.7 11.5/19.5
2 9.9 4.0 57.9 57.8 43.3/55.5 43.5/54.5 20.1/33.1 20.6/32.6
3 9.0 31 57.3 57.1 39.7/42.9 40.2/42.2 22.2/32.0 22.5/31.5
4 10.5 5.0 21.6 21.5 16.3/36.6 16.4/36.2 14.9/30.2 15.1/30.2
5 9.4 3.6 46.5 46.3 33.4/41.4 34.0/40.3 16.9/35.2 17.4/35.1
6 9.9 4.4 28.9 28.9 25.4/35.2 26.2/34.2 24.4/35.4 24.6/34.9
7 11.1 5.7 21.5 21.4 25.6/45.0 26.1/44.1 31.3/41.7 31.9/41.2
8 12.3 6.8 21.2 21.0 19.0/35.8 19.4/35.3 18.5/31.7 18.7/31.7
9 12.3 6.7 21.4 21.4 23.3/36.6 23.6/35.9 20.2/32.5 20.5/31.9
10 8.1 14 27.8 27.9 49.1/21.4 48.0/20.6 47.2/13.3 46.1/12.7
Mean SWH (m) Peak SWH (m)

ID Present Future Present Future

PR1 0.74 0.79 1.72/4.34 1.74/4.40
PR2 0.72 0.74 5.83/6.69 5.72/6.52
PR3 0.75 0.78 3.29/4.45 3.28/4.42
VI1 0.94 0.98 4.65/8.06 4.55/8.09

Note. MDSL is referenced to the global mean sea level of the respective run (Note: The global mean sea level of 2080-2010 is offset by 42.79 cm from that of
2080-2100). Storm tide values are referenced to the MSL at the station from the respective case. Values induced by the two different hurricanes (Irma/Maria)

are provided (separated by a slash). Station ID as in Table 1
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than the average mean sea-level rise in the northeast (south and southwest). The September mean dynam-
ic sea-levels are projected to become 5 — 7 cm lower in the future at all stations shown in Figure 1b, see
Table 2. As shown by van Westen et al. (2020), changes in the local sterodynamic sea-level deviations from
the global-mean thermosteric sea level are related to the projected reduction in the strength of the Atlantic
Meridional Overturning Circulation and the associated decrease in eddy activity and strength.

Figure 8a shows mean significant wave heights (SWH) for September 2000-202020 with the difference be-
tween 2080-2100 and 2000-2020 results in Figure 8b. The mean SWH varies between 0.5-1 m in the west,
1-2 m in the center, and 0.75-1.5 m east of the domain. Since Greater and Lesser Antilles act as obstacles,
which do not allow the Atlantic Ocean waves to fully penetrate the Caribbean Sea, the surface waves are
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Figure 8. Mean significant wave height (m) for September 2000-2020 (a) and (b) the projected change for September 2080-2100.
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Figure 9. Mean 10-m wind speed (m/s) and direction for September 2000-2020 (a) and (b) difference between future (2080-2100) and present (2000-2020)

wind speed.

2000-2020 equilibrium mean tidal range (cm)

mostly generated locally. The model projects an overall future increase of the September SWH in the Carib-
bean Sea, as also shown by, for example, Hemer et al. (2013) and Webb et al. (2018). The largest increase of
approximately 25 cm occurs in the Colombia Basin. In the Venezuela Basin, the mean SWH is projected to
increase by 10-15 cm, while in Grenada Basin and Gulf of Honduras changes will not exceed 5 cm. These
changes in the mean SWH match in location with the projected increase in 10-m wind velocity magnitude
(cf. Figure 9). The location of the maximum wave heights matches the location of the Caribbean Low Level
Jet and Trade Winds. Wolf and Woolf (2006) have shown that hurricanes generated significant wave heights
strongly depend on the intensity of the prevailing winds. Only little changes in the strength of the synoptic
winds are projected for the areas affected by the 2017 Irma and Maria hurricanes. As a result, no significant
changes in the SWH are projected.

The mean tidal range (MTR), estimated using amplitudes and phases of the eight major tidal constituents,
is shown in Figure 10a for September 2000-2020 with again the difference between the future and present
cases in Figure 10b. The MTR was calculated as a difference between the mean of all tidal high waters (HW)
and the mean of all low waters (LW) from a year-long tidal prediction time series. Heights of HWs and LWs
were extracted by locating the turning points of the time series reconstructed from 8 tidal constituents (Q1,
01, P1, K1, N2, M2, S2, K1). The September specific values of the constituents were obtained using the AD-
CIRC build-in harmonic analysis capability from the modeled September water level time series.

Tides in the Caribbean Sea are characterized by a so-called micro-tidal range, where the mean tidal range
does not exceed 50 cm in the major part of the Sea. Only at the Nicaraguan shelf, the MTR is larger than
1m (Figure 10a) due to a regional resonance in M2 component tide (Kjerfve, 1981). Equilibrium tidal
dynamics is affected by the increase in water depth via the reduction in dissipation at the bottom. The
propagation speed of the tidal wave is also altered causing a spatial reorganization of the amphidromic
system. Additionally, Pringle et al. (2019) has shown that M2 tide around PRVI is sensitive to ocean
baroclinicity due to internal tide conversion. The future mean equilibrium tidal range is projected to

25
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Figure 10. Mean equilibrium tidal range (cm) for (a) September 2000-2020 and (b) the projected change for September 2080-2100.
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decrease in the west and the southwest Caribbean and to increase in the eastern part. The projected
changes, however, do not exceed 2 — 3 cm. No significant changes in the mean equilibrium tidal range
for the stations around Puerto Rico and the Virgin Islands (used in this study) are projected (cf. Table 2).

The strong winds and low atmospheric pressure associated with tropical storms usually lead to significant
anomalies in the tide. The difference between the actual tide as influenced by a meteorological disturbance
(storm tide) and the predicted astronomical tide is called the storm surge. A gradual rise in the tide level of-
ten begins more than 24 h before, while the peak storm surge usually occurs within an hour or two after the
storm makes its nearest approach to the station. The peak storm tide (maximum hurricane-induced water
level), however, can occur several hours later, if the surge peak occurs near the time of normal low water.

In Table 2, also the 2DBC-model results regarding the impacts of the September 2017 hurricanes, as meas-
ured through the peak water levels (peak storm tide) and the peak storm surge, at the stations for both
2000-2020 and 2080-2100 situations are listed. The peak water levels during the hurricane passage (storm
tide levels) are referenced to the September mean sea-level at the station. Peak storm-tide and storm-surge
levels induced by Irma and Maria are both provided (separated by a slash). For all of the stations, the differ-
ences between the present and future storm-surges and peak water levels (relative to the MSL at the station)
do not exceed 1-2 cm. As the atmospheric forcing was created in such a way that the central pressure deficit
in the future remained the same, the pressure-driven surge, which was the main contribution to the storm
water levels, did not change. The differences in surge levels between the present and future scenarios are
hence mainly due to changes in the MSL, tidal, and wind-driven contributions.

The Caribbean Sea is known to be an eddy-rich region (Chelton et al., 2007), with eddy-related sea level
anomalies reaching locally a few tens of centimeters (Andrade & Barton, 2000; Alvera-Azca'rate et al., 2009).
Caribbean tides are subject to significant long-term modulations causing up to 23.5% change in the tidal
range (Torres & Tsimplis, 2011). To evaluate whether the eddy-related sea-level variability and tidal modu-
lation can significantly influence the TC impact projections, we also considered a single-year scenario (see
Appendix A). We compared the MDSL, SWH, MTR projections, and hurricane impacts under 2017 and
2100 background conditions. Under the single-year scenario, projected MDSL changes are generally of the
same magnitude (4 — 8 cm vs. 5 — 7 cm) as that of 20-years mean scenario but have different signs at the
Mona Island station. The single-year projected changes in the mean tidal range do not exceed 4 cm at any
of the stations. The storm-surge heights caused by the 2017 Irma and Maria hurricanes are projected to be
slightly lower (typically by 2 — 4 cm) in 2100 than in 2017. At the majority of the stations around Puerto
Rico and the Virgin Islands, the storm-tide levels are predicted to be up to 10 cm lower than present peak
water levels (relative to the local mean sea level) when comparing the 2017 and 2100 background climate
conditions. The single-year scenarios, thus, predict larger changes in the mean fields and hurricane impacts
than the 20-years mean scenarios. The changes are, nevertheless, small compared to the projected global
mean sea-level rise.

6. Summary and Discussion

In 2017, the Atlantic Ocean experienced an extremely intense hurricane season which caused unprecedent-
ed levels of destruction across the Caribbean (Quarless, 2018). Dominica and Barbuda were most severely
devastated and many other Caribbean islands including Puerto Rico, Virgin Islands, and Saint Martin suf-
fered serious damage. Some islands, including Saint Martin, were affected by two major hurricanes, Irma
and Maria, which followed almost identical tracks within two weeks. While it is uncertain whether the
ongoing climate change will lead to more intense tropical storms in the future, increasing development of
the coastal zones clearly increases the destructive potential of hurricanes (Emanuel, 2005). It is, therefore,
important to assess how other aspects of climate change will influence the risk of the hurricane-induced
coastal flooding regardless of possible changes in the tropical cyclone activity.

Here we use a high-resolution numerical model to evaluate the future impacts of the present-day tropical
cyclones on the Caribbean region. Using the approach of Pringle et al. (2019), we developed the baroclinic
coupling of ADCIRC + SWAN to an ocean-eddying version of the Community Earth System Model, re-
ferred to as the 2DBC model. The coupling strategy allows us to take into account not only the projected
global sea-level rise but also the local effects of the future changes in the large-scale ocean and atmospheric

KLEPTSOVA ET AL.

14 of 20



A~y
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2020JC016869

circulation. It was shown that the inclusion of baroclinicity improves the model skill in September 2017
(Willmott's index of agreement) at 9 out of 10 stations, compared to the barotropic 2D model (referred to BT
in the paper). This improvement is mostly caused by the reduction of the pre-storm offset in the background
water levels. The offset is related to baroclinically induced variations which include thermo-steric seasonal
cycles affected by the large-scale dynamics of the ocean.

The water level at the coast results from the interaction between the mean sea level, tides, atmospheric
(pressure and wind driven) surge, and wave setup, summarized in, for example, Idier et al. (2019). As
shown by Melet et al. (2018), wave contribution to coastal water levels is most important in the areas of
strong winds. Projected intensification of prevailing easterly winds and the associated increase in the
wave activity can, therefore, make additional contributions to regional sea-level rise, coastal erosion, and
flooding by increased wave setup in the Southern Caribbean. The central pressure deficit, which accord-
ing to Joyce et al. (2019) contributed most to the surges in 2017, does not change between the climate
scenarios considered here and is independent of water depth. The effect of wind on the storm surges is
strongly dependent on the geometry of the basin and continental shelf. Generally, the same wind forcing
(surface stress) is less effective at dragging water and produces a smaller surge when the water depth is
larger (Resio & Westerink, 2008). The future increase in the water depths is, therefore, likely to cause
smaller than present-day wind-driven surges, all else being equal. The increased (decreased) tidal range
would lead to a higher (lower) peak water level if the hurricane passage coincided with the high tide and
a lower (higher) during the low tide, all else being equal. Combination of the above with projected slower
than average sea-level rise results only in minor changes (typically less than 2 cm) in the future storm-
surge heights around Puerto Rico and Virgin Islands (caused by the 2017 Irma and Maria hurricanes)
when comparing the present (2000-2020) and future (2080-2100) background climate conditions.

Although only small changes in storm surge levels in the Northeast Caribbean are projected, the impact
of the surge on a specific shore region can be substantially different in the future. The 2DBC model pro-
jects no increased risk of hurricane-induced flooding provided that hurricane intensity remains at the pres-
ent-day level and the Caribbean Islands are made resilient to sea-level rise. Specifically, we assumed hard
engineering efforts maintaining the present-day shoreline location since coastal recession would lead to
dramatic socio-economic impacts (Simpson et al., 2010). Additionally, we assumed that vegetated foreshore
ecosystems, coral reefs, and seagrass meadows will remain healthy. Coral reefs sheltering tropical bays and
lagoons provide favorable conditions for the growth of seagrass. Seagrass meadows minimize erosion of
sandy beaches by stabilizing the sediment and dissipating waves both during calm and hurricane condi-
tions (James et al., 2019, 2020). Healthy vegetated foreshore ecosystems, therefore, play an important role in
mitigating coastal flooding caused by natural hazards and increases the resistance of coastal areas to storm
surges. The ability of seagrass to withstand the sea-level rise strongly depends on the response of coral reefs
to climate change (Keyzer et al., 2020). If coral reefs and, consequently, seagrass meadows cannot keep
up with increasing sea-level, the extent of near-shore flooding during storm events will be significantly
increased. If both ecosystems remain resilient under climate change and hurricane activity will not change,
global sea-level rise remains the main coastal flood risk factor in the Northeast Caribbean.

Appendix A: 2100 - 2017 Changes in the Mean Fields and Hurricane Impacts

In this section, we compare actual impacts of the 2017 Irma and Maria tropical storms to that of a Sep-
tember specific warming scenario for the year 2100. The projected changes in the mean dynamic sea lev-
el, significant wave height, and tidal range between 2017 and 2100 are also shown. The 2017 results are
drawn from the 2DBC model run described in Section 3.1. The 2100 model is forced as in Section 3.2, but
using the CESM results from the future warming simulation over the 2-month period August-September,
the year 2100. As before, the global-mean thermosteric contribution was calculated by postprocessing
and amounted to 17.26 cm in the period from 2017 to 2100. The effects of mass loss by glaciers and/or
the Antarctic and Greenland ice sheets are drawn from Church et al. (2013) were incorporated into the
global-mean thermosteric sea-level rise. The resulting value of 76.63 cm was included by adjusting the ba-
thymetric depths while keeping a fixed present-day coastline. Additionally, the long-term tidal variability
is considered.
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’;‘::tle;?:r Mean Sea Level (MDSL), Mean Tidal Range (MTR), Mean and Peak Significant Wave Height, Storm Tide and Storm Surge for the 2017 and 2100
Cases
MDSL (cm) MTR (cm) Storm tide (cm) Storm surge (cm)

2017 2100 2017 2100
ID 2017 2100 2017 2100 Irma/Maria Irma/Maria Irma/Maria Irma/Maria
1 3.6 11.8 19.5 23.0 20.6/24.2 17.2/16.5 10.7/19.0 10.8/15.8
2 12.6 7.1 59.3 56.2 55.0/63.9 48.6/62.5 21.1/33.0 20.0/30.3
3 11.2 6.2 58.7 55.6 56.7/64.3 45.9/56.8 23.7/31.0 21.2/29.1
4 12.1 8.2 19.6 23.4 20.3/31.2 16.3/28.9 17.1/29.5 15.6/26.3
5 12.1 7.5 47.5 45.1 42.5/59.9 42.9/49.6 21.0/34.9 18.8/32.0
6 11.5 6.9 29.6 29.2 35.3/37.4 30.7/28.5 26.3/31.2 25.4/29.8
7 12.2 6.8 19.4 23.4 32.1/38.9 28.1/32.1 31.7/34.5 31.6/32.4
8 13.3 4.6 19.1 22.8 17.6/30.9 20.2/21.0 21.1/31.3 19.8/29.5
9 13.1 5.2 19.6 23.1 15.3/34.6 26.3/26.6 22.5/35.8 20.9/33.6
10 15.0 6.9 28.3 28.5 58.1/25.4 52.2/20.3 42.8/10.9 41.0/9.5

Mean SWH (m) Peak SWH (m)

ID 2017 2100 2017 2100
PR1 1.27 1.29 3.65/4.96 3.90/4.70
PR2 1.55 1.61 7.03/8.41 7.88/7.89
PR3 1.49 1.55 2.13/3.93 2.24/3.76
VI1 1.54 1.56 4.74/7.78 4.57/7.18

Note. MDSL is referenced to the global mean sea level of the respective run (Note: The global mean sea level of 2100 is offset by 76.63 cm from that of 2017).
Storm tide values are referenced to the MSL at the station from the respective case. Values induced by the two different hurricanes (Irma/Maria) are provided
(separated by a slash).

degrees latitude
&

-
o

Comparison of the mean September 2100 and 2017 dynamic sea level shown in Figure A1 leads to the same
general conclusion as the comparison of the 20-years mean present and future results (cf. Figure 7): weaker
dynamic sea level extremes in the future. The exact amount of the dynamic sea level change at a specific
location can, however, differ considerably between the 20-years mean and single-year runs due to eddying
nature of the region. At the stations shown in Figure 1b, 2100-2017 mean dynamic sea level change is larger
than the 20-years mean change (cf. Tables 2 and Al). For Mona Island (station 2) also the direction of the

change differs.
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o
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Figure Al. (a) Mean September 2017 dynamic sea level (cm) and (b) the difference between 2100 and 2017. Note that the global mean sea-level of 2100 is offset
by 76.63 cm from that of 2017.
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Figure A2. Mean significant wave height (m) for September 2017 (a) and (b) the difference between 2100 and 2017.

CESM September 2017 mean 10-m wmd speed (m/s)

degrees latitude

Figure A2a shows mean significant wave heights (SWH) for September 2017 with the difference between
2100 and 2017 results in Figure A2b. The mean SWH varies between 1 m in the west and 2 m in the east of
the domain. The model projects an overall future increase of the September SWH in the Caribbean Sea. The
largest increase of approximately 1.5 m occurs in the Colombia Basin. In the Venezuela Basin, the mean
SWH is projected to increase by 40-50 cm, while in Grenada Basin and Gulf of Honduras changes will not
exceed 25 cm. These changes in the mean SWH match in location with the projected increase in 10-m wind
velocity magnitude (cf. Figure A3).

The mean tidal range (MTR) for September 2017 is shown in Figure A4a with again the difference be-
tween the 2100 and 2017 cases in Figure A4b. By 2100 the mean tidal range at the Nicaraguan shelf as
well as at the southern coast of Cuba is found to decrease by more than 10 cm. In several small areas
south of Dominica positive or negative MTR variations of 5-7 cm are projected to occur, while changes
do not exceed 2-3 cm elsewhere. Projected differences between the present and future mean tidal range
for the stations around Puerto Rico and the Virgin Islands used in this study do not exceed 4 cm (cf.
Table Al).

The predicted changes in the tidal range are caused by changes in the equilibrium tidal dynamics associated
with the increased water depth as well as by the long-term tidal variability. Tidal dynamics in the Caribbean
is affected by the 18.61-years lunar nodal cycle dominating in the eastern part of the sea and by the quasi
4.4-years cycle of perigean influence dominating in the west Caribbean (Haigh et al., 2011; Torres & Tsim-
plis, 2011). Different phases of the cycles in 2017 and 2100 contribute to an increase (decrease) of the tidal
range in the eastern (western) part of the Caribbean in 2100, all else being equal. The predicted reduction in
M2 tidal amplitude at the Nicaraguan shelf (not shown) indicates that SLR pushes the system farther from
the resonance.

In Table Al, also the 2DBC-model results regarding the impacts of the September 2017 hurricanes, as
measured through the peak water levels (storm tide) and the peak storm surge, at the stations for both

10

21 00-2011 change in September mean 10-m wind speed (m/s)

degrees latitude

-85 -80 -75 -70 -65 -60 -85 -80 -75 -70 -65 -60
degrees longitude degrees longitude

Figure A3. Mean 10-m wind speed and direction (m/s) for September 2017 (a) and (b) difference between 2100 and 2017.
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Figure A4. Mean tidal range (cm) for (a) September 2017 and (b) the difference between 2100 and 2017.
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2017 and 2100 situations are listed. For all of the stations, the differences between the 2017 and 2100
storm-surge levels do not exceed 2-4 cm. Peak water levels (relative to the MSL at the station) are pre-
dicted to be up to 10 cm lower in the future with the exception of Irma-induced ones at stations 8 and
9. Higher peak water levels at these locations are associated with higher astronomical tides during the
hurricane passage.

Data Availability Statement

All figures are prepared with Matlab R2019b. Part of the Matlab code as well as processed 2DBC model
output is available in Kleptsova (2021), http://doi.org/10.5281/zenodo.4633983.
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