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Abstract: There is a dearth of studies characterizing historical sea level variability at the local scale
for the islands in the Caribbean. This is due to the lack of reliable long term tide gauge data. There is,
however, a significant need for such studies given that small islands are under increasing threat from
rising sea levels, storm surges, and coastal flooding due to global warming. The growing length of
satellite altimetry records provides a useful alternative to undertake sea level analyses. Altimetry
data, spanning 1993-2019, are used herein to explore multi-timescale sea level variability near the
south coast of Jamaica, in the northwest Caribbean. Caribbean basin dynamics and largescale forcing
mechanisms, which could account for the variability, are also investigated. The results show that
the average annual amplitude off the south coast of Jamaica is approximately 10 cm with a seasonal
peak during the summer (July-August). The highest annual sea levels occur within the Caribbean
storm season, adding to the annual risk. The annual trend over the 27 years is 3.3 & 0.4 mm/yr when
adjusted for Glacial Isostatic Adjustment (GIA), instrumental drift, and accounting for uncertainties.
This is comparable to mean global sea level rise, but almost twice the prior estimates for the Caribbean
which used altimetry data up to 2010. This suggests an accelerated rate of rise in the Caribbean over
the last decade. Empirical Orthogonal Function (EOF) and correlation analyses show the long-term
trend to be a basin-wide characteristic and linked to warming Caribbean sea surface temperatures
(SSTs) over the period. When the altimetry data are detrended and deseasoned, the leading EOF mode
has maximum loadings over the northwest Caribbean, including Jamaica, and exhibits interannual
variability which correlates significantly with a tropical Pacific-tropical Atlantic SST gradient index,
local wind strength, and the Caribbean Low Level Jet (CLL]). Correlations with the El Nifio Southern
Oscillation (ENSO) in summer, seen in this and other studies, likely arise through the contribution of
the ENSO to the SST gradient index and the ENSO’s modulation of the CLL] peak strength in July.
The results demonstrate the usefulness of altimetry data for characterizing sea level risk on various
timescales for small islands. They also suggest the potential for developing predictive models geared
towards reducing those risks.

Keywords: Caribbean sea level; sea level rise; Jamaica; satellite altimetry; climate change

1. Introduction

The Caribbean region is largely composed of small island developing states (SIDS)
that are vulnerable to sea level rise (SLR)—one of the key indicators of climate change [1-3].
This vulnerability arises in part from large proportions of island populations that live on
the coast [3,4], the high concentration of economic activities, e.g., tourism, that depend on
the coast [5-8], and the risk from storm surge due to annual extreme weather events within
the region [9]. SLR contributes to coastal flooding and erosion in low-lying areas in the
Caribbean [10], in turn leading to loss of infrastructure, livelihoods, natural resources, and
economic viability [11].

Generally, SLR variability at regional and local scales has not been as extensively inves-
tigated and characterized as at the global scales [12], notwithstanding that greater under-
standing is necessary to develop local adaptation and risk reduction strategies [13-15]. The
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Caribbean is significantly underrepresented in ocean research [16,17], with only a few basin-
wide studies and even fewer island-specific studies examining historical sea level change
across multi-timescales.

The Caribbean’s underrepresentation has largely been due to limited tide gauge
records of sufficient length, completeness, and spatial coverage [16]. The availability of
satellite altimetry since the early 1990s is helping to address the challenge by offering an
option for assessing historical sea level change at regional and local scales [18,19]. For the
Caribbean, the availability of altimetry data has resulted in an increased number of SLR
studies in recent years—albeit, still too few considering the magnitude of the threat. For
relevant examples, see the altimetry-based studies in [16,17,20-22]. These studies have been
variously focused, including validating the altimetry data against tide gauge records to
show its usefulness for the region, e.g., [16,22,23]; establishing long term trends, especially
in the context of global trends, e.g., [17,22,23]; and examining seasonal to interannual
variability and the associated drivers, e.g., [17,20,21,23].

All of the aforementioned Caribbean studies utilize available altimetry data prior
to or up to 2010, i.e., their results are premised on altimetry datasets of 18 years or less.
This is true even for Palanisamy et al. (2012) [17] who integrate altimetry into a 60-year
reconstructed dataset of gauge, altimetry, and ocean model data. Torres and Tsimplis
(2012) [21] note the need for at least 20 years of observations to obtain steady estimates
of seasonal and annual characteristics. One of the motivating factors for this study is
the (re)examination of multi-timescale variability of SLR in the Caribbean region given
the availability of an additional decade and more of altimetry data. This paper aims to
corroborate and/or update prior altimetry studies and provide new insights.

Beyond that, however, most Caribbean studies largely focus on basin-wide historical
trends in SLR. This is not surprising, since the global warming impact on sea levels is large-
scale and not limited to sub-region or island [12], but also because of the previously noted
limited spread of tide gauge data for the Caribbean. There are very few altimetry studies
specific to the islands of the Caribbean, notwithstanding that impacts are felt at the local
level, and it has been noted that there is spatial variation in interannual variability across
the Caribbean basin [23]. Miller et al. (2012) [22] is one such study which examines SLR
characteristics for Barbados using altimetry data. Jury (2018) [24] also examines sea level
trends for Puerto Rico, but from other data (non-altimetry) sources. It is also noted that, in
comparison, there are many more sub-regional and island scale projection studies—though
still not enough—due to the greater availability of ocean model data.

The focus of this paper is the use of altimetry data to examine multi-scale sea level
variability near Jamaica, the third-largest Caribbean island, located in the northwestern
region (Figure 1). The impact of sea level rise on the Jamaican coastline has largely been
documented anecdotally (e.g., [25]) or in a few studies focussed on projected change,
(e.g., [26-29]). There are no studies for Jamaica that we are aware of characterizing seasonal,
interannual, or longer trends using altimetry. In this study, the focus is on the southeast
coast of Jamaica, where the capital city, Kingston, and other major population centres,
e.g., Portmore, are located. It is also the site of an international airport and major port
facilities that are already deemed threatened by future sea level rise [28], significant telecom-
munication and electricity generation infrastructure, and the financial district. Sea level
variability and trends for southeastern Jamaica are examined using 27 years of satellite
altimetry data. The results are contextualized with respect to the wider Caribbean basin,
and potential drivers of Jamaica’s sea level variability are also explored using statistical
techniques. These include Empirical Orthogonal Functions (EOFs) [30,31], correlations, and
composites [32,33] applied to the altimetry data, as well as other datasets for sea surface
temperature (SST) and near surface winds. This study also represents a methodological
approach that can be replicated for other islands in the Caribbean.



J. Mar. Sci. Eng. 2023, 11, 1499

30f26

Isle of Pines

Yucatan
Basin

Cayman Basin
2000 M

Honduras

Baton Rouge

Legend
Tide Gauge Stations®

Study area O

Columbia
Basin

81° 78°

Jacksonville

Miami Nassau
®
The Bahamas

e
La Habana
Santa Clara

Haith  pominican
3 Republic

ANTILLEg

Venezuela
Basin

)
& Columbia

w Q00Z “d
Sz77/LN
., -

Jem O s
“:Cz i’s!an!'j

%,

;o

Cuba Turks'a
Mérida Lt Camaguey. Caicos Jslands
Cancun
Cayman L ]
R Santiago Republica
de Cub. Ayiti<Dominicana
° Charigtteg Anguilla
Amalie
Jamaica Antigua
Belize andBarbuda
1 Gutiérrez
Guatemala Dowginica
Ciudad de Honduras
Guatemala
El Salvador Saint Vincent
Nicaragua and the
® ()11-0«|(1uw‘,
Managua Coro.
Cartagena M. b Trinidad
de Indias Sl by o Cumana !
& and Tobago
Caracas
A Costa Rica Maturin
Barinas
Panama Monteria Sk

0 25 50km
| -

Bucaramanga

Medellin

(b)

Ciudad Bolivar

Georgetown
®

Venezuela

Figure 1. (a) Map of Caribbean Sea showing depth (Reprinted/adapted with permission from
Richardson (2005) [34], 2005, Elsevier). (b) Map of the Caribbean, Jamaica and study area highlighted.

The following sections describe the data and methodology used in the study, the
results of the analyses, and provide discussion of the major findings using a risk lens. The
paper concludes with a summary of key takeaways.
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2. Data and Methodology
2.1. Geographical Setting

The Caribbean is defined using the area 10° N-25° N and 59° W-85° W (Figure 1).
There is large variability in the depth of the Caribbean Sea within the basin. For example,
there are relatively shallow areas around islands such as the Jamaica Ridge [34] versus
the Cayman trench, which is beyond 7600 m deep, located in the north Caribbean [35].
There are no studies we are aware of that quantify the impact of vertical land motion on sea
level in the wider Caribbean Basin [36]; however, some studies have indicated an impact
of vertical land motion on relative sea level rise in the Colombia Caribbean area in the
southern Caribbean basin [36,37].

Jamaica is located at 18.11° N, 77.30° W in the northwestern Caribbean. The study area
surrounding Kingston and Portmore is on the southeast coast of Jamaica. While there is
significant evidence of past uplift in Jamaica (especially on the north coast, which is closer
to the edge of the Caribbean plate [38—40]); the vertical land motion in Jamaica is on the
order of less than 1 m/ka over the last 4000 years and, as such, is considered insignificant
when considering sea level variability [23,41].

2.2. Data

Satellite altimetry data were obtained from the Copernicus Climate Change Service
(C3S). C3S provides a dataset of gridded monthly sea level anomalies from satellite al-
timetry measurements, where anomalies are defined as the surface height above mean
sea level from 1993 to 2019. Anomalies are calculated relative to a 20-year (1993-2012)
baseline. The altimetry dataset was derived using an optimal interpolation method which
combined the sea level anomalies output produced by two-satellite merged constellations
at any given time. The combination of two satellites provides adequate spatial sampling
while optimizing stability during the interpolation process. The C3S data are considered
appropriate for climate applications such as investigating the evolution of sea level change
on a regional or local scale [42]. Recently updated altimetry data (DT2018) using the
Data Unification and Altimeter Combination System (DUACS) were used. The DT2018
ensemble of products incorporates 25 years of observations, tidal corrections, and mean sea
surface corrections to significantly improve the accuracy of altimetry estimates in coastal
areas [42]. This was considered important for this study, which analyses sea level change
along the coast of a small island. For more information on the processing of the altimetry
data, see [42,43]. DT2018 altimetry products do not include corrections for Global Isostatic
Adjustment (GIA) nor TOPEX-A satellite instrumental drift that was characteristic of the
early years of altimetry data collection. To account for GIA, the ICE-5G (VM2) model was
used to correct the altimetry values [23,44]. The instrumental drift was accounted for by
using an approximation for the examined altimetry period. Details on the calculation of
this approximation are provided by [18,42].

Research quality tide gauge data for Jamaica are unavailable for the altimetry era spanning
1993 to present. Tide gauge data for nearby stations in Grenada, Puerto Rico, Dominica, Haiti,
and Cuba (see Figure 1) were obtained from The University of Hawaii Sea Level Centre (see
Table 1). The locations of the tide gauges, in these islands, are shown in Table 2. The tide gauge
data were used to offer a simple validation of the use of the altimetry dataset in the Caribbean.

To investigate ocean—atmospheric phenomena which may be linked to variations in
sea levels for Jamaica and the wider Caribbean Sea, ten (10) climate/oceanic indices and
variables were considered. These indices were chosen based on current understanding
of Caribbean climatology, particularly rainfall, and the atmospheric/oceanic modes that
influence interannual and decadal climate variability within the region. For a more fulsome
discussion on Caribbean climate variability, see, for example, [45—47]. Table 1 provides
details about the climate indices, including how they are derived and the data sources
from which they were extracted. Table 1 also shows the information for the sea surface
temperatures and surface wind datasets used in the composite analyses described in the
following section.
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Table 1. (a) Data sources, and (b) climate/ocean indices used in the study.
(a) Data Type Details Length Source Reference
. . University of Hawaii Sea Level
Station data of relative sea level Varying Record Centre. Retrieved from: http:
Tide Gauge rise for Cuba, Haiti, Puerto Rico, }]: & o o AP [23,48]
Dominica. Grenada. engths / /uhslc.soest.hawaii.edu/data/
! (accessed on 16 March 2020).
Copernicus Climate Change
Daily Data Sea surface height Service (C3S):
. . above mean Sea Surface (‘sla’ sea https:/ /cds.climate.copernicus.
Satellite Altimetry level anomaly). 0.25° x 0.25° 1993-2019 eu E)cdsapp#! /dataset /};atellite— [42,49]
Gridded Dataset. sea-level-global?tab=overview
(accessed on 5 September 2019).
Extended Reconstructed Sea https://www.n.cdc.noaa.gov/
Sea Surface Surface Temperature (ERSST) v5 data-access/marineocean-data/
5 o 1993-2019 extended-reconstructed-sea- [50]
Temperature Monthly 2.0° x 2.0° Gridded
Dataset. surface—temperature—ersst— v5
(accessed on 2 November 2022).
European Centre for
Medium-Range Weather https:/ /cds.climate.copernicus.
Forecasts (ECMWEF) ERA5 eu/cdsapp#!/dataset/
Surface Wind climate reanalysis. Reanalysis, 1993-2019 reanalysis-era5-land-monthly- [50,51]
land based zonal and meridional means?tab=overview (accessed
wind dataset from 1990-2020. 9 on 2 November 2022).
km resolution. Monthly.
(b)
Chma'lte/Ocean Description Period Source Reference
Indices and
Variables
Caribbean Sea . .
Surface Caribbean Index (CAR). Carib Derived using ERSSTv5 Monthly
Temperature SST Anomaly averaged over 1950-2019 anomaly data (see above) [17,52]
P 10°-25° N, 100°~60° W. y
(Carib SST) !
Eastern Tropical Pacific SST . .
Nino3.0 Anomaly averaged over 5° N-5° 1950-2020 Derived using ERSSTv5 Monthly
S, 150°-90° W. anomaly data (see above) [17,23]
. Anomaly average SST in Nino3.4 Derived using ERSSTv5 Monthl
Nino3.4 Region (}éo N—5Og S, 120°-170° W) 1950-2020 anomaly gata (see above) g
. o Derived using ECMWEF ER5
Jamaica Wind Surface wind anorrt)aly at 18.038 1990-2020 Monthly climat%e reanalysis data [50,53]
N, 76.849° W.
(see above)
US Weather Service—National
Met. Center via NOAA
NCEP-NCAR CDAS-1 database
obtained from: http://iridl.ldeo.
columbia.edu/SOURCES/
.NOAA/.NCEP-NCAR/.CDAS-
The CLL]J index is an anomaly 1/ MONTHLY/ .Intrinsic/
mean of the easterly zonal wind .PressureLevel/.u/P/925/
Caribbean Low at 925 hPa in the CLLJ 1949-2020 VALUE/Y/12.5/17.5/RANGE/ [45,54-56]
Level Jet (CLLYJ)

emergence region (11.25°-18.75°
N, 81.25°-68.75° W). The CLL] is
located south of Jamaica.

X/-80/-70/RANGE/({[}X/
Y({]}average/dup/T/(1981)/(20
10)/RANGE/{[JT{]}average/
sub/-1/mul/DATA/-10/10
/RANGE/ /name/ /cllji/def/
/long_name/(Caribbean%?20
Low%20Level%20]et%20Index)
/def/dup/index.html (accessed
on 9 September 2021).
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Table 1. Cont.

(b)
Cllma.ite/Ocean Description Period Source Reference
Indices and
Variables
Extracted from US Weather
Service—National Met. Center’s
Reanalysis data of mean sea NOAAData Obtained from:
Sea Level level pressure at 17.5° N, 77.5° 1949-2020 http:/ /iridl.ldeo.columbia.edu/ [56]
Pressure (SLP) W. Gridded monthly reanalysis SOURCES/.NOAA /.NCEP- -
dataset at 2.5° x 2.5° resolution. NCAR/.CDAS-1/.MONTHLY/
UIntrinsic/.MSL/ .pressure/
(accessed on 9 September 2021).
Long-term climate variability NOAA Database obtained from:
Pacific Decadal phenomenon centred around the https:/ /psl.noaa.gov/data/
RS North Pacific and produced 1950-2019 . ST [30]
Oscillation (PDO) . . climateindices/list (accessed on
from analysis of SST anomalies
e . 9 September 2021).
in this region.
Atlantic Multi-decadal cycle of sea NOAA Physical Sc.lences
. . Laboratory. Data obtained from:
Multidecadal surface temperatures in the
L ir . 1950-2020 http:/ /www.psl.noaa.gov/ [57,58]
Oscillation Pacific Ocean characterised by . .
(AMO) warm and cool phases data/timeseries/ AMO (accessed
' on 9 September 2021).
NOAA Climate Prediction
Large scale atmospheric Centre. Dat aobtained
North Atlantic teleconnection pattern associated 1950-2020 from:https:/ /www.cpc.ncep. [59]
Oscillation (NAO) with pressure differences in noaa.gov/products/precip/
North Atlantic. CWlink/pna/nao.shtml
(accessed on 10 September 2021).
SST gradient index calculated Index was produced using
e . using the difference in the SST ERSSTv5 SST datasets. Obtained
Pacific-Atlantic .. . .
Sea Surface anomalies in the Nino 3.0 region from
of the Pacific (5° N-5° S, https:/ /www.ncdc.noaa.gov/
Teg I; (erizxcre 150°-90° W) and the Tropical 1993-2019 data-access/marineocean-data/ [45,55,58]

North Atlantic (6° S-22° N,
80°-15° W). A known modulator
of Caribbean rainfall.

(Pacific-Atl)

extended-reconstructed-sea-
surface-temperature-ersst-v5
(accessed on 10 September 2021).

Table 2. Correlations between Caribbean tide gauge stations and altimetry. Significant correlations

are in bold.

Location . . Distance to Nearest Grid

Tide Gauge Correlation Period of Corner from Tide Gauge
Tide Gauge Altimetry Grid Box Coefficient Overlap (km)
Port-au Prince, Haiti 18.567° N, 72.350° W 18.625° N, 72.625° W 0.35 2012-2015 7.02
San Juan, Puerto Rico 18.460° N, 66.117° W 18.875° N, 66.125° W 0.89 2000-2008 18.37
Prickley Bay, Grenada 12.005° N, 61.765° W 12.125° N, 61.875° W 0.77 2012-2015 18.01
Roseau, Dominica 15.313° N, 61.390° W 15.375° N, 61.625° W 0.74 2014-2016 27.02

Cabo Cruz, 19.833° N, 19.875° N,

Cuba 77.733° W 77.875° W 0.81 1993-2019 1647

2.3. Methodology

The linear trend in the altimetry records was obtained using linear least-square fitting.
This allowed for the trend to be determined from the timeseries by fitting it to a linear

model:

S =

M-

(yi — (p1xi + p2))


http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1/.MONTHLY/.Intrinsic/.MSL/.pressure/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1/.MONTHLY/.Intrinsic/.MSL/.pressure/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1/.MONTHLY/.Intrinsic/.MSL/.pressure/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1/.MONTHLY/.Intrinsic/.MSL/.pressure/
https://psl.noaa.gov/data/climateindices/list
https://psl.noaa.gov/data/climateindices/list
http://www.psl.noaa.gov/data/timeseries/AMO
http://www.psl.noaa.gov/data/timeseries/AMO
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml
https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v5
https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v5
https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v5
https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-sea-surface-temperature-ersst-v5
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where S is a set of simultaneous equations with unknowns p; and p;. The equation was
solved to determine the values of p; and p,, where the result is represented by a first-order
polynomial of the form:

y=p1x+p2

The first-order differential equation gives the linear trend, where y is the sea level
at time x. Uncertainties in the satellite altimetry trends were obtained from analysis of
the altimetry error budget and least-squared error variance—covariance assessment of the
global mean sea level (GMSL) trends at a 90% confidence level [60]. The annual trend was
computed for the monthly values, averaged annually.

The Mann-Kendall Test was used to determine statistical significance of the trend. It
is a non-parametric test of the null hypothesis that there is no monotonic trend in the tide
gauge and satellite altimetry data [30]. The mean seasonal cycle of sea level change was
calculated following [21,24]. Pearson’s correlation coefficients were calculated between the
tide gauge records for the five locations shown in Figure 1 and the closest altimetry grid
point. Spearman’s correlation was also used for comparison.

Empirical Orthogonal Functions (EOFs) were used to investigate seasonal, interannual,
and long-term sea level variability for the wider Caribbean Sea in which Jamaica is located.
EOF analysis is commonly used in atmospheric sciences to identify spatial patterns in
data over time by isolating statistically independent modes in the data [61]. EOF analysis
was first applied to the unaltered (‘raw’) satellite altimetry data of sea level anomalies for
the Caribbean region (10-24° N, 59-89° W). The linear trend was then removed (i.e., the
altimetry data was ‘detrended’) and EOF analysis re-performed to investigate seasonal and
interannual signals [23,30]. Likewise, to investigate the interannual and long-term trends,
the seasonal signal identified in the altimetry data (i.e., by averaging for each month in the
year over the entire record) was subtracted from the altimetry record so that a non-seasonal
altimetry dataset was obtained (i.e., the data was ‘deseasoned’) and EOFs determined.
Finally, to investigate the interannual variability, the data were detrended and deseasoned,
and a 13-month running mean applied before EOF analysis was carried out. The application
of the running mean was to account for the eddy-rich nature of the Caribbean Sea [23].
Because summer (June—July-August) is climatologically when the highest sea levels occur
for southeastern Jamaica (see Section 3.2), variability in this period was also investigated.
Extracted sea level anomalies for June to August (JJA) were averaged for each year, and the
EOF analyses previously described were repeated for the summer dataset.

Correlation analysis was used to investigate possible connections between the domi-
nant EOF modes and (i) large scale climate phenomenon such as ENSO, (ii) climate and
ocean indices capturing variability in sea level pressures, sea surface temperatures (S5Ts),
and near surface wind in the Caribbean, and (iii) the SST gradient between the tropical
north Atlantic and tropical Pacific oceans, which is a known influence on the strength
of the Caribbean low level jet (CLLJ) [55]. See again Table 1 for a detailed description of
the indices. Spearman’s correlation analysis is non-parametric and can reveal non-linear
trends and relationships between two variables which may not be captured by Pearson’s
correlation [62-64]. This was used to calculate correlation coefficients between the leading
principal components and the climate indices.

Finally, composite analysis was performed to examine the extent to which surface
wind variability and SSTs act as potential drivers of sea level change in the region and,
specifically, for the south coast of Jamaica. The analysis was restricted to the summer season.
To derive the composites, the summer (averaged over JJAS) sea level anomalies timeseries
for Jamaica was divided into quartiles, and high (upper quartile) and low (bottom quartile)
sea level years isolated. Composite maps of mean summer SST and near surface wind
anomalies were created for the high versus low sea level years, as well as for the difference
between high and low sea level years. A Student’s t-test with confidence interval 0.95 was
used to determine regions of statistically significant difference [65,66].
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3. Results
3.1. Satellite Altimetry Validation

Correlations were calculated between altimetry data, for the grid box over five
Caribbean locations (Figure 1) for which local tide gauge records exist, and the gauge
records. As already noted, research quality tide gauge data for Jamaica are unavailable for
the altimetry era. The five stations were chosen because (i) their data are freely accessible,
(ii) they are in countries which share large-scale climate characteristics with Jamaica, and
(iii) there was a period of overlap of the record with available altimetry data. Table 2
provides details for the tide gauge stations, the corresponding altimetry grid boxes, and
the correlation values. Plots of the altimetry and gauge data for the respective periods of
overlap are provided in the Appendix (Figure A1).

Correlations were significant for four of the five stations and exceeded +0.7, ranging
from 0.74 in the southeast Caribbean (Dominica) to 0.89 in the north Caribbean (Puerto
Rico). The correlation magnitudes are consistent with similar analyses establishing satellite
altimetry as viable for use in the Caribbean [16,22]. Jury (2018) [24] suggests that sea) level
fluctuation trends may be shared between Jamaica and Puerto Rico, which, in this study,
showed the highest correlation between station data and altimetry. For one station (Haiti),
the correlation was low (0.35) but still significant. The variation in values across the four
stations may be due to a number of factors, including the distance between the altimetry
grid points and the tide gauge station, or local considerations such as wave reflection,
which may reduce the ability of satellite altimetry to capture small changes in sea level very
close to the coast.

Satellite altimetry data for the grid box closest to Kingston, Jamaica (17.875° N,
76.652° W) were extracted and used to investigate sea level change off the south coast
of Jamaica.

3.2. Sea Level Characteristics for Jamaica

Figure 2a shows that southern Jamaica is located in a region with annual increasing
sea level trend of approximately 3.1 mm/year for the 27-year period from 1993 to 2019. The
Kingston altimetry data had a linear slope value of +3.2 mm/year (Figure 2b). When the
estimate was adjusted for GIA of 0.6 mm/year, instrumental drift of 0.1 mm/year, and after
accounting for uncertainties [60], the final rate of rise was estimated as 3.3 & 0.4 mm/year.
This is slightly higher than the global mean SLR estimate of 3.1 &= 0.3 mm/year from 1993
to 2018 [18], but lower than the 3.7 & 0.5 mm/year reported in the Sixth Assessment Report
of the IPCC for 2006 to 2018 [12].

23.625 T - 6
F:- =

SLR Trend (mm/yr)

w

—85.125

—80.125 —75.125 —70.125 —65.125 —60.125
(a)

Figure 2. Cont.
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Figure 2. (a) Sea level trend in the Caribbean basin (mm/year). (b) Sea level anomalies 1993-2019

(mm). (c) Annual cycle of sea level anomalies, for Kingston, Jamaica. Anomalies with respect to
1993-2019 baseline. (d) Seasonal variation with respect to the annual cycle mean (mm). (e) Seasonal
sea level variability (annual cycle amplitude, cm).

Both the calculated Kingston trend and the regional values shown in Figure 2a
are higher than that determined by previous studies utilising altimetry. For example,
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Palanisamy et al. (2012) [17] determined the basin average sea level rise from altimetry to
be ~1.7 + 0.6 mm/year over the period 1993-2009 and up to 2 mm/year around the Greater
Antilles islands of Jamaica and Cayman. Torres and Tsimplis (2013) [23] also estimated the
basin average to be ~1.7 mm/year using altimetry data spanning 1993-2010. This suggests
an acceleration of sea level rise in the Caribbean including for the seas near Jamaica, driven
by changes post-2010. This is also visually evident in Figure 2b. The value of re-examining
some of the previous analyses with the extended timeseries is also clear.

Seasonally, southern Jamaican sea levels reach an annual maximum in July-August
(Figure 2c). Ref. [21] also identified a summer peak for the wider Caribbean basin using
altimetry data from 1993 to 2010. Figure 2c supports the findings of [61] with respect
to seasonal variation but for a longer 27-years altimetry timeseries. The annual cycle is
attributed to the steric response of the Caribbean Sea to heat fluxes at the surface as it
warms and cools throughout the year [20,21]. The July-August peak also coincides with
the summer intensification of the CLLJ and the northward movement of the Intertropical
Convergence Zone (ITCZ). The ITCZ moves southwards in the winter, when sea level
anomalies are negative, and northwards in the summer, when sea level anomalies are
positive [20]. The summer sea level peak also falls within the north tropical Atlantic
hurricane season (June-November), which peaks in August-September [67].

With respect to an annual mean, the climatology of Jamaican sea level is characterized
by largest negative anomalies for the three-month season March through May (Figure 2d).
There is a positive summer season phase (June through August) when sea levels are higher
by 7 cm or more than at the start of the year. The mean annual amplitude in the annual
cycle around Jamaica (and for much of the eastern island chain) is ~10 cm (Figure 2e).
Highest amplitudes in the main Caribbean basin occur south of Jamaica and coincide with
the CLL] region.

3.3. Variability and Drivers

EQFs are used to explore timescales and drivers of variability of sea heights in the
Caribbean basin where Jamaica is located. As previously noted, EOF analysis was per-
formed (i) on the raw data, (ii) with the linear trend removed (detrended), (iii) with the
seasonal cycle removed (deseasoned), and (iv) the detrended, deseasoned and smoothed
data. The variance explained by the first three principal components in each case (PC1,
PC2, and PC3) are shown in Table 3. The spatial loadings and corresponding timeseries
for the first principal components for each case (referred to respectively as PC1_raw,
PC1_detrended, PC1_deseasoned, and PC1_des_det) are shown in Figure 3. The calculated
correlations between the PC1 and PC2 timeseries and the 10 indices listed in Table 2 are
shown in Table 4.

Table 3. The explained variance of the first three principal components (PCs) from EOF analysis of
altimetry data from 1993-2019 for the Caribbean basin. Columns two through four show, respectively,
(i) the raw monthly data, (ii) the data with linear trend removed (detrended), (iii) the data with the
seasonal cycle removed (deseasoned), and (iv) the detrended and deseasoned data.

Explained Variance (%)

Raw Detrended Deseasoned  Detrended and Deseasoned
PC1 36.84 29.88 26.68 54.28
PC2 7.17 8.09 6.67 8.40

PC3 5.65 6.06 6.36 6.47
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Figure 3. Spatial variability (Left column) and timeseries of principal components (Right column)
of the leading EOF of sea levels in the Caribbean for raw (a,b), detrended (c,d), deseasoned (e,f), and
detrended and deseasoned (g/h) altimetry data, spanning 1993-2019.
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Table 4. (a) Correlations between climate and ocean indices and the 2 leading PCs of the Raw,
Detrended, Deseasoned, and Deseasoned & Detrended altimetry data. (b) As in (a), but for the
leading PCs of the Raw and Detrended data for the summer season (June to September).

(a) Full Dataset

Nino Nino Carib

Variable 3.0 34 SST Wind CLLJ SLP PDO AMO NAO Pac-Atl
PC1_raw 0.22 0.25 0.46 —0.03 —0.09 —0.40 —0.04 0.38 0.00 —0.55
PC2_raw —0.19 —0.19 0.03 —0.49 —0.50 —0.25 —0.24 0.11 —0.01 —0.29
PC1_detrended 0.20 0.25 0.18 —0.09 —0.18 —0.46 0.08 0.23 —0.02 —0.61
PC2_detrended —0.19 —0.19 —0.02 —0.51 —0.54 —0.32 —0.22 0.11 —0.04 —0.35
PC1_deseasoned 0.31 0.33 0.63 0.20 0.21 —0.01 0.08 0.27 0.05 0.09
PC2_deseasoned —0.06 —0.07 0.11 —0.05 —0.11 —0.08 —0.13 0.18 —0.09 —0.09
PC1_des_det 0.55 0.60 0.29 0.71 0.57 0.21 0.54 —0.13 0.29 0.66
PC2_des_det 0.04 0.01 —0.14  —0.09 0.12 0.01 -0.07 —013 —0.06 0.07
(b) Summer
Sum_PC1 0.21 0.22 0.45 0.53 0.43 0.20 0.05 0.28 —0.24 0.11
Sum_PC1_det —-0.29 —0.39 —0.02 —0.68 —0.54 —0.58 —0.51 0.16 0.05 —0.50

3.3.1. EOF Analysis of the Raw Versus Detrended Data

The first three PCs of the raw data explain approximately half (49%) of the variance.
PC1_raw accounts for 36% of the variance and shows a distinct annual cycle peaking in
August each year, superimposed on an upward linear trend (Figure 3b). The annual cycle
is the dominant mode of variability in the Caribbean sea level record. When interannual
variability in the annual amplitude is also considered, the upward linear trend is, for at
least one year, close to the end of the record (e.g., 2015) when sea levels at their lowest in
the annual cycle are comparable to or higher than the annual sea level maxima attained in
the early record (e.g., 1995). (This also supports the idea of an accelerated rate of rise in the
most recent decade represented in the data.) One implication of this is that, at the present
rate of rise, the threat that arises from higher sea levels is becoming an all-year risk. When
the linear trend is removed from the raw data, the first three PCs explain approximately
44% of the variance, with PC1_detrended accounting for nearly 30%. The timeseries for
PC1_detrended is again dominated by the annual cycle with, however, the interannual
variations in amplitude being more pronounced (Figure 3d).

The spatial loadings for PC1_raw and PC1_detrended are almost identical (Figure 3a,c).
This is due to the dominance of the annual cycle in both analyses. The spatial patterns
show high values along the northern coast of South America; smaller but similarly signed
loadings going northward from the Caribbean coast of South America over the Caribbean
Sea and up to 17° N (the south coast of Jamaica); a maximum in the southwestern Caribbean
between 10° N and 15° N and 80° W to 85° W; and high loadings in the northwest corner
of the domain (Cayman Sea and toward the Gulf of Mexico). Figure 3a,c mirror the
mean spatial variation of sea level across the Caribbean from dominant sea level forcing
parameters with annual frequencies e.g., see Figure 1 of [17] or Figure 3a [21]. For example,
higher sea levels just north of South America and in the southwest of the domain are
associated with the Panama—Colombia Gyre, as well as the Caribbean Current [23]. The
Caribbean Current transports significant volumes of water from the South Atlantic to
join the Florida Current and, eventually, the Gulf Stream [34]. These southern Caribbean
ocean circulatory features are largely wind driven, with annual variation in the strength of
easterlies, which parallel the north coast of the south Caribbean, playing strong modulating
roles [17,21].
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The largest significant correlations for PC1_raw are with north Atlantic SST indices
(Table 4a). These include +0.46 with Carib SST, +0.38 with the AMO, and —0.55 with the
Pac-Atl gradient index, which includes north tropical Atlantic SSTs in its calculation. Sea
level pressure in the vicinity of Jamaica also has a significant correlation (—0.4), and there
are smaller significant correlations with the NINO3 (+0.22) and NINO3.4 (+0.25) regions.
The north Atlantic SST associations likely derive from long term decadal trends which are
common to both timeseries. SSTs in the tropical north Atlantic become much warmer after
1995 [68,69], with the linear rise evident across all seasons, ranging from 0.1 °C/decade in
spring to 0.2 °C/decade in winter and summer [69]. Warm Caribbean SSTs also associate
with lower sea level pressures [70], and El Nifio events influence the warm SST peaks
observed in the trend [69,71]. Caribbean SSTs seemingly play a significant role in regional
sea level variability, especially in the long term. The steric response of the surface layers of
the Caribbean Sea to changes in atmospheric heat fluxes has been highlighted as a major
reason for variability in sea levels by [20]. This suggests that continued ocean warming
because of climate change will result in increasing sea levels in the Caribbean.

Correlations with Carib SST and the AMO are smaller but still significant for PC1_detrended
(+0.18 and +0.23 respectively) in comparison to PC1_raw. This reinforces the idea of the long-
term trends in north Atlantic SSTs being a significant background factor. The PC1_detrended
correlations are, however, higher (than for PC1_raw) for both Pac-Atl and sea level pressure
(—0.61 and —0.46 respectively) and comparable for NINO3 and NINO3.4 (+0.2 and +0.25 respec-
tively). The annual cycle of the interbasin SST gradient associates with climatological variation
in both Caribbean basin sea level pressures and surface wind strengths through changes in large
scale circulation features in the Caribbean [66]. A significant correlation, albeit small (—0.18),
exists between PC1_detrended and the CLLJ index.

It is noted that the spatial pattern for PC2_detrended (Figure A2) depicts high but
oppositely signed spatial loadings around Jamaica (and extending westward to Cayman
and south and south-westward) versus off the north Coast of South America and westward
to the Panama—Colombia Gyre. (PC2_raw has an almost identical spatial pattern). The
corresponding timeseries captures seasonal and interannual variations. The CLL] and Ja-
maica wind indices show highest correlations with the timeseries for PC2_raw (magnitudes
0.50 and 0.49, respectively) and PC2_detrended (magnitudes 0.54 and 0.51 respectively)
(Table 4a). These correlation magnitudes increase with lag, e.g., when PC2_detrended lags
CLLJ and Jamaica wind by one month, the correlations increase to 0.65 and 0.59, respec-
tively. The CLL]J has a July peak [72] and, as previously shown, sea levels on the south
coast of Jamaica peak in August. The Pac-Atl gradient and ENSO, through its influence
on the gradient, also impact the CLL] summer strength [55,73], likely accounting for the
significant correlations seen with the index in Table 4a. This suggests a significant role for
the CLL] in driving sea level change on seasonal and interannual timescales. Based on the
signs of the loadings, trend, and correlations, the suggestion is that a strengthened CLL]
associates with higher sea levels in the vicinity of Jamaica.

3.3.2. EOF Analysis of the Deseasoned Versus Detrended and Deseasoned Data

The first three principal components of the deseasoned data explain just under 40%
of the variance (Table 3), with PC1 explaining approximately 27%. Spatial loadings
for PC1_deseasoned show a northward gradient (Figure 3e), with the north/northwest
Caribbean having higher loadings than the southern Caribbean Sea bordering South Amer-
ica, where sea level variability is in part driven by the Caribbean Current and the Panama-—
Colombia Gyre [20,23]. The PC1_deseasoned timeseries shows an interannual signal
superimposed on a long-term rising trend (Figure 3f). A high and significant correlation
with Carib SST (+0.63) reinforces the idea that Caribbean SSTs are an important driver of the
long-term sea-level trend (see also Figure 4a). The PC1_deseasoned timeseries also shows a
4-5 year cycle. This 4-5 year cycle may be associated with ENSO, which has a 3-5 year cy-
cle [74] and which has been shown to impact sea levels in the Caribbean on the interannual
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time scale [17,21,23,24,48]. Significant correlations exist between PC1_deseasoned and both
NINO3 (+0.31) and NINO3.4 (+0.33).
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Figure 4. (a) PC1_deseasoned and Caribbean Sea Surface temperature anomalies (Corr = 0.65),
(b) PC1_des_det and Deseasoned + Detrended Kingston altimetry data (Corr = 0.86).

PC1 explains 54% of the detrended and deseasoned data. The explained variability
is comparable to the upper range of the variance explained by interannual variability
(53%) presented in [23]. The spatial loadings show the north-south gradient exhibited
by PC1_deseasoned but with the high loadings in the northwest Caribbean, including
around Jamaica and Cuba, being more pronounced (Figure 3g). The timeseries captures
the interannual signal minus the long term trend (Figure 3h). Pacific SST indices exhibit
strong correlations with PC1_des_det. The correlations are +0.55 with NINO3, +0.60 with
NINO3.4, and +0.54 with PDO. This again supports the idea of ENSO being a significant
driver of interannual variability in the Caribbean. There are, however, also high correlations
with wind related indices (0.71 with Jamaica wind and 0.57 with CLLJ) and the Pacific—Atl
gradient (0.66). These latter correlations increase with lag (PC1 lagging the index), e.g., to
0.75 with Jamaica wind (lag of 4 months), 0.68 with CLL]J (lag of 5 months), and 0.68 for the
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Pacific-Atl SST gradient (lag of 2 months). The PC1_des_det correlates strongly (+0.80) with
the deseasoned and detrended timeseries of Jamaica altimetry data (Figure 4b). Interannual
variability of sea levels off the south coast of Jamaica is, therefore, linked to variations in
the abovementioned basin wide and large-scale climate and ocean phenomena.

3.3.3. Summer Season

The EOF analyses were repeated for the summer season, when sea levels are at a
maximum, using data for June through September. The monthly data were extracted
and averaged annually, and EOFs were calculated before and after detrending. Figure 5
shows the PC1 spatial loadings and timeseries for the raw (SumPC1_raw) and detrended
(SumPC1_detrended) summer data. Table 4b shows the correlations between the summer
PC1 timeseries (raw and detrended) and the 10 indices. The summer season coincides
with an intensification of the CLLJ [55], an eastward expansion of the Atlantic part of the
western hemisphere warm pool [70], and a July intensification of sea level pressure [54].
These phenomena have a known seasonal influence on Caribbean summer climate, e.g.,
modulating the mid-summer drought [33,75,76]. Their association with an enhanced or
diminished amplitude of the sea level summer maximum was examined.

Summer Raw
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Figure 5. Spatial variability (Left column) and timeseries of principal components (Right column) of
the leading EOF of summer (June-September) sea levels in the Caribbean for raw (a,b) and detrended
(c,d) altimetry data. Period of analysis is 1993-2019.

PC1 explains 50% and 33% of the raw and detrended data, respectively. For the raw
data, the spatial pattern (Figure 5a) shows almost uniform loadings across the Caribbean
south and east of Jamaica, suggesting a basin-wide response. The SumPC1_raw timeseries
(Figure 5b) is dominated by a linear trend with interannual variability superimposed. It
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correlates significantly with Carib SST (+0.45) and the two wind indices (+0.43 and +0.53
with CLL] and Jamaica wind, respectively). The linear trend is indicative of basin-wide
increases in summer sea levels in the long-term which, as noted previously, coincides with
a similar long-term warming in Caribbean SSTs. The implication for increasing risk under
continued global warming during the time of the year (summer) when climatologically sea
level risk is highest is noted. This is discussed further in the final section. In contrast, the
timeseries for the detrended data does not significantly correlate with Carib SST.

The spatial pattern for the detrended data (Figure 5c) shows similarly signed loadings
over most of the Caribbean basin, except for just north of South America. Highest loadings
are in the north Caribbean. There is a significant correlation with SLP (+0.58), highlighting
the role of SLP in driving seasonal sea level variability in the Caribbean basin, also suggested
by [21]. Caribbean summer sea level pressures are associated with a southward jog in the
North Atlantic Subtropical High [77,78], which modulates trade wind strengths [68,79].
The significant and robust correlations with the CLLJ (—0.54) and Jamaica summer wind
(—0.68) indices are consistent with this.

Interestingly, there are oppositely signed maxima in the southwestern Caribbean
between the location of the CLL]J (around 15° N, 76° W) and immediately south in the
vicinity of the Colombia-Panama Gyre and the Panama Colombia Current. An explanation
could be that the SST gradient between the tropical Atlantic and equatorial Pacific influences
not only the strength of the CLLJ [55], but also the veering of the winds in its exit region,
either northward toward the Gulf (warm Atlantic) or southward toward the Pacific (warm
Pacific) [80]. Veering north could influence the strength of the counter flow in the Panama-
Colombia Gyre. The SumPC1_detrended timeseries correlates significantly with Pac-Atl
(—0.50) index, Nino3.4 (—0.39), and the PDO (—0.51).

3.4. Composites

Composites were utilized to further explore the dynamics associated with high sea
levels off the south coast of Jamaica during summer. The detrended Jamaica sea level
anomaly data were averaged for June to September, and the resulting timeseries was
divided into quartiles. Six high summer sea level years (75th quartile) and six low summer
sea level years (25th quartile) are shown in Table 5. They were also classified according
to whether they fell in years during which the Pacific experienced El Nifio or La Nifia
conditions. Four out of six high summer sea level years associated with warm equatorial
Pacific conditions during the summer months (classified as El Nifio), while three of six
low summer years coincided with cool Pacific conditions (La Nifia). The EOF analysis
had previously indicated significant correlations with equatorial Pacific SST anomalies.
Composites of summer SST and wind strength anomalies over the Atlantic and eastern
Pacific were created for the high years, low years, as well as for the difference between
high and low years (Figure 6). Statistically significant differences were hatched on the
difference maps.

Table 5. High and low summer sea level anomaly years for Jamaica classified according to ENSO
modes of variability. High (low) sea level years correspond to the 75th (25th) quartile. ENSO mode
determined using the Oceanic Nifio Index (ONI), accessed from https:/ /origin.cpc.ncep.noaa.gov/
products/analysis_monitoring/ensostuff/ONI_v5.php (accessed on 1 November 2022).

Low Sea Level Years High Sea Level Years
El Nifio 1994, 2015, 2018, 2019,
La Nifia 1999, 2007, 2011 2008

Neutral 2005, 2006, 2013 2003
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Figure 6. Composite of sea surface temperatures (left panels) and ERA5 Reanalysis resultant wind
(right panels) for (a) high summer sea level years, (b) low summer sea level years, (c) difference
between high and low years. Hatching in (c) indicates regions with statistically significant difference.

High sea level years are characterised by an SST gradient between the tropical Atlantic
and equatorial Pacific. Warm SST anomalies occur across the parts of the equatorial, north,
and eastern tropical Pacific captured in the domain. There is evidence of a warm tongue
across the equator, characteristic of an El Nifio event, as well as SST maxima at 20° N
and northward of 40° N off the west coast of America. Temperatures are up to 0.5 °C
greater than average for the summer season. In contrast, cool anomalies dominate the
Caribbean basin and north tropical Atlantic up to 20° N. Warm anomalies exist in the far
north Atlantic. The low sea level composite shows a reversal in the pattern, with, notably,
a cool equatorial Pacific and warm north tropical Atlantic pattern being present. The
difference map highlights that the changes seen in the Caribbean basin and north Atlantic,
as well as the equatorial and north tropical Pacific, are statistically significant.

The corresponding composite wind maps show that, for high summer sea level years,
wind strength across the entire Caribbean basin is higher, with a maximum in the southwest-
ern basin in the vicinity of the CLL]J. Stronger winds stretch across the Central American
isthmus with a narrow tongue stretching westward into the Pacific (to 120° W) from the
west coast of Costa Rica. Weaker winds just north of the equator stretch westward from
Panama and parallel the strong winds noted previously. The composite for low sea level
years shows a reversal of the above pattern with weaker winds in the Caribbean basin and
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a minimum in the vicinity of the CLL]. The difference map shows statistically significant
differences in wind speed strengths across the entire Caribbean basin between high and
low sea level years.

Figure 6 is consistent with several studies [54,55,58,73,75] that indicate an association
between a tropical basin SST gradient and modification of the Caribbean trade wind regime
and the CLLJ. Refs. [45,55] note that the gradient may be driven by one or both basins,
e.g., by an El Nifio event, by a cool tropical north Atlantic, or by simultaneous anomalies
in both basins. Ref. [55] also suggest that the spatial pattern of the CLL] intensification is
linked to the basin modulating the SST gradient. For example, when the gradient arises
due to an El Nifio event, the intensification of the trades is not uniform across the CLL]J
axis but, rather, there is preferential strengthening just south of Jamaica and in the lower
southwestern basin in the vicinity of Costa Rica [55]. When the gradient arises primarily
from tropical north Atlantic cool anomalies, the intensification is uniform across the jet
axis [55]. This may help explain why high or low summer sea level years can occur even
in the absence of an El Nifio/La Nifia event, i.e., it is the gradient which is important for
modulating Caribbean basin summer wind strength. Irrespectively, higher sea levels are
driven by a stronger CLL], which transfers more energy to wind-driven waves, increasing
wave heights. The results confirm wind velocity as a key driver of sea level anomalies in
the Caribbean.

4. Discussion

The major discussion points that emerge from this study are framed in the context of
what the results imply for the regional risk due to sea level change.

The potential usefulness of altimetry data for small island states: Jamaica, similar to
many other Caribbean nations, does not have long, continuous, and complete tide gauge
records. This has proven to be a limitation for characterizing long term changes in sea level,
as well as variability over seasonal to decadal timescales [16,17]. Satellite altimetry has been
used globally as a relatively accurate representation of sea level change [18]. This study
corroborates the usefulness of altimetry as a reliable representation of sea level change in the
region, given the reasonable correlations with selected Caribbean tide gauge data. Though
there is a concerted effort to build out gauge stations across the region [81], it will take some
time before records of sufficient spatial and temporal coverage exist. Altimetry records provide
a useful dataset to (in the meantime) characterize aspects of sub-regional and island-specific
risk due to sea level rise and on which to begin to premise planning action.

The importance of the seasonal cycle: Though seasonal variations in rainfall and
temperature have been extensively characterized for the Caribbean and individual islands,
there is comparatively little documented about the seasonal cycle of sea heights at the
country level [66,76]. The EOF analyses identify the seasonal cycle as a prominent feature
of the altimetry record across the entire Caribbean basin. Annual variation results from
the steric response of the Caribbean Sea to heat fluxes at the surface as it warms and
cools throughout the year [20,21]. Sea levels on the Jamaican south coast are lowest in the
spring months (MAM) and peak in the summer months of July-August. On average, the
summer season peak is at least 7 cm higher than the boreal spring minimum. Highest sea
levels occur within the hurricane season and lead peak activity by 1-2 month(s) [82,83],
exacerbating risks from storm surge and inland flooding due to strong winds associated
with tropical storm events. As for climate variables, an understanding of the seasonal
variation supports risk management efforts by providing bounds within which planning
should occur, e.g., for constructing sea defences or determining coastal setbacks. In much
the same way that knowledge of the rainfall or hurricane climatologies supports (for
example) water management [84] and disaster risk reduction efforts [85], respectively, the
possibility exists to better characterize the changing risk to coastal communities from sea
level rise throughout the course of a year.

Increasing sea levels are a cause for alarm: Altimetry data suggests that, for the period
1993-2019, the rate of sea level rise for Kingston, Jamaica was 3.3 = 0.4 mm/year when
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adjusted for GIA and instrumental drift. This is similar to the global mean but almost
double the estimate for the Caribbean and Jamaica from prior altimetry-based studies
which used 18 years or less of data available at the time they were undertaken more than
a decade ago. This suggests an acceleration of the rate of sea level rise. EOF analysis
shows that the increase is a feature of the entire Caribbean, though there is some spatial
variability. Significantly, seasonal variability for Jamaica occurs against the background
of the increasing trend such that, towards the end of the analysed period, there are years
when the lowest annual sea levels (for example, over the last two years) are higher than
minima recorded at the beginning of the period of analysis (for example, the first seven
years). The highest maximum achieved in the seven years up to 2000 was also exceeded
four times since 2015 (Figure 2b). The implication is that risk is increasing, and not only for
times of the year when, climatologically, sea levels are expected to be highest. Sea levels
during climatologically low periods of the year are also higher than before (for example,
compared to the early 1990s). The EOF and correlation analysis suggest that Caribbean
SSTs play an important role in driving the long-term trend. It has already been noted that
SSTs in the tropical north Atlantic similarly exhibit an increasing trend, becoming much
warmer after 1995 [68,69].

SST gradients and their influence on regional wind modulate interannual sea level
changes: Detrending and deseasoning the data revealed interannual variations in the
regional and local sea level record. The interannual variability is strongly correlated
with wind strength both off the coast of Jamaica and in the vicinity of the CLL]J. The
summer peak especially reflects these linkages. Several regional studies have linked both
Caribbean trade and CLLJ wind strength in the summer months with a gradient in SST
strength between the tropical Pacific and tropical Atlantic oceans. This association is also
reflected in the correlations between the principal components of the regional sea level
and an index representative of the gradient. Composite analysis suggests that it is a warm
equatorial Pacific-cool tropical Atlantic and correspondingly strong surface winds across
the Caribbean basin which associate with high Jamaican sea levels in the summer (and
vice versa). Importantly, the SST gradient may be driven by changes in any one of the
basins, including via the influence of an El Nifio event. Not surprisingly, ENSO indices
feature among the significant correlations with those principal components capturing the
interannual signal. There is, then, the potential to develop predictive models with sufficient
lead time (of at least a few months) for annual sea level variations off the coast of Jamaica,
particularly for the season when sea levels are highest. This would facilitate planning for
years of enhanced risk. These would complement seasonal early warning systems already
being developed for other climate phenomena under regional climate services initiatives,
such as the Climate Risk Early Warning Systems (CREWS) Caribbean project [86].

5. Conclusions

Sea level rise in regions such as the Caribbean has significant impact on the lives and
livelihoods of people, but has been historically understudied, in part due to inadequate
gauge data. Satellite altimetry is found to be a reliable source of information about sea level
variability that can address this deficiency. This study uses altimetry data to examine multi-
timescale sea level variability near Jamaica in the Caribbean. It updates prior Caribbean-
focussed altimetry studies by using a longer timeseries, covering 1993-2019.

Sea levels off the south coast of Jamaica are rising at a rate of 3.3 + 0.4 mm/year.
This is comparable to the global mean estimate, but significantly higher than previous
Caribbean estimates using altimetry data up to 2010. There is seemingly an acceleration of
the rate of rise in the last decade. The steric effect associated with increasing Caribbean
sea surface temperatures seems to be driving the long-term increase in the sea levels over
the altimetry era.

The Jamaican record shows seasonal variability characterized by a single peak during
July—August (summer season) and lowest sea levels in the spring season. The major drivers
of interannual variability (including for the summer season) are a tropical Pacific-tropical
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Atlantic SST gradient index, local winds, and the Caribbean low-level jet (CLL]J). These
drivers are not unrelated, since (for example) the SST gradient index (i.e., which tropical
basin is warmer) is strongly associated with the strength of the CLL]. Previous studies also
show ENSO to be a significant driver of interannual variability in the Caribbean. This study
corroborates this, but further suggests that it plays this role through modulation of both
the Pacific-Atlantic index and the strength of the CLL]. The CLL] should be included in
predictive models of Caribbean sea levels.

An understanding of sea level variability on multiple timescales provides a platform
from which planning for enhanced risk from interannual cycles and sea level extremes
associated with tropical cyclones may be possible. Future work will focus on further
characterisation of historical sea level change (variability and drivers) across the entire
Caribbean basin and for individual countries, especially given the noted variations between
north and south Caribbean. This study provides a template for doing so. Furthermore, as
illustrated by this study, a number of previous studies (e.g., those investigating variation
in annual and semi-annual harmonics across the Caribbean Sea) need to be replicated
using the longer altimetry data now available. This will complement research already
being carried out to investigate the future sea level change from coupled models. Finally,
notwithstanding the value of the altimetry data, this work also highlights the need for more
reliable tide gauge data within the Caribbean region, especially for validation of the results
at the sub-regional and island scales. This remains the greatest limitation to local sea level
variability studies.
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