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Abstract

Coastal communities around the Caribbean Sea are vulnerable to global warming impacts, partly because of constraints on their
adaptive capacity. We use three climate models provided by the Coupled Model Intercomparison Project Phase 5 (CMIP5) under two
representative concentration pathways scenario (RCP4.5 and RCP8.5) to assess the trends and spatial behavior of six atmospheric and
ocean variables in the Caribbean Basin during the twenty-first century. Atmospheric results are reported from the model ensemble;
however oceanic results are reported from ACCESS1.0 model, as its resolution captures mesoscale processes which are important for
regional sea level projections. Surface atmospheric pressure and wind do not show significant trends. On the contrary, air and sea
surface temperature, surface salinity, and mean sterodynamic sea level have coherent positive trends in the Caribbean Basin, which
increase with a greater RCP scenario. Air temperature will probably increase by 2 °C over the preindustrial period during the century.
Moreover, sea surface temperature is expected to rise between 1.92° and 3.01 °C in the 19762005 to 2071-2100 period. The
Caribbean Sea warming will have the potential to extend the hurricane season, increase the frequency of tropical storms, and intensify
coral bleaching events. In the same period, mean sterodynamic sea level is expected to rise in the basin between 32.53 and 43.25 cm,
depending on the RCP scenario used. The strongest trend expected in 2005-2100 is 50.84 + 1.48 cm cy”' under RCP8.5 scenario.
Furthermore, the trends appear to accelerate since the last century in the basin. Besides, sterodynamic sea level rise would account for
slightly over half of the total sea level rise in the Caribbean, after land-ice melting among other contributions not accounted by CMIP5
models are included. These trends have the potential to exacerbate flooding and erosion, putting at risk coastal areas, including low-
elevation islands such as some in the San Andres and Providencia Archipelago.
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1 Introduction

For over a century, the earth’s climate has been chang-
ing as a consequence of greenhouse gas increase in the
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atmosphere. Climate change impacts include global
warming, sea level rise, alterations in atmosphere, and
ocean dynamics, among others. Moreover, climate
change and its related impacts have large regional dif-
ferences. Because atmospheric greenhouse gases are ex-
pected to increase in the future, climate change impacts
are expected to strengthen, increasing threats to the
planet and society (IPCC 2014a). Coastal areas are es-
pecially vulnerable to climate change, because sea level
rise will increase flooding, accelerate erosion, and mod-
ify storms in some regions, threatening human welfare
and causing great economic losses (IPCC 2014a; Lowe
et al. 2004). That is the case in the Caribbean Sea,
where sea level extremes in the period 1910-2010 had
strong trends caused by mean sea level rise, suggesting
that flooding events will become more frequent in the
future (Torres and Tsimplis 2014). Therefore, it is nec-
essary to address expected ocean and atmosphere chang-
es across the Caribbean Sea in the twenty-first century
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to formulate adequate regional risk mitigation plans for
the coastal zone.

Coupled climate models have been created to assess future
climate behavior. Global general circulation models
(Atmosphere-Ocean General Circulation Models or
AOGCMs) simulate dynamic conditions of physical process-
es of the ocean, atmosphere, cryosphere, and land, including
their interactions. These models are considered the best cur-
rent tool to evaluate the response of earth’s climate system to
various radiative scenarios related to greenhouse gas concen-
trations in the atmosphere (IPCC 2014a). Results of
AOGCMs run by different research groups have been evalu-
ated in the Coupled Model Intercomparison Project (CMIP).
In this paper, results of the CMIP Phase 5 models (Taylor et al.
2018) are reported.

The Caribbean Sea is in a tropical region (Fig. 1), with
~ 90% of the sea surrounded by continental and island
landmasses (Gyory et al. 2005). Coastal communities are
vulnerable to global warming because of the small islands
and developing countries in the basin, with constraints on
adapative capacity (Nicholls et al. 2007). The sea is con-
nected to the Gulf of Mexico through the Yucatan
Channel on the northwest and the Atlantic Ocean on the
north and east. The San Andres and Providencia Archipelago
is composed of nine islands within the Colombia Basin
(Table 1). The climate is regulated by the meridional position
of the Intertropical Convergence Zone (Andrade 2000), creat-
ing a windy-dry season (December—April) and rainy-warm
season (August—October) (Angeles et al. 2010; Etter et al.
1987), with different regional ocean responses in the basin
(Torres and Tsimplis 2012). Trade winds from east to west
predominate across the sea (Hastenrath 1968). A dominant
low level jet around 15°N in the Venezuela and Colombian

basins strengthens in the windy season, reaching speeds of ~
12 ms™" (Andrade 2000).

Mean sea surface temperature in the Colombian basin has a
range between 26 °C in the dry season and 29 °C in the rainy
season. Spatial variations show minimum values (~25.5 °C)
near La Guajira, with maxima (~29.5 °C) in the Darien and
Mosquito gulfs (Ruiz and Beier 2012). Sea surface salinity in
the Colombian Basin is lowest in the rainy season and has
spatial variations, with saltier water near La Guajira and
fresher in the Darien and Mosquito gulfs (Beier et al.
2017). Cold and salty surface waters near La Guajira indi-
cate local upwelling forced by the trade winds, whereas
warm and fresher waters in the Darien and Mosquito gulfs
coincide with the cyclonic Panama Colombia Gyre forced
by wind stress curl (Montoya-Sanchez et al. 2018; Torres
and Tsimplis 2012; Mooers and Gao 1996). The Panama-
Colombia countercurrent detaches from the eastern side of
the gyre, following the Colombian coast toward the north-
east (Beier et al. 2017). However, surface currents in the
basin are dominated by the Caribbean Current, which flows
in the northwest direction (Richardson 2005; Nystuen and
Andrade 1993).

Knowledge of atmospheric and ocean behavior in the
Caribbean Sea has improved in the last decade, by assessing
variables such as atmospheric temperature, pressure and wind
(Hamed and Yunfang 2020; Rodriguez-Vera et al. 2019;
Montoya-Sanchez et al. 2018), sea surface temperature and
salinity (Beier et al. 2017; Ruiz and Beier 2012), and mean
sea level rise (Torres and Tsimplis 2013). However, little is
known about projected regional changes of these variables in
the twenty-first century under various possible Representative
Concentration Pathways (RCPs)’ scenarios forcing climate
change. Such information is necessary to determine expected

Table 1 Location of islands in

San Andres and Providencia Name Notation'  Latitude (N)  Longitude (W) Maximum height (m)*>  2071-2100 sea
Archipelago (DIMAR 2019) level rise (cm)’
RCP4.5
RCP8.5

San Andres S 12.55° 81.72° 100.0 3244 4471

Albuquerque A 12.17° 81.84° 1.5 32.31 44.68

Bolivar B 12.40° 81.45° 2.0 3227 4477

Providencia P 13.35° 81.38° 360.0 3225  44.65

Roncador R 13.57° 80.08° 4.0 3256 4549

Serrana Sra 14.28° 80.37° 9.8 3241 4457

Quitasuefio Q 14.38° 81.15° 1.5 32.19 44.02

Serranilla S-illa 15.80° 79.83° 8.0 3186 43.71

Bajo Nuevo B-N 15.83° 78.67° 2.0 31.78 43.52

! Notation as indicated in Fig. 1

2 Referred to mean sea level

3 Referred to 1976-2005 sea level from ACCESS1.0 model
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Caribbean Sea Bathymetry
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Fig. 1 Map of Caribbean Sea. Bathymetric data from GEBCO (2019).
Green rectangle indicates area shown in Fig. 10, including location of San
Andrés (yellow star) and other islands (red dots) of the San Andres and

behavior during the next eight decades of the most important
atmosphere and ocean variables and their dependence on var-
ious RCP scenarios. This knowledge will allow better under-
standing of future regional impacts necessary to develop ac-
curate adaptation and mitigation plans, to reduce risk and eco-
nomic costs of climate change in the Caribbean region.

Therefore, the main objective of this work is to assess the
behavior of atmospheric pressure, ambient temperature, wind,
ocean temperature, and salinity at the ocean surface, as well as
mean sea level in the Caribbean Sea in the twenty-first centu-
ry. We used results from models ACCESS1.0, CSIRO-
Mk3.6, and MIROCS of CMIPS5, under two Representative
Concentration Pathway (RCP4.5 and RCP8.5) scenarios.
Toward our objective, this paper is organized as follows.
Section 2 describes the datasets and methods used. Section 3
presents the results, with a description of the behavior of each
of'the variables for the two RCP scenarios, including a discus-
sion to contextualize the results. In Section 4, a summary and
conclusions are presented.

The main contributions of this work include air and sea
surface temperature increase in the Caribbean Sea expected
through the present century, regardless of the radiative scenar-
io used. Such temperature trends might lengthen the hurricane
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Providencia Archipelago. Notation of islands is indicated in Table 1. Red
polygon indicates Caribbean Sea limits used to obtain spatial averages of
variables.

season and increase hurricane frequency, as well as increase
coral bleaching events, putting at risk these important ecosys-
tems in the Caribbean region. Similarly, mean sea level will
continue to rise, intensifying flooding events and coastal ero-
sion. Furthermore, small low islands, such as some in the San
Andres and Providencia Archipelago, will be at risk of com-
plete submersion by the end of the century.

2 Data and methods

We analyzed atmospheric pressure (SLP), air temperature
(Ta), and winds at sea level, as well as sea surface temperature
(SST), sea surface salinity (SSS), and mean sea level for dif-
ferent periods between 1850 and 2100. We used a CMIPS
“historical” run before 2005. RCP4.5 (intermediate) and
RCP8.5 (worst) greenhouse gas concentration scenario pro-
jections were used between 2005 and 2100. RCP scenarios are
named according to radiative forcing target level for 2100.
RCP4.5 indicates that radiative emission rate increases from
1.5-2 Wm™2 in 2006 to a peak around 2040 and then declines
for the rest of the century to 4.5 Wm ™2 (equivalent to 650 ppm
of CO,) (Vuuren et al. 2011). RCP8.5 has that the radiative
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emission rate never stabilizes and increases to ~ 8.5 Wm™>
(equivalent to 1370 ppm of CO,) by 2100, with an increase
of ~ 5.5-6 Wm™ with respect to 2006 (Vuuren et al. 2011).
Data and model description were accessed from the Program
for Climate Model Diagnosis and Intercomparison (PCMDI)
(http://cmip-pcmdi.llnl.gov/mips/cmip5/). Model data were
downloaded from the Earth System Grid Federation (https://
esgf-node.lIlnl.gov/projects/cmip5/).

Spatial assessment of the variables for the Caribbean was
our principal interest, especially sea level as it responds to
several atmospheric and oceanic variables reviewed in the
study. However, some limitations to assess regional sea level
arises because the oceanic components of the latest climate
models used for the sea level projections do not explicitly
resolve the mesoscale processes in the ocean (Penduff et al.
2010; Serazin et al. 2015). Only some effects of these process-
es are represented in these models, which generate errors in
the circulation processes that affect the regional sea level pro-
jections. Therefore, adequate sea level projections in regions
such as the Caribbean Sea can only be obtained with high-
resolution models that are able to capture mesoscale processes
(van Westen et al. 2020). Consequently, the normal approach
using a large number of models to reduce uncertainty, might
not necessarily provide the most accurate results, as many of
them have a coarse ocean resolution on the Caribbean Sea. We
decided to have a different approach, selecting three models,
which had a good performance against CMIP5 models ensem-
ble as well as a good ocean resolution. To select the models,
we examined five criteria as presented in an annex at the
supplemental material.

Following these criteria, we selected three models that
showed good global and regional performance:

(I) Commonwealth Scientific and Industrial Research
Organization (CSIRO) and Bureau of Meteorology,
Australia (ACCESS1.0). It has a spatial resolution of
1.875° in longitude and 1.250° in latitude for the atmo-
spheric component (Dix et al. 2012). For the oceanic
component, it uses the Arakawa B-grid (Arakawa and
Lamb 1977) with zonal and meridional resolution of 1°
with three refinements, the most important at the equator
with 1/3° (Bi et al. 2012).

(2) Commonwealth Scientific and Industrial Research
Organization in collaboration with the Queensland
Climate Change Centre of Excellence (CSIROMKS3.6).
It has a spatial resolution of 1.865° in latitude and 1.875°
in longitude for the atmospheric component and 0.9° in
latitude and 1.875° in longitude for the oceanic compo-
nent (Collier et al. 2011).

(3) Atmosphere and Ocean Research Institute (The
University of Tokyo), National Institute for
Environmental Studies, and Japan Agency for Marine
Earth Science and Technology (MIROCS), with a
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spatial resolution of 1.401° in latitude and 1.406° in
longitude for the atmospheric component and 0.5° in
latitude and 1.406° in longitude for the oceanic compo-
nent (Watanabe et al. 2010).

To report the atmospheric projections, we used results from
the three-model ensemble, in order to obtain a more robust
projection. These atmospheric variables have a similar resolu-
tion and coverage from the three models and do not depend
strongly on the model resolution. For completeness, the atmo-
spheric projections from ACCESS1.0 are included in the sup-
plementary material (Figure S1). The model ensemble was
obtained by interpolating and averaging each model results
to a common grid (MIROCS) with the smaller spatial cover-
age to avoid errors introduced by extrapolation. In the con-
trary, we report ocean projections from ACCESS1.0. For
completeness, ocean results from the models ensemble are
included in the supplemental material (Figures S2 and S3).
This decision was made as we believe that ocean projections
from ACCESS1.0 overcome results from the model ensemble
due to the following reasons. (1) As previously mentioned,
accurate sea level projections for the Caribbean require high-
resolution models to capture mesoscale processes (van
Westen et al. 2020). The highest model resolution is used by
the oceanic component ACCESS-OM MOM4pl, with a re-
finement of 1/3° between 10°N and 10°S (Bi et al. 2012). (2)
We assessed the three models’ spatial results for 1993-2005
using average satellite measurements of sea surface temper-
ature from the COBE mission (Tokyo Climate Center 2020)
and sea surface salinity from the Aquarius mission for
2000-2005 (Jet Propulsion Laboratory 2020). Satellite data
was linearly interpolated to model nodes. Spatially aver-
aged least differences with the observations were obtained
from ACCESSI1.0. This model underestimated Caribbean
surface temperature by 0.34 °C (the only model with a dif-
ference < |1.0]°C) and overestimated surface salinity by
0.17 PSU (the only model with a difference < |0.2] PSU).
3) Ocean mean circulation patterns in the Caribbean were
computed using monthly files from OSTM/Jason-2 abso-
lute dynamic topography anomalies for the 1993-2005 pe-
riod (NOAA 2020a) and compared with mean sea level
height above the geoid (SSH). ACCESS1.0 was the model
that best reproduced regional circulation patterns and the
only one able to reproduce the mesoscale Panama-
Colombia Gyre (Bustos 2020). (4) The model ensemble
has a smaller ocean spatial coverage losing information
near the coasts (e.g., Figure S2).

Two variables are used in the AOGCMs to assess mean sea
level. ZOSGA represents the global average of steric sea level
(Steric SSH) that is affected by thermal expansion, changes in
salinity (Landerer et al. 2014), and water flows between atmo-
sphere, land, cryosphere, and ocean, maintaining earth’s water
total volume (IPCC 2014c). ZOS, defined as sea level height
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above the geoid (SSH), is used to obtain regional changes of
dynamic sea level, taking into account the redistribution of mass
and changes in circulation (Meyssignac et al. 2017; Yin 2012).
To assess total changes in local sea level, these two variables
were added (Huang and Qiao 2015) and reported as
sterodynamic sea level (SDSL) following van Westen et al.
(2020).

Climate models often exhibit spurious trends that are unre-
lated to external forcing and internal climate variability, espe-
cially in oceanic variables. We calculated and removed this
model drift from oceanic variables in the Caribbean using the
models piControl simulation with a 500-year length for
ACCESS1.0 and CSIRO-Mk3.6 as well as 670-year for
MIROCS. We applied the full linear drift method recommend-
ed by Sen-Gupta et al. (2013). Annual time series were ob-
tained by averaging monthly data from the AOGCMs. To
evaluate Caribbean Sea regional behavior, we calculated the
spatial mean and standard deviation from all model nodes in
the study area (red polygon in Fig. 1). We found time series
trends fitting a simple linear regression model, with an inter-
cept using ordinary least squares. Significant error of each
estimation was calculated at a 95% confidence level. Serial
correlation was not used for the analysis; as consequence, the
95% confidence intervals may be slightly narrower. To com-
pute anomalies, the reference period (1976-2005) was
subtracted from the average midcentury (2021-2050) and
end of the century (2071-2100) values, with the aim to reduce
the interannual variability that could induce bias in the results.

3 Results and discussion
3.1 Surface air temperature (Ta)
3.1.1 Performance in present climate

All models indicated positive and statistically significant trends
for Ta across all periods analyzed (Table 2). The weakest trends
from all models (0.14 £ 0.07 to 0.34 + 0.10 °C cy ) were for the
18502005 period (Fig. 2a). For 1960-2005, which represents a
more industrialized planet, the trends were between 0.98 + 0.53
and 1.80 +0.74 °C cy™". The Ta spatial average from the model
ensemble in 19762005 for the Caribbean was 26.08 + 0.21 °C
with the spatial behavior shown in Fig. 3a.

Ta warming trends in the Caribbean produced by the his-
torical model run are in good agreement with regional trends
determined from in situ data for various periods (Peterson
et al. 2002; Stephenson et al. 2014; Jones et al. 2016).

3.1.2 Variable projection

The strongest Ta trends were in the projection periods, with
values from 1.98 + 0.44 to 2.87 + 0.53 °C cy' (RCP4.5)

and 3.15 +0.85 t0 3.61 £ 0.39 °C cy” ' (RCP8.5) for 2005—
2050. For 2005-2100, the trends were between 1.60 £ 0.26
and 2.32£0.18 °C cy ' (RCP4.5) and 3.66 + 0.49 to 4.46 =
0.39 °C cy7l (RCP8.5). Under RCP4.5, the weaker trends
of 2005-2100 relative to 2005-2050 are attributable to ra-
diative emissions decline after 2040 in that scenario.
However, because the trends are always positive, Ta is ex-
pected to continue to increase in the Caribbean during the
entire twenty-first century.

Spatially averaged Ta time series for the Caribbean Sea
(Fig. 2a) show large interannual variability under both RCPs
scenarios, but they are dominated by the trend after 2005. In
addition to the time series, we also assessed Ta spatial behav-
ior for 2021-2050 and 2071-2100 averaged periods from the
model ensemble. The Ta spatial average for 2021-2050
(2071-2100) is expected to be 27.14 = 0.29 °C (28.08 +
0.14 °C) or 27.33 + 0.33 (29.40 = 0.42 °C), under RCP 4.5
or RCP8.5 scenarios, respectively. Differences from the refer-
ence period 1976-2005, represent an increase between 1.06
and 2.00 °C (1.25-3.32 °C) under RCP4.5 (RCP8.5) scenario.
Ta anomalies for 2021-2050 (respect to the 1976-2005 aver-
age) were similar for RCP4.5 (Fig. 3b) and RCP8.5 (Fig. 3d),
showing a regional warming of the sea between 1 and 1.5 °C.
Ta anomalies for 2071-2100 (respect to the 1976-2005 aver-
age) differed between radiative scenarios. Under RCP4.5,
temperature will rise between 1.5 and 2.5 °C (Fig. 3c) and ~
3.5 °C under RCP8.5 (Fig. 3e).

We also studied Ta and SST seasonal changes, because they
are important for sea level extremes and sea level sub-regional
behavior in the Caribbean (Torres and Tsimplis 2012; Torres and
Tsimplis 2014). For coherence, we report results from the
ACCESSI1.0 model. Under RCP4.5, Ta mean increase is larger
from 1976-2005 to 2021-2050 than from 2021-2050 to 2071—
2100 (Fig. 4), owing to radiative emission decline after 2040 in
that scenario. Although the annual pattern is similar, the annual
range decreases from 1.72 °C in 19762005 to 1.66 °C in 2071—
2100. Under RCPS8.5, Ta mean increase is larger from 2021—
2050 to 2071-2100 than from 1976-2005 to 2021-2050.
Seasonal changes in 2071-2100 are smoothed compared with
the variability in 19762005 and 2021-2050, and the range de-
creases, from 1.72 °C in 1976-2005 to 1.63 °C in 2071-2100.
Thus, regardless of RCP scenarios used, an increase in Ta is
expected in all months for midcentury (2021-2050) and end of
the century (2071-2100), maintaining seasonality with maxi-
mum values in June (during boreal summer), but reducing the
annual Ta range.

The preindustrial Ta mean in the Caribbean Sea (1860—
1900) has a spatial mean of 25.72 + 0.21 °C for the model
ensemble (Fig. 2a). In accord with the Paris Agreement
(Climate Action Tracker 2020; IPCC 2014a), a 2 °C increase
in Ta relative to the preindustrial period has been defined as
the limit at which the planet could experience risks and im-
pacts associated with climate change in the attempt to meet the
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Table 2 Adjusted trends per century for analyzed atmospheric and
oceanic variables, spatially averaged for the Caribbean Sea using two
Radiative Concentration Pathways (RCP’s) scenarios. Significant trends
(95% confidence) are indicated by (*). Models are A (ACCESS1.0), C
(CSISOMK3.6), M (MIROCS), and MMM (ensemble). Air temperature
(Ta), atmospheric pressure (SLP), and wind speed trends are indicated in

°Ccy ', hPacy ', and ms™' cy ', respectively. Sea surface temperature
(SST), sea surface salinity (SSS), sea surface above geoid (SSH), global
averaged steric sea level (Steric SSH), and local mean sterodynamic sea
level (SDSL) trends are indicated in °C cy_l, PSU cy_l, and cm cy_l,
respectively

Experiment Historical RCP4.5 RCP8.5

Variable Model/Per. 1850-2005 1960-2005 2005-2050 2005-2100 20052050 20052100

Atmospheric variables

Ta A 0.14 £ 0.07* 1.16 £ 0.46* 1.98 + 0.44* 1.98 £0.15% 3.61 £0.39* 3.75+0.13*
C 028 £0.17* 0.98 +0.53* 2.87+0.53* 2.3240.18* 3.37£0.48* 4.46 +0.39%
M 0.34 £0.10% 1.80 £ 0.74* 2.44 £0.87* 1.60 + 0.26* 3.15+0.85% 3.66 = 0.49%
MMM 0.26 + 0.06* 1.31 £ 0.40% 243 +0.43* 1.98 £0.14* 3.38+0.36* 398 £0.12*
A 0.17 +£0.13* 0.63 +£0.79 -0.43 +0.89 -0.18£0.29 —0.42+0.80 0.46 +0.30*

SLP C —0.03+0.14 0.30+0.82 -0.37+0.94 —0.37 £0.28* —0.46 £ 0.98 —0.52 £ 0.27*
M —0.09 +0.14 —0.47+0.98 -025+1.14 027 +0.36 —-041+121 0.44 +0.34%*
MMM 0.02 +£0.08 0.15+0.48 -0.35+0.72 -0.10£0.20 -0.46+0.71 —0.26 + 0.20*

Wind A 0.10 +0.09* 0.30 £ 0.60 -0.17 £0.55 -0.16 £0.17 -0.37 +£0.47 0.12+0.14
C -0.05+0.12 0.06 £ 0.53 —-0.06 £ 0.70 0.07 £0.20 0.07 +£0.57 0.05+£0.16
M —-0.04 +0.08 —0.56+0.45* -0.04 £ 0.58 0.17 £0.19 -0.24+0.71 -0.05+0.20
MMM -0.01 +£0.07 -0.04 +£0.34 -0.10 £ 0.38 0.04 £0.11 -0.19+0.37 0.03 +£0.10

Oceanic variables

SST A 0.08 +£0.07* 1.01 £ 0.49% 1.82 £ 0.46%* 1.85+0.16* 3.40+0.41%* 3.36 £0.14*
C 0.25+0.11* 0.95+0.71* 2.62 +0.67* 2.14£0.21%* 3.10 £ 0.57* 4.17£0.19*
M 0.03+0.10 0.70 £ 0.63* 3.47 £0.53% 230+ 0.22% 430 + 0.46% 546 £0.21%
MMM 0.12 £ 0.06% 0.89 £ 0.41%* 2.64 +£0.32% 2.10£0.13%* 3.60 £ 0.29% 433 £0.12%

SSS A 0.05 + 0.04* -0.13+0.24 0.99 £ 0.25%* 0.86 +£0.10* 1.01 £0.24* 1.76 £ 0.10*
C 0.06 + 0.05* 0.43 +0.25* 0.86 = 0.30* 091 +0.10* 1.01 £0.28* 1.34 +£0.18%
M 0.14 £ 0.03* 0.41+0.15* 0.77 £0.15* 0.44 £+ 0.06* 0.73+0.11* 0.78 £ 0.06*
MMM 0.08 + 0.02* 0.23 +£0.12* 0.88 £0.32* 0.74 £ 0.06* 0.924+0.11* 1.25 £0.05%

SSH A 2.04 £+ 0.44%* 2.62+£2.90 2.69 +2.98 2.36 +0.87* 5.08 £3.08%* 4.82 +0.80*
C -0.41+042 1.16 £2.78 5.63 £2.33% —0.75+0.93 1.88 £2.87 0.78 £0.81
M —3.86+0.58* —0.57 £ 3.07 16.28+2.63* 17.18 £0.88* 17.16+3.12% 22.33 +1.25%
MMM —0.74+0.26* 1.07 £1.92 8.19 +£1.53* 6.26 £0.47* 8.04 £ 1.98* 931 +0.57*

Steric SSH A 7.38 +£0.13%* 8.83 £0.93* 28.26+0.61* 31.21 £0.26* 33.53+0.89* 46.01 + 1.29%
C 2.85+0.12* 337+0.71* 20.59+0.69* 24.77 + 0.36* 22.16+0.93* 35.20 £ 1.26%*
M 940+ 0.51* 15.21+£1.29% 36.18+0.62* 38.82 £0.32%* 36.86+0.80* 48.61 +1.33*
MMM 6.54 £ 0.24* 9.14 £ 0.89* 28.34+0.54* 31.604+0.29* 30.85+0.81* 43.27+1.29%*

SDSL A 9.42 +0.50* 11.45+3.48% 30.95+3.18* 33.56 + 0.90* 38.60+2.96* 50.84 +1.48%*
C 2.44 +0.44* 4.53+291* 26.21+2.34% 24.02 +0.81* 24.04+2.78%* 35.97 +£1.29%
M 5.54 +£0.99* 14.64+4.25* 52.46+2.86% 56.00 £+ 1.02%* 54.024+3.57* 70.94 +2.30%*
MMM 5.80 £ 0.43* 10.21+£2.43% 36.54+3.07* 37.86 = 0.46* 38.89+2.22% 52.58 +£1.55%

sustainable development goals (United Nations 2020). Under
RCP4.5, Ta in the Caribbean would be near the limit
established by the Paris Agreement 27.72 °C, probably about
2060, whereas under RCPS8.5, this limit would be reached
after 2040 (Fig. 2a). Therefore, global efforts should continue
to keep radiative emissions below the RCP4.5 level, while
Caribbean communities should fortify their preparation to mit-
igate regional climate change effects.
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Taylor et al. (2018) studied air temperature and precipita-
tion from 42 CMIP5 models of the Caribbean for the period
1861-2100 under RCP4.5. They further selected 10 models
that showed bimodal precipitation with peaks in June and
September, including ACCESS1.0, CSIROMKk3.6, and
MIROCS. Most models indicated that air temperature would
attain an increase of 2 °C between 2033 and 2062 relative to
the preindustrial period (1861-1900). This indicates that Ta
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Fig. 2 Time series spatially averaged for the Caribbean Sea from the models
ensemble (black) and ACCESSI.0 (red) (a) air temperature (°C), (b) atmo-
spheric pressure (hPa), and (¢) wind (ms ") anomalies referenced to 1976~
2005 averaged period (value indicated with the gray arrow). The 18502005

increase according to our model ensemble for the Caribbean is
close to the lower limit (smaller Ta trends), as compared with
the results from Taylor et al. (2018).

3.2 Atmospheric sea level pressure (SLP)

3.2.1 Performance in present climate

SLP in the Caribbean Sea did not have significant
trends for the two historical periods assessed

year

results are from historical experiment. The 2005-2100 projection is for
RCP4.5 (solid line) and RCP8.5 (dotted line) scenarios. Fitted linear trends
are shown for different periods in blue (orange) lines for the models ensemble
(ACCESSI1.0). Trends value are presented in Table 2

(Table 2), except for ACCESS1.0 with a trend of 0.17
+ 0.13 hPa cy ! in 1850-2005. This indicates that at-
mospheric pressure in the study area has been steady
during the previous century.

For 1976-2005 averaged period, SLP had a value from the
models ensemble of 1013.40 + 0.17 hPa for the Caribbean
(Fig. 3f). It gave a southwest—northeast pressure gradient of
~ 10 hPa, between the Darien low pressure (over Panama) and
North Atlantic Subtropical Gyre high pressure, resembling
typical regional behavior (Andrade 2000).
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Fig. 3 Air temperature (°C, first column), atmospheric pressure (hPa,
second column), and wind (m s ', third column) spatial behavior in
Caribbean Sea from the models ensemble. For 1976-2005 averaged pe-
riod (first row) after the “historical” run. Temperature and atmospheric

pressure anomalies for 20212050 relative to 1976-2005 and 20212050
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a) Seasonal behavior of Ta and SST RCP4.5 ACCESS1.0
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Fig.4 Seasonal behavior for 1976-2005, 2021-2050, and 2071-2100 averaged periods of surface ambient temperature (Ta) and sea surface temperature
(SST) in the Caribbean Sea from ACCESS1.0 model under RCP4.5 (a) and RCP8.5 (b) scenarios

In the work of Knaff (1997), SLP was analyzed from July
to September for certain years between 1950 and 1986, using
11 meteorological stations. Reported SLP values and spatial

gradients were similar to those from the models ensemble for
1976-2005 (Fig. 3f).

3.2.2 Variable projection

A similar behavior of trends was observed for the projection
periods, regardless of RCP scenario used. Two significant nega-
tive trends are present from CSIRO-Mk3.6 for 2005-2100,
—0.37 £ 0.28 and, —0.52 + 0.27 hPa cy_1 for RCP4.5 and
RCP8.5, respectively (Table 2). There were also significant pos-
itive trends from ACCESS1.0 and MIROCS for 2005-2100 un-
der RCP8.5. However, the model ensemble for the same projec-
tion shows negative trends of —0.26 + 0.20 hPa cy ', therefore
dominated by the CSIRO-Mk3.6 time series. This lack of coher-
ence between models and trends reflects large uncertainty in the
model responses for SLP under both scenarios until 2100.
Further, spatially averaged SLP time series for the Caribbean
Sea (Fig. 2b) were dominated by large interannual variability.

SLP anomalies for 2021-2050 with respect to 19762005
were close to zero in the model ensemble, with regional mean
0f1013.51 £0.29 hPa (Fig. 3 g) and 1012.52 £ 0.27 hPa (Fig. 31)
for the RCP 4.5 and RCP8.5 scenarios, respectively. For 2071—
2100, SLP anomalies were also close to zero. For RCP4.5 sce-
nario, the regional mean is 1013.47 + 0.21 hPa (Fig. 3 h) and
under RCP8.5, anomalies could be between 0 and —1.25 hPa
between the Yucatan and Venezuela basins, with a regional
mean of 1012.67 + 0.25 hPa (Fig. 3j).

In Section 3.6, we examine sea level trends for the
Caribbean Sea. To study the atmospheric pressure contribu-
tion to sea level, the inverse barometer effect assumes a 1-cm

sea-level increase or decrease for a respective decrease or
increase of 1 hPa of atmospheric pressure. This inverse ba-
rometer correction has been applied in the Caribbean Sea,
because geostrophic control does not impose constraints on
water exchanges with the Atlantic Ocean through the straits at
time scales longer than 1 day (Torres and Tsimplis 2013).
However, as a coherent significant trend was not found in
SLP, we assumed that changes in atmospheric pressure will
not significantly affect mean sea level trends in the Caribbean
during the present century. We could not find studies of SLP
in the Caribbean that included a future trend assessment.

3.3 Surface wind
3.3.1 Performance in present climate

Surface wind did not have coherent trends for the historical pe-
riods in the Caribbean Sea according to the three models
(Table 2). Only two significant trends were found from the his-
torical run. For the period 1850-2005, ACCESSI1.0 showed a
trend of 0.10 + 0.09 ms™' cy™', whereas for 19602005,
MIROCS gave a trend of —0.56 + 0.45 ms™' ¢y ™. These results
indicate that temporal wind variability in the Caribbean is also
dominated by large interannual variability (Fig. 2¢), as found for
SLP. The coherence between wind and SLP behavior corre-
sponds to the dependence of the former on the latter.
Therefore, it appears that in the Caribbean atmosphere, the radi-
ative emission rate does not greatly affect SLP or surface wind,
whereas it certainly affects Ta.

In the 19762005 period, the average wind speed for the
Caribbean according to the models ensemble is 6.19 + 0.15
ms ™', with values > 8 ms™", indicating the position of the low-
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level jet (Fig. 3k) and resembling the typical wind behavior in
the basin.

We executed a seasonal analysis of long-term variation of
the surface wind, since this variable dominates seasonal
changes in the regional ocean circulation (Torres and
Tsimplis 2012). Thus, we investigated a wind time series from
the dry and windy season (December—January—February) and
rainy-warm season (September—October—November) using
both RCPs. As expected, wind speed was stronger in the dry
season than the rainy season (e.g., 6.53+0.24 ms ' and 5.27 +
0.18 ms™!, respectively, for 1976-2005 from the model
ensemble).

3.3.2 Variable projection

Surface wind did not have coherent trends for projection pe-
riods in the Caribbean Sea according to the three models
(Table 2), thus reflecting large uncertainty in the model re-
sponses until 2100, regardless of RCP scenario used.

Because significant trends in wind speed were not found
for the projection periods, the regional wind pattern shows
small differences for 20212050 and 2071-2100 under both
RCP scenarios (Figs 31-30), relative to 19762005 in the
model ensemble. The largest difference was in 2071-2100
under the RCP8.5 scenario, with a regional increase in wind
speed and reaching a spatial mean of 6.50 + 0.19 ms ™.

From the seasonal analysis of long-term variation of the sur-
face wind, we did not find notable changes in wind speed and
direction for 2021-2050 and 2071-2100 averaged periods in ei-
ther season or RCP scenario (not shown). The largest differences
(wind speed increase) were in 2071-2100 for the RCP4.5 windy
season, with a regional wind speed mean of 7.11 + 0.24 ms™".

Costoya et al. (2019) researched projections of wind energy
resources in the Caribbean for the twenty-first century. They
used seven AOGCM models from CMIPS (including
CSIROMKk3.6 and MIROCS), with simulations via regional
climate models and downscaling techniques. They found that
the maximum annual wind speed increase in the Caribbean
would be ~ 0.4 ms™" by 2100 under RCP8.5, referenced to the
2005 value. Thus, their increase in regional wind is greater
than that we found with the model ensemble for the same
period and RCP (0.25 ms ).

Evaluating future changes in surface wind is important,
because various authors have shown the dominance of wind
in the Caribbean Sea circulation (e.g., Montoya-Sanchez
et al. 2018; Torres and Tsimplis 2012; Brenes and Saborio
1994; Gordon 1967). We found that regardless of radiative
scenario, no significant changes in wind speed or direction
are expected in annual or seasonal behavior. Thus, wind-
driven changes in the Caribbean ocean circulation during
the twenty-first century are not expected to be dominant.
Future changes in the Caribbean circulation are assessed in
Section 3.6.2.
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3.4 Sea surface temperature (SST)
3.4.1 Performance in present climate

Significant and positive trends are found for SST in the his-
torical experiment for the Caribbean Sea in all the models
analyzed (Table 2). The only non-significant trend was for
18502005, from the MIROCS5 model. SST behavior was
similar to Ta as expected, owing to heat fluxes between atmo-
sphere and ocean. We found the smallest trends (null to 0.25 +
0.11°C cyﬁl) for 18502005, with a noticeable increase over
1960-2005 (0.70 = 0.63 and 1.01 + 0.49 °C cyﬁl). However,
in the historical run, significant SST trends do not protrude
over interannual variability (Fig. 5a).

SST spatial behavior for 1993-2005 measured by the
COBE satellite (Tokyo Climate Center 2020) is homogeneous
in the Caribbean Sea, with a spatial mean of 27.29 + 0.21 °C
(Fig. 6d). To the north of the basin, it shows a meridional
variation in temperature, decreasing as latitude increases. We
compare the satellite measurements with the reference 1976—
2005 period from the model. Although they show different
averaged periods, we assume that both indicate initial condi-
tions. In the case of the CMIP5 models, as they do not assim-
ilate data, they do not show the historical evolution of the
variables. The spatially averaged for the Caribbean from
ACCESS1.0 in 19762005 underestimates the measured tem-
perature by 0.34 °C, but it is not as homogeneous across the
basin; still it shows the meridional temperature decrease north
of the Greater Antilles (Fig. 6a). The most notable difference
is that in the model, SST increases toward the Darien and
Mosquito gulfs. Although the satellite did not measure this
temperature increase toward the south of the Colombian
Basin in 1993-2005, this area is a strong dilution basin with
relatively warm surface temperature compared with water in
the central (~ 13°N) Colombian Basin (Beier et al. 2017; Ruiz
and Beier 2012).

In the 19762005 averaged period, the seasonal SST is
0.79 °C warmer than Ta (Fig. 4), indicating that
ACCESS1.0 is able to reproduce atmospheric instability that
dominates most of the Caribbean Sea (Linero and Lonin
2015).

Warming trends throughout the Caribbean for the
second half of the twentieth century (Table 2) are con-
sistent with those evidenced by Peterson et al. (2002).
They reported ocean warming in the Caribbean region
for 1950-2000, using time series reconstruction and
EOFs. Similarly, Antufia-Marrero et al. (2016), using
information reconstructed from the International
Comprehensive Ocean—Atmosphere Dataset model,
found a trend for 1972-2005 of 1.41 + 0.67 °C cy .
Deser et al. (2010) found regional trends in SST with a
range of 0.4-1.6 °C cy ! for the period 1900-2008,
using observed data and model reconstruction.
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Fig. 5 Time series spatially averaged over the Caribbean Sea from the
models ensemble (black and purple) and ACCESS1.0 (red and green): (a)
sea surface temperature (°C), (b) sea surface salinity (PSU), and (c) sea
surface height and sterodynamic sea level (cm) anomalies referenced to
the 19762005 and 1850-1879 averaged periods (value indicated with

3.4.2 Variable projection

Significant positive trends dominated SST in all the projected
periods analyzed for the Caribbean Sea, regardless of model
or RCP scenario used (Table 2). For 2005-2050, trends are
between 1.82 + 0.46 to 3.47 + 0.53 °C cy”' under RCP4.5.

year

the gray arrow). The 1850-2005 results are from historical experiment.
The 2005-2100 projection is for RCP4.5 (solid line) and RCP8.5 (dotted
line) scenarios. Fitted linear tends shown for different periods in blue
(orange) lines for the model’s ensemble (ACCESS1.0). Trends values
are presented in Table 2

However, trends increased under RCP8.5 to 3.10 £+ 0.57 to
430 £0.46 °C cy . For 2005-2100, the trends are between
1.85+0.16and 2.30+0.22°C cy ' (RCP4.5) and 3.36 £0.14
to 5.46 £ 0.21 °C cy”' (RCP8.5). For the projection periods,
SST trends are smaller than Ta trends from the ACCESSI1.0
and CSIRO-Mk3.6 models, whereas the opposite occurred
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Fig. 6 Spatial behavior of sea surface temperature (SST) (°C) in
Caribbean Sea: (a) 19762005 from model ACCESS1.0 historical run;
(d) 1993-2005 from satellite (Tokyo Climate Center 2020), with iso-
therms every 1 °C. Anomalies from 2021 to 2050 and 2071-2100 relative

with the MIROCS model. According to the IPCC (2014a),
SST is expected to increase globally between 0.70° and 2.40
°C by 2100 under RCP4.5. Therefore, the trends found for the
Caribbean are among these values.

Because of this positive trend, by 2071-2100, SST in the
Caribbean is expected to be 28.87 £ 0.19 °C or 29.96 + 0.40
°C in accordance with ACCESS1.0 model under RCP4.5 or
RCP8.5, respectively. That represents a temperature increase
of 1.92-3.01 °C over the observed value for the 1976-2005
averaged period (Fig. 5a).

SST anomalies in 2021-2050 relative to 1976-2005 under
RCP4.5 (Fig. 6b) and RCP8.5 (Fig. 6¢) were regionally ho-
mogeneous, with an increase between 0.5° and 1.5 °C. For the
2071-2100 period under RCP4.5 (Fig. 6¢), anomalies are be-
tween 1° and 2.1 °C, and under RCP8.5 between 2.7 and 3.7
°C (Fig. 61). In both cases, temperature increases are homoge-
neous in the region, similar to Ta (Figs. 3c—e). SST increase in
the Caribbean for 2071-2100 will nearly double that of 2021—
2050, which is evidence of the warming trend that will dom-
inate the sea during the twenty-first century.

SST warming trends in the Caribbean produced by the
RCP8.5 scenario run are in good agreement with regional
trends determined from 26 CMIP5 model ensemble SST
trends presented by Alexander et al. 2018), with values be-
tween 2.5 and 3.5 °C cy ' for the Gulf of Mexico and the
Caribbean for the 19762099 period.

The SST annual range is smaller than that of Ta (e.g., 1.39
°C vs. 1.72 °C in 1976-2005). For the period 2021-2050,
mean increase in SST under RCP4.5 is 0.98 °C and under
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to 1976-2005 averaged period from RCP4.5 in (b) and (c), respectively,

and from RCP 8.5 in (e) and (f), respectively, showing isotherms every
0.5°C

RCP8.5 ~ 1.38 °C with reference to the 19762005 averaged
period (Fig. 4). For 2071-2100, the expected increase from
1976 to 2005 is 1.87 °C under RCP4.5 and 3.01 °C under
RCP8.5. The increase from 2021-2050 to 2071-2100 is
smaller than 1976-2005 to 2021-2050 for RCP4.5, because
this scenario reduces radiative emissions after 2040. SST sea-
sonal behavior for 2021-2050 and 2071-2100 averaged pe-
riods indicates a temperature increase in all months as com-
pared with the earlier time series. SST is warmer in June and
October and coldest in February in the time series shown in
Fig. 4, following the seasonal behavior in the Caribbean Sea
(e.g., Torres and Tsimplis 2012).

The studies mentioned in Section 3.4.1 and our results
agree on the SST increase in the Caribbean since the begin-
ning of the twentieth century, which is expected to continue
through the end of the twenty-first century, regardless of radi-
ative scenario used.

SST increase in the Caribbean Sea during the twenty-first
century might affect tropical storms in the basin in two ways,
extending the hurricane season and/or increasing storm fre-
quency. However, other factors such as vertical wind shear,
atmospheric easterly waves from Africa propagating west-
ward (Goldenberg et al. 2001), or surface wind behavior
(Wang and Lee 2007) can influence tropical cyclone activity.
The hurricane season in the Caribbean runs from June to
November (NOAA: Tropical Cyclone Cimatology, 2020),
partially because during these months, SST is warmer
(Wang and Lee 2007; Goldenberg et al. 2001). For example,
in 19762005 averaged period, SST was > 27.36 °C during
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hurricane season (Fig. 4). Under both RCP scenarios in 202 1—
2050 and 2071-2100, all months would exceed this tempera-
ture, except February and March under RCP4.5 in 2021-2050
(27.10 and 27.19 °C, respectively). Because warmer sea sur-
face temperatures enhance tropical cyclone formation in the
Atlantic (Grinsted et al. 2013), as consequence of SST
warming, more months would have sufficient heat in the
ocean to permit hurricane formation, which could extend the
season in the basin in the future.

In addition, storm frequency could increase in the
Caribbean Sea because of the ocean warming in the twenty-
first century, regardless of radiative emission scenario.
Saunders and Lea (2008) studied the effect of SST increase
on the formation of hurricanes in the sea during 1965-2005.
They concluded that an increase of 0.5 °C in SST during
August and September could cause a ~ 40% increase in the
frequency of hurricanes. Under RCP4.5, SST seasonal behav-
ior (Fig. 4) shows an increase in August—September tempera-
ture of 0.98° and 1.93 °C for 2021-2050 and 2071-2100,
respectively, relative to the 19762005 average value.
Similarly, under RCP8.5, the SST increase during these
months are 1.38 and 3.01 °C for 2021-2050 and 2071—
2100, respectively. Therefore, based on the results of
Saunders and Lea 2008tropical cyclone frequency could in-
crease by more than 40% by the midcentury period (2021—
2050).

Another important consequence associated with the SST
increase in the Caribbean Sea is coral bleaching. As ocean
temperature rises, corals expel symbiotic algae, affecting their
health and turning white (Lough et al. 2018; Eakin et al. 2008;
McWilliams et al. 2005). Most coral reefs live in tropical and
subtropical waters such as the Caribbean and have substantial
biodiversity for the balance of ecosystems (Saravanan et al.
2017). Coral bleaching has increased globally since the early
1980s (Goreau et al. 2000), largely because of the continued
increase in global SST (Hughes et al. 2003). The last major
global coral-bleaching phenomenon occurred between
June 2014 and May 2017, with the loss of hundreds of kilo-
meters of coral reefs (Hartfield et al. 2018).

Changes in SST can trigger coral bleaching events, which
has been addressed through different approaches. For exam-
ple, if SST increases > 1 °C with respect to mean ocean tem-
perature from 1990 to 2017, at least one global strong
bleaching episode per decade is anticipated (Ainsworth et al.
2016). Another approach investigated ocean temperatures for
1981-1999, concluding that bleaching events are triggered
when SST exceeds a 30.2 °C threshold (Hoegh-Guldberg
1999). In the former case, mean SST in the Caribbean for
1990-2017 (using the historical run and RCP4.5) was 27.20
+0.32 °C (Fig. 5a). Thus, SST will exceed 1 °C after ~ 2080
(2059) under RCP4.5 (RCP8.5), facilitating at least one strong
coral bleaching event in the basin per decade. In the latter case,
the 30.2 °C threshold would be exceeded at the end of the

century under RCP8.5 but not RCP4.5 (Fig. 5a). Moreover,
the warmer months (> 30.5 °C) between May and November
would have the potential to trigger coral bleaching events
every year under RCP8.5. Lough et al. (2018) stated that even
with limiting global warming to 1.5 °C above pre-industrial
levels (Schleussner et al. 2016), it was estimated that after
2050, 70% of the world’s reefs will be at risk of severe deg-
radation. According to our study, such a threshold will be
exceeded in the region during the present century. Therefore,
coral bleaching events due to ocean warming are expected to
increase in the Caribbean Sea during the twenty-first century.
However, the impact this would have on coral reef health is
unclear, because this will also depend on the coral’s capacity
to adapt to warmer oceans.

3.5 Sea surface salinity (SSS) and density
3.5.1 Performance in present climate

For the historical experiment, positive and significant trends
are seen in all periods and models for SSS (Table 2), except
for 19602005 using the ACCESS1.0 model. The smallest
trends were for 1850-2005 (0.05 + 0.04 to 0.14 + 0.03 PSU
cy_l). However, in the historical run, significant SSS trends do
not protrude over interannual variability (Fig. 5b).

SSS in the Caribbean measured from the Aquarius satellite
mission between 2000 and 2005 (Jet Propulsion Laboratory
2020) (Fig. 7d) had a spatial mean of 35.62 + 0.12 PSU. We
compare the satellite measurements with our reference 1976—
2005 period. The ACCESS1.0 mean for 19762005 overesti-
mates by 0.17 PSU the observed salinity field (Fig. 7a).
However, the spatial behavior is similar, as the satellite and
model show smaller values on the eastern side of the basin,
related to the Orinoco freshwater plume (Muller-Karger and
Aparicio 1994) and toward the south of the Caribbean, where
a dilution basin has been reported owing to strong precipita-
tion and river runoff (Beier et al. 2017). In addition, the
Cayman Sea had greater SSS than the eastern Caribbean
(Sheng and Tang 2003). The main differences are that the
model produced greater SSS in the North Atlantic
Subtropical Gyre and near the northern Colombian and
Venezuelan coasts, in an area known for its upwelling, thus
characterized by greater SSS (Beier et al. 2017).

3.5.2 Variable projection

The largest trends were for the projection periods, with values
from 0.77 £ 0.15t0 0.99£0.25 PSU ¢y (RCP4.5) and 0.73 +
0.11 to 1.01 £ 0.28 PSU ¢y ' (RCP8.5) for 2005-2050. The
largest SSS trends (up to 1.76 + 0.10 PSU cy ' from the
ACCESS model) were for 2005-2100 (Table 2) under
RCP8.5 scenario.
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Fig. 7 Spatial behavior of sea surface salinity (SSS) (PSU) in Caribbean
Sea: (a) 19762005 from model ACCESS1.0 historical run; (d) 2000—
2005 from satellite (Jet, 2020), with isohalines every 1 PSU. Anomalies

According to the ACCESS1.0 model, the expected values
of SSS for the 2071-2100 period in the Caribbean are 36.53 +
0.14 and 37.08 £ 0.16 PSU under RCP4.5 and RCPS8.5, re-
spectively (Fig. 5b), both greater than values expected from
the model ensemble. The difference of ~ 0.55 PSU between
the two RCP scenarios by the end of the twenty-first century
indicates the sensitivity of this variable to the radiative forcing
scenario used.

For the period 2021-2050 referenced to 1976-2005, SSS
increases homogeneously in the Caribbean. Under RCP4.5
(Fig. 7b), SSS increases between 0 and 0.6 PSU, while under
RCP8.5 (Fig. 7e), it increases between 0.4 and 0.8 PSU. For
2071-2100 under RCP4.5, SSS increases uniformly in the
basin between 0.6—1.1 PSU (Fig. 7c), while under RCP8.5
SSS anomalies are 1-2 PSU, with larger values toward the
Yucatan peninsula and Puerto Rico.

Variations in surface density may force changes in circula-
tion. Temperature increase reduces density, whereas salinity
increase augments density. Therefore, we analyzed corre-
sponding changes of surface density in the Caribbean as a
consequence of consistent SST and SSS positive trends in
the twenty-first century. Using ACCESS1.0, under RCP4.5
by 2071-2100, the mean increment of spatially averaged
SST (1.92 °C) and SSS (0.74 PSU) relative to 1976-2005 will
force a mean increase of 0.11+0.13 kg m ™ in surface density.
Similarly, under RCP8.5, SST (3.01 °C) and SSS (1.29 PSU)
increases will boost surface density by 0.19 + 0.15 kg m .
Therefore, according to the model, large changes in the sur-
face density of the Caribbean would not be expected, because
SST and SSS trends will partially compensate each other.
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from 2021 to 2050 and 20712100 relative to 19762005 averaged peri-
od from RCP4.5 in (b) and (c), respectively, and from RCP8.5 in (e) and
(f), respectively, showing isohalines every 0.5 PSU

The spatial behavior of surface density (not shown) does
not change in time. In 1976-2005, 2021-2050, and 2071—
2100 averaged periods, regardless of RCP scenario used, min-
imum surface densities appear to enter the Lesser Antilles
moving westward, possibly because of the effect of the
Orinoco River. Low surface density is maintained in the
southern Colombian basin, associated with warmer tempera-
ture and the dilution basin, owing to heavy rainfall and the
contribution of rivers such as the Atrato (Chollett et al. 2012;
Imbach et al. 2010). Furthermore, greater density indicates the
effect of the Guajira upwelling system, apparently persistent
under either RCP scenario by 2071-2100. Therefore, regard-
less of the SST and SSS significant trends shown by the
models, surface density spatial patterns currently present in
the Caribbean Sea will persist for the remainder of the century,
under any radiative scenario.

The Caribbean Sea is a concentration basin where evapo-
ration exceeds precipitation (Yoo and Carton 1990; Etter et al.
1987). The exception is the Colombian basin (Beier et al.
2017). Through satellite observations and numerical models,
Grodsky et al. (2014) found that interannual variations of sa-
linity in the Caribbean can reach 0.5 PSU. Significant and
positive salinity trends have been reported for the tropical
north Atlantic, determined using data from various periods
during the twentieth century (Curry et al. 2004; Boyer et al.
2005; Grodsky et al. 2006; Durack and Wijffels 2010).
Projections of the increased salinity for 2071-2100 with re-
spect to 19762005 under RCP8.5 scenario are slightly great-
er than the expected increase above 0.8-0.9 PSU in all the
subtropical regions of the Atlantic reported by Levang and
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Schmitt (2015) and Levang and Schmitt (2020). Their projec-
tions were for 2090-2100 under RCP8.5 with respect to the
historical 1990-2000 period. Besides, the SSS increase shown
in the present study concurs with areas where an increase in
SSS is expected as consequence of an excess of evaporation
over precipitation (IPCC 2014c).

3.6 Sea level

To study the future behavior of sea level in the Caribbean Sea,
we present three analyses for different periods and the two
radiative scenarios. First are mean SSH anomalies referenced
to the spatial average in the Caribbean, to investigate changes
in surface circulation (Fig. 8). Second, we determined spatial-
ly averaged trends from SSH, Steric SSH, and sterodynamic
sea level (Table 2, Fig. 5c). We also show sterodynamic sea
level trends (SDSL) spatial behavior (Fig. 9) to study regional
patterns. Third, expected sterodynamic sea level rise for dif-
ferent periods and RCP scenarios is presented, including an
impact evaluation for the San Andres and Providencia
Archipelago (Fig. 10).

3.6.1 Performance in present climate

The 1993-2005 absolute dynamic topography shows the
major mesoscale circulation in the study area (Fig. 8d),
including the Caribbean Current, Panama-Colombia Gyre,
and Panama-Colombia Countercurrent. We compare the
satellite measurements with our reference 1976-2005

RIS

-30 -20 -10 0 10 20 30 -30 -20 -10

Fig. 8 Spatial behavior of sea level above the geoid (SSH in cm), referred
to Caribbean mean value. (a) 1976-2005 from model ACCESS1.0 his-
torical run. From RCP4.5 for (b) 2021-2050 and (¢) 2071-2100. From

ACCESS1.0 SSH RCP4.5 2021-2050

period. ACCESS1.0 correctly reproduced the principal cir-
culation patterns (Fig. 8a) using the sea level height anom-
aly above the geoid (SSH) in this period. The two main
differences shown by the model are a stronger sea level
gradient in the Colombian Basin and smaller positive
values in the northern Cayman Sea, in comparison to the
satellite data.

Trends in SSH from the historical run are only significant
in ACCESS1.0 (positive) and MIROCS (negative) in the
18502005 period (Table 2). Thus, there was a lack of con-
sistency among the models for SSH trends. In the contrary,
Steric SSH trends are significant and positive in all the models
and periods from the historical run, dominating all significant
and positive SDSL trends, which are larger in 1960-2005
when compared with 1850-2005. SDSL trends are not spa-
tially homogeneous. For 1850-2005, ACCESS1.0 gave larger
trends (> 10 cm cy ') toward the center of the eastern
Caribbean (Fig. 9a). Similarly, large trends (> 12 cm cy ')
are seen in the same area for 1960-2005 (Fig. 9d). Although
all trends were positive in the Caribbean, they had strong
spatial variability, similar to results from other regional sea
level studies (e.g., Torres and Tsimplis 2012).

Sen-Gupta et al. (2013) investigated global steric sea level
anomalies and trends from 24 CMIP5 models for 1986-2005.
ACCESS1.0 model results for the 1960-2005 period were in
accordance with the steric SSH rise projections of that work.
Using altimetry and tide gauge data, Palanisamy et al. (2012)
reconstructed sea level trends in the Caribbean Sea for 1960—
2009. They found a spatial mean of ~ 18 = 5 cm ¢y ', larger

ACCESS1.0 SSH RCP4.5 2071-2100

10 20 30 -30 -20 -10 0 10 20 30
RCP8.5 for (e) 2021-2050 and (f) 2071-2100. (d) 1993-2005 absolute

dynamic topography from OSTM/Jason-2 (NOAA 2020b), referred to
Caribbean mean value. Isolines every 5 cm
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than the SDSL value obtained from ACCESS1.0 for 1960—
2005 (11.45 +3.48 cm cy ' in Table 2) possibly because the
effects of land-ice melting are not included in the model.

3.6.2 Variable projection

Based on a qualitative comparison of the circulation patterns
modeled for 2021-2050 and 2071-2100 averaged periods,
regardless of radiative scenario, no major changes are expect-
ed for the Caribbean (Fig. 8). These results are consistent with
small spatial changes in atmospheric pressure and wind for the
twenty-first century in the region (Fsig, 3), as well as with
small expected changes in sea surface density (Section 3.5).
Moreover, spatial averaged SSH trends from ACCESS1.0 are
small but significant in some projected periods (Table 2).
Therefore, the model indicates minor future basin-averaged
rise in the dynamic sea level, with small changes in the circu-
lation patterns.

Larger significant SSH trends were in the projection pe-
riods and under RCP8.5 as compared with RCP4.5. Thus,
SSH in the Caribbean appears sensitive to the radiative sce-
nario used. Contrary to SSH, all trends in Steric SSH were
positive and significant, but similarly, trends were larger in the
projection periods under RCP8.5 (Table 2). Consequently, all
trends in SDSL were positive and significant for the
Caribbean Sea. Larger trends in total sterodynamic sea level
were produced by MIROCS for 2005-2100, with values of
56.00 £ 1.02 (RCP4.5) to 70.94 + 2.30 cm cy ' (RCP8.5)
(Table 2). The fact that the Steric SSH contribution to total
sterodynamic sea level trends in the Caribbean was larger than
that from SSH indicates that regional sea level rise will be
largely due to global temperature increase rather than regional
effects (Fig. 5¢).

Total sterodynamic sea level trends (SDSL) from
ACCESS1.0 in the projected periods were between 30.95 +
3.18 (RCP4.5, 2005-2050) and 50.84 = 1.48 cm cy '
(RCPS8.5, 2005-2100). The largest trend for RCP4.5 was also
for 2005-2100 (33.56 £0.90 cm cyfl), but this is smaller than
the trend for 2005-2050 under RCP8.5 (38.60 £2.96 cm cyﬁl)
(Table 2). Note that SDSL time series for the projection pe-
riods are dominated by the trend rather than interannual vari-
ability (Fig. 5c). Thus, under any radiative scenario,
sterodynamic sea level will continue to rise in the Caribbean
during the twenty-first century, but with larger trends under
RCP8.5.

Projected SDSL trends in the Caribbean are not spatially
homogeneous. For the projection period 2005-2050, trends
range between 28 and 33 cm cy ' under RCP4.5 (Fig. 9b)
and 3542 cm cy ' under RCP8.5 (Fig. 9¢). In both cases,
trends are larger toward the Lesser Antilles and smaller
toward the Cayman Sea. Larger trends are around the
Panama Colombia Gyre. For 2005-2100, trends are 32—
35 cm cy ! under RCP4.5 (Fig. 9¢), maintaining the zonal

differences. However, the strongest trends are for RCP8.5
scenario, with a range of 48—53 cmcy ' (Fig. 9f), and larger
values at the Colombia Basin limit with the Central
America Rise.

We also assessed sea level rise for the various periods and
two RCP’s scenarios using ACCESS1.0 (Figure S4). In 125
years of the historical run (1976-2005 referenced to 1850-
1879), the SDSL rose between 10 and 15 cm. The last 45
years of this period (1976-2005 referenced to 1931-1960)
the SDSL rose between 3 and 5 cm. In a similar 45-year period
of the projection run, (2021-2050 referenced to 1976-2005)
the SDSL is expected to rise between 12 and 16 cm (13 and 18
cm) under RCP4.5 (RCP8.5) scenario, thus over twice than
the former 45-year period. This behavior indicates an acceler-
ation of SDSL rise in the Caribbean. In nearly 100-year period
(20712100 referenced to 1976-2005), the SDSL is projected
to rise between 32 and 34 c¢cm (42 and 45 cm) under RCP4.5
(RCPS8.5) scenario.

According to projections of the IPCC (2014a), global in-
crease in steric sea level by 2081-2100 is expected to be be-
tween 15 and 25 cm (25-39 cm) relative to the 19862005
period under RCP4.5 (RCP8.5) scenario. Besides, contribu-
tions due to dynamic and steric sea level changes in the
Caribbean for the same period are estimated between 20 and
30 cm (30-50 cm) under RCP4.5 (RCPS8.5) scenario (IPCC
2014b; Church et al. 2007), thus larger than the global steric
projection. Using CMIP5 models and probabilistic
techniques, regional projections by Jackson and Jevrejeva
(2016) for the same period indicated that steric sea level in
the Caribbean is expected to rise between 11 and 30 cm (19—
45 c¢cm) under RCP4.5 (RCP8.5) scenario. Our results from
ACCESS1.0 model for the 2071-2100 relative to the 1976—
2005 averaged period (SDSL in Figure S4) are in good agree-
ment with the upper-limit projections obtained in the latter
study, and above the upper limit of the global mean steric
projections. Bear in mind that the SDSL rise from our study
includes a contribution of about 5 cm from the SSH trend
(Table 2).

Given the low elevation above mean sea level of some of
its nine islands (Table 1), we further examined impacts of
SDSL rise in the San Andres and Providencia Archipelago
(Fig. 1). In 125 years of the historical run (1976-2005 refer-
enced to 1850—-1879), the SDSL rose ~ 11 cm. For 2021-2050
with respect to the 19762005 averaged period, the SDSL rise
projection is > 14.5 cm (> 16 cm) under RCP4.5 (RCP8.5)
scenario in all the Archipelago’s islands (Figs. 10 b and e).
Note that SDSL rise patterns from the two RCP scenarios are
different. In Fig. 10, SDSL trends in the southern Colombia
basin seem to be associated to the dynamics of the Panama-
Colombia Gyre and thus probably affected by changes in its
circulation. Recall that sea level can vary among the islands of
the archipelago, owing to its location at the dynamic boundary
of the Panama-Colombia Gyre (e.g., Torres et al. 2017).
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For 2071-2100 with respect to the 1976-2005 averaged
period, the SDSL is projected to rise as much as 32.56 cm
under RCP4.5 (Fig. 10c, Table 1) and 45.49 cm (Fig. 10f)
under RCP8.5 (Fig. 10f) at Roncador. Although values for
the other islands of the archipelago are smaller, they do not
differ much. Therefore, at the end of the twenty-first century,
islands of lower elevation in the archipelago will be at risk of
being submerged most of the time as a consequence of sea
level rise and extreme events. In the archipelago, extreme
ocean events can be forced by hurricanes (Ortiz et al. 2015),
which because of ocean warming can become more frequent
(Section 3.4). For example, in the case of inhabited
Albuquerque and Quitasuefio, where the island maximum
height is 1.5 m (Table 1), a sea level rise of ~ 45 cm
(RCP8.5) by 2100 will leave only small areas of the islands
above mean sea level. Extreme sea level events in the
Caribbean are attributable to a combination of tides, atmo-
spheric forcing, mesoscale gyres and the seasonal signal, in
addition to a positive trend from sea level rise (Torres and
Tsimplis 2014). Thus, by 2100, the combination of sea level
rise and extreme sea level events will intensify erosion to a
point where entire islands can be submerged below mean sea
level. Such events can even have consequences for state sov-
ereignty, because the Law of the Sea does not consider islands
that might stop complying with the “island definition” (article
121 in UNCLOS 1994) because of sea level rise.

AOGCM models in CMIP5 do not include the land-ice
melting and other smaller contributions to sea level (IPCC
2014c), as their dynamics are difficult to simulate
(Henderson-Sellers and McGuffie 2012; Kaser et al. 2006;
Dyurgerov and Meier, 2004, b) and beyond the scope of these
models. According to IPCC projections for the Caribbean re-
gion, the expected changes in total sea level for the 2081—
2100 period with respect to 1986-2005 can be estimated be-
tween 50 and 60 cm (70-80 cm) under RCP4.5 (RCP8.5)
scenario, what fits in the global projections (IPCC, 2014b;
Church et al., 2007). Total sea level would include contribu-
tions from the steric component but also from land-ice melt-
ing, atmospheric loadings, global isostatic adjustment (GIA),
and terrestrial water sources. Therefore, SDSL rise reported in
this section (Figure S4) contributes for a bit more than half of
the total sea level rise expected in the Caribbean Sea by the
end of the century. Consequently, sea level rise in the
Caribbean, including all components, will be a major threat
to the Caribbean Sea low-elevation coastal areas such as some
islands in the San Andres and Providencia Archipelago.

4 Summary and conclusions
Three CMIP5 models were used to investigate atmospheric

and oceanographic trends (Table 2) during the twenty-first
century in the Caribbean Sea, under radiative emission
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scenarios RCP4.5 and RCPS8.5. We used the three-model en-
semble to assess the atmospheric variables. However, to report
the ocean variables, we used results from ACCESS1.0, due to
its better ocean model resolution and coverage, allowing it to
capture mesoscale processes what gives it the best perfor-
mance in the region.

Surface air temperature (Ta) spatial means show significant
and consistent positive trends across the three models. A Ta
increase of 2 °C referenced to the preindustrial period (25.70
°C), established as a global goal by the Paris Agreement
(Climate Action Tracker, 2020), would be reached in the
Caribbean by 2060 under RCP4.5, or by 2040 under
RCPS8.5. Thus, the region will probably exceed this limit dur-
ing the present century. On the contrary, atmospheric pressure
(SLP) and surface wind did not show a uniformity of trends
under either of the two RCPs scenarios. Furthermore, we did
not find evidence of significant changes in wind during the dry
or rainy seasons across the sea.

Spatially averaged trends of SST, SSS, or SDSL for the
Caribbean Sea are consistently positive for the present century,
regardless of RCP scenario used. Such positive trends are in
good agreement with other regional assessments (Alexander
et al., 2018, Levang & Schmitt 2020, Jackson & Jevrejeva
2016). However, based on ACCESS1.0 results, the trends are
not homogeneous across the basin (Figs. 6, 7, and 9).

The SST spatial average for the Caribbean is expected to
increase between 1.92° and 3.01 °C by the end of the twenty-
first century with respect to the 19762005 averaged period
according to ACCESS1.0, depending on the RCP scenario
used. However, there is no evidence of large seasonal chang-
es. Such temperature rise could influence tropical storms, such
as extending the hurricane season in the basin and/or increas-
ing hurricane frequency by > 40% by the end of the century.
Moreover, SST warming can affect coral ecosystems in the
Caribbean by increasing and strengthening bleaching events,
what might have a strong impact on regional ecosystems and
food supplies for coastal communities.

We assessed qualitative anomalies in sea level height
above the geoid (SSH), which were steady over the twenty-
first century, regardless of RCP scenario used (Figure 8).
Therefore, spatial changes in current Caribbean major circu-
lation features are not expected. This is consistent with small
long-term changes in atmospheric pressure gradients (spatial-
ly uniform inverse barometer effect), surface wind (momen-
tum transfer), and surface density (buoyant fluxes), the latter a
consequence of positive trends in SST and SSS, with oppos-
ing effects on density.

In the Caribbean Basin, depending on the RCP scenario
used, mean sterodynamic sea level is expected to rise between
~ 32.53 and 43.25 cm for 2071-2100 with respect to the
reference period of 1976-2005 (Fig. 5c), given trends up to
50.84 + 1.48 cm cy . Trend increases in two consecutive 45-
year periods indicate that sea level rise in the Caribbean is
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accelerating, consistent with trend evaluation using a 102-year
tide gauge time series from Cristobal-Panama, collected most-
ly during the last century (Torres & Tsimplis, 2013). In addi-
tion, when all sea level contributions are accounted (including
land-ice melting), Caribbean Sea level rise for the 2081-2100
period with respect to 1986-2005 can be estimated between
50 and 80 cm depending on the RCP scenario (IPCC, 2014a).
Such sea level rise by the end of the century will impose a
great threat to low-elevation islands, such as some in the San
Andres and Providencia Archipelago, and will be at risk of
disappearing.

Because of the results of the present study, in particular
significant positive trends in air and sea surface temperature
and mean sea level, the Caribbean region will likely experi-
ence large climate change impacts by the end of the twenty-
first century. Therefore, it is important that local communities
continue monitoring environmental variables, maintain low
radiative emissions, and improve their development of region-
al mitigation plans.
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