National
! . (o] h
NERC Open Research Archive ceanesmply cenee

Article (refereed) — Published version

Torres, R. Ricardo; Tsimplis, Michael N.. 2014 Sea level extremes in the Caribbean

Sea. Journal of Geophysical Research: Oceans, 119 (8). 4714-4731.
10.1002/2014JC009929

This version available at http://nora.nerc.ac.uk/508017/

NERC has developed NORA to enable users to access research outputs
wholly or partially funded by NERC. Copyright and other rights for material
on this site are retained by the rights owners. Users should read the terms
and conditions of use of this material at
http://nora.nerc.ac.uk/policies.html#access

AGU Publisher statement: An edited version of this paper was
published by AGU. Copyright (2014) American Geophysical Union.
Further reproduction or electronic distribution is not permitted.

Torres, R. Ricardo; Tsimplis, Michael N.. 2014 Sea level extremes in the
Caribbean Sea. Journal of Geophysical Research: Oceans, 119 (8). 4714-
4731. 10.1002/2014JC009929

To view the published open abstract, go
to http://dx.doi.org/10.1002/2014JC009929

Contact NOC NORA team at
publications@noc.soton.ac.uk

The NERC and NOC trademarks and logos (‘the Trademarks’) are registered trademarks of NERC in the UK and other
countries, and may not be used without the prior written consent of the Trademark owner.


http://nora.nerc.ac.uk/508017/
http://nora.nerc.ac.uk/policies.html#access
http://dx.doi.org/10.1002/2014JC009929
http://dx.doi.org/
http://dx.doi.org/10.1002/2014JC009929
http://dx.doi.org/10.1002/2014JC009929
mailto:nora@ceh.ac.uk

@JAGU PUBLICATIONS

Journal of Geophysical Research: Oceans

RESEARCH ARTICLE
10.1002/2014JC009929

Key Points:

« Significant trends in sea level
extremes are in line with mean sea
level rise

« Storm surges are caused by
hurricanes and cold fronts

« Extremes result from storm surges,
the seasonal cycle, and eddies

Supporting Information:
« Readme
« Fig S1 Quantile plot

Correspondence to:
R.R. Torres,
r.torres-parra@noc.soton.ac.uk

Citation:

Torres, R. R, and M. N. Tsimplis (2014),
Sea level extremes in the Caribbean
Sea, J. Geophys. Res. Oceans, 119, 4714-
4731, doi:10.1002/2014JC009929.

Received 24 FEB 2014

Accepted 3 JUL 2014

Accepted article online 10 JUL 2014
Published online 4 AUG 2014

Sea level extremes in the Caribbean Sea

R. Ricardo Torres'-2 and Michael N. Tsimplis3

'School of Ocean and Earth Sciences, University of Southampton, Southampton, UK, Escuela Naval de Cadetes
“Almirante Padilla,”, Cartagena, Colombia, 3National Oceanography Centre, Southampton, UK

Abstract Sea level extremes in the Caribbean Sea are analyzed on the basis of hourly records from 13
tide gauges. The largest sea level extreme observed is 83 cm at Port Spain. The largest nontidal residual in
the records is 76 cm, forced by a category 5 hurricane. Storm surges in the Caribbean are primarily caused
by tropical storms and stationary cold fronts intruding the basin. However, the seasonal signal and meso-
scale eddies also contribute to the creation of extremes. The five stations that have more than 20 years of
data show significant trends in the extremes suggesting that flooding events are expected to become more
frequent in the future. The observed trends in extremes are caused by mean sea level rise. There is no evi-
dence of secular changes in the storm activity. Sea level return periods have also been estimated. In the
south Colombian Basin, where large hurricane-induced surges are rare, stable estimates can be obtained
with 30 years of data or more. For the north of the basin, where large hurricane-induced surges are more
frequent, at least 40 years of data are required. This suggests that the present data set is not sufficiently
long for robust estimates of return periods. ENSO variability correlates with the nontidal extremes, indicat-
ing a reduction of the storm activity during positive ENSO events. The period with the highest extremes is
around October, when the various sea level contributors’ maxima coincide.

1. Introduction

Sea level extremes can cause significant economic losses, threaten human welfare, and enhance erosion. It
has been anticipated that globally coastal flooding will increase in the future primarily as consequence of
mean sea level rise while changes in storminess may affect also some regions [Church et al., 2013]. While
big storms are normally blamed for the devastation of coastal floods, in reality, sea level extremes are pro-
duced by a combination of different sea level components operating at various frequencies. Thus, when a
large storm surge coincides with spring tides extreme sea level occurs. When the seasonal sea level cycle is
at its maximum the high extremes are produced even if the storm surge component is submaximum.

Tropical cyclones can be particularly devastating. In areas where they prevail, they are the primary cause of
extremes [Feng and Tsimplis, 2014; Grinsted et al., 2012]. Theoretical and dynamical modeling studies sug-
gest that their intensity is expected to increase between 2 and 11% by 2100 under greenhouse warming
[Knutson et al., 2010]. In relation to changes in the frequency, the models suggest an overall reduction,
which is accompanied by an increase in the frequency of the most intense tropical cyclones [Grinsted et al.,
2013; Knutson et al., 2010]. This complicated prediction differs significantly among the various models.

Observational studies also give a complicated picture. While a number of studies [Emanuel, 2005; Kuleshov
et al., 2008; Webster et al., 2005] suggest significant increases in extreme tropical cyclone activity since the
1970s, in terms of occurrence, intensity and lifetime, the significance of such trends has been disputed due
to the heterogeneity of the available tropical cyclone data which may introduce artificial trends [Landsea,
2007], and the large interdecadal variability in tropical cyclone activity [Chan, 2006].

Pugh [1987] suggests that in tropical areas classical extreme value theory is unable to calculate return levels
accurately due to the influence of few large events dominated by intense tropical cyclones. For areas where
most of the largest events are due to tropical cyclones, Feng and Tsimplis [2014] show how such estimates
can be made and the large variance these estimates include. An alternative approach is to develop an
observationally based stochastic tropical cyclone model used to generate a large synthetic event set [Church
et al.,, 2006; Haigh et al., 2013; Mcinnes et al., 2003].

The Caribbean Sea basin is located in the tropical region, and extends meridionally from ~7°N in the South
Colombian Basin to ~23°N in the Cayman Sea (Figure 1a). Hurricane risk varies significantly [Pielke et al.,
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Figure 1. (a) Location of the tide gauges and bathymetry. Positions of tide gauges are marked by black circles and stars when the length of record > 20 years. Contours for 100, 1000,
and 3000 m bathymetry. (b) The quality controlled hourly tide gauge data available in the Caribbean Sea.

2003], because tropical storm activity has large spatial and temporal variability [Klotzbach, 2010]. Due to the
diminution of the Coriolis force close to the equator, any tropical cyclones passing toward the south of the
basin are weak. South of 10°N there is less than 1% chance of a hurricane strike per year [Pielke et al., 2003].
Thus, hurricane-induced storm surges are more relevant to the northern part of the Caribbean basin.

In addition to tropical cyclone, cold-front passages in the winter season also produce intense weather
events [Mooers and Maul, 1998]. The effect of the fronts is to increase and shift surface winds to the north-
northwest. Stationary cold fronts can produce storm surges large enough to cause sea flooding and affect
the coastal morphology in the south-western Caribbean [Andrade et al., 2013; Lerma et al., 2008].

The Caribbean Sea is an eddy-rich region [Chelton et al., 2007] where eddies can generate sea level anoma-
lies in the order of few decimeters [Alvera-Azcarate et al., 2009; Andrade and Barton, 2000], while the tidal
contribution is small [Torres and Tsimplis, 2011]. Mesoscale eddies have been reported to be a main contrib-
utor to sea level extremes events at places where sea level variations are small [Firing and Merrifield, 2004].
In the Caribbean Sea, these eddies vary in diameter (~200 km), frequency of occurrence (~3 months), and
propagation speed [Jouanno et al., 2008; Richardson, 2005]. Their generation and growth have been pro-
posed to be mainly due to the instability of the main Caribbean currents [Jouanno et al., 2009].

Only a few studies on extreme sea levels have been published for the Caribbean Sea. Return periods for Car-
tagena and two other sites in the Colombian coast were calculated by Torres et al. [2008]. Their study ana-
lyzed observed sea level and nontidal residual but ignored the changes in mean sea level. Lerma et al.
[2008] analyzed 50 years of extreme sea levels and the associated flooding risks at Cartagena. Andrade et al.
[2013] assessed the flooding hazard at Cartagena. They did not find the risk of flooding related to the local
meteorological conditions and suggested it was related to swell. Thus, a comprehensive study of sea level
extremes in the Caribbean Sea has not yet been published.

In this paper, sea level extremes in the Caribbean Sea are assessed from hourly records obtained from 13
tide gauge stations covering the entire basin (Figure 1a). First, we describe the data used and the methodol-
ogy followed (section 2). Results are presented in section 3. The spatial distribution of sea level extremes in
the Caribbean Sea is described based in the observed values and projected return levels using classical
extreme value theory. The temporal variation of the sea level and nontidal extremes is explored—an issue
on which there is not any published information for this region. We also assess the contributors to sea level
extremes in the Caribbean Sea. In section 4, we summarize the results and present our conclusions.

2. Data and Methodology

Hourly observed sea level data from 13 tide gauges downloaded from the University of Hawaii Sea Level
Center were used. Available time series were collected from different parts of the Caribbean Sea; most of
them are short and cover different periods of time with lack of common periods (Figure 1b). Four stations
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Table 1. Span Years, Data Availability, and 98% Quantiles of the Observed Sea Level, the Tidal and Nontidal Residual in the Tide Gauge
Records Used in This Study®

Observed Sea Level Nontidal Residual
Station Span Years Percent of Data 98% Mean Std Tide 98% 98% Mean Std 98% Tide/Res
Guantanamo 12 72.1% 735 398 3.0 519 36.3 19.6 24 1.4
Magueyes 44 97.0% 55.7 29.6 9.6 34.1 41.5 233 12.7 0.8
P. Royal 7 98.7% 579 359 4.7 356 40.4 19.7 34 0.9
Lime Tree 26 93.7% 54.6 328 11.2 37.7 333 26.1 13.7 1.1
P. Pitre 8 95.6% 63.8 334 5.0 47.5 36.5 226 6.4 13
P. Castilla 11 80.9% 579 359 4.1 334 40.0 27.2 4.5 0.8
P. Cortes 21 98.7% 59.3 29.9 3.8 299 40.5 235 3.6 0.7
Le Robert 5 84.4% 824 40.1 1.7 68.2 32.0 16.9 26 2.1
P. Spain 9 74.7% 126.3 68.9 5.6 1115 57.6 31.2 6.9 1.9
Guaira 10 96.9% 67.1 41.8 5.6 46.1 48.8 269 36 0.9
Cartagena 49 84.0% 67.6 38.2 34 441 46.9 19.9 34 0.9
P. Limon 11 66.2% 61.1 384 38 49.2 445 19.8 1.7 1.1
Cristobal 103 89.8% 63.4 38.1 4.2 49.8 40.7 18.6 3.8 1.2

“The average of the annual maxima (Mean) and its standard deviation (Std) are presented in cm for the observed sea level and nonti-
dal residual. These values and percentiles were computed from the time series after the annual mean was removed. The 98% percentile
ratio between the tide and nontidal residual is included (98% Tide/Res).

have less than 10 years of data (Table 2). If such a study had taken place in a data-rich area such records
would have been excluded from analysis. However, we will use the data from these stations to check in par-
ticular the spatial distribution of extremes and explore the causation of the extremes at each station. Five of
the stations have records longer than 20 years, which permit the study of the temporal variability of the sea
level extremes. The time series were described in detail by Torres and Tsimplis [2011]. However, the Cristobal
record has been further extended to 2009 (Figure 1b). Table 1 shows the time span covered and the per-
centage of valid data after the quality control process. Quality control tests were performed both on the
observed hourly data and on the nontidal residuals in order to remove any spurious values. At Cristobal, the
values of 1997 and at Cartagena, the values for 1970 and 1993 were removed from the record due to datum
errors. Inspection of the hourly data was also used to identify the effect of tropical storms (http://weather.
unisys.com/hurricane/atlantic/) in the coastal sea level associated to larger extremes at each station, and to
compare the sea level extremes at neighbor stations forced by the same storm.

The observed sea level (X(t)) result from the combination of the mean sea level variability (Z,(t)), the tide
(T(t)), and the meteorological surge (S(t)) produced by changes in atmospheric pressure and forces due to
wind stress [Pugh, 1987]:

Table 2. GEV Parameters for Annual Maxima Method (r = 1), Maximum Observed Extremes, and Predicted Return Levels®

GEV Parameters Observed Sea Level
50 year 100 year
Maximum Return Return Return
Station Shape Scale Location Yr Extreme Level Diff Level Level

Cristobal —0.01 3.2 36.2 94 54.1 51.2 2.9, 49.1 514
Cartagena 0.26 33 37.0 46 45.6 449 0.7 45.0 45.7
Magueyes —0.33 39 254 44 71.2 544 16.8 56.2 67.1
Lime Tree? —0.49 44 27.0 26 65.6 62.1 35 79.0 103.8
P. Cortes® 0.44 40 28.8 21 36.4 355 0.9 36.2 36.6
Guantanamo® 0.07 24 385 10 459 43.6 23 46.9 48.2
P. Castilla® 0.19 3.6 344 10 424 40.9 1.4 442 454
Guaira® 0.15 438 39.6 10 53.4 489 4.5 54.0 55.8
P. Limon® 0.56 40 37.6 10 439 42.7 1.1 44.0 442
P. Pitre® 0.59 53 324 8 40.2 386 1.5 40.5 40.8
P. Spainb —0.28 34 65.9 8 794 75.1 4.2 90.0 97.8
P. Royal® —0.28 26 335 7 454 40.0 5.4 52.1 58.2
Le Robert® 0.47 1.6 39.7 5 423 414 0.8 425 42.7

°For the observed sea level time series: length of the time series in years (Yr); maximum extreme value; predicted return level for the
years in the time series (Return Level); and the difference between the maximum observed extreme and the return level (Diff). Last
three values in cm. The 50 and 100 year return levels in cm are included.

PStations at which return levels are unstable due to the shortness of the time series.
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X(t)=Zo(t)+T(t)+S(t) (1)

Mean sea level varies at different frequencies:

Zo(t)=Zo +at+Winter + C1 +Co+ Winra +€(t) 2)

this equation includes the long-term mean sea level Zy; a linear secular trend g; interannual variability Wiy,
for changes in periods longer than a year not resolved by the trend; C; and G, for the annual and semian-
nual cycles; the intra-annual variability Wi, for changes in periods longer than 15 days but shorter than a
year, not including the annual or semiannual periods; and e(t) accounting for measurement errors and
others terms not included in the equation. If the annual mean sea level computed from calendar years is
removed from the observed sea level time series, the interannual variability and mean sea level trends con-
tributions are removed. Furthermore, if the tidal signal is also removed, a nontidal residual is generated.
This nontidal residual includes the storm surge contribution as well as the mean sea level variability contri-
bution in the intra-annual frequencies including the seasonal cycle. Therefore, the spatial distribution of sea
level extremes is assessed from: the observed sea level values; the observed sea level values after the
annual mean sea level removal; and from the nontidal residual.

The tidal component was estimated on the basis of the t_tide software package [Pawlowicz et al., 2002], per-
formed over each calendar year with the phase lag relative to Greenwich Mean Time-GMT. The tidal signal
is then estimated on the basis of most important tidal constituents at each station; Mg, Q,, O, P4, K;, M5,
and S, were included in all the stations. The hourly nontidal residual is then calculated by subtracting the
tidal component from the observed sea level. Years with less than 50% of valid data were omitted from the
analysis. The annual (S,) and the semiannual (Sg,) constituents were omitted for the tidal prediction because
they are primarily meteorological in nature. Thus, the seasonal sea level variability is included in the nonti-
dal component.

The effect of the seasonal cycle on the nontidal annual maxima extremes distribution is assessed by remov-
ing the mean annual and semiannual cycles found by Torres and Tsimplis [2012] from the hourly nontidal
residual. This was performed at all stations except Le Robert, where the effect of the seasonal cycle was not
assessed due to the shortness of the observational record.

There are several methods for estimating the probability of occurrence of extremes. The R-Largest direct
Method (RLM) [Smith, 1986], an extension of the classical Annual Maxima Method (AMM) for extreme value
theory [Gumbel, 1958] is used here. It uses the “r-largest values (extremes) per year-(r)” from the observed
sea level data to estimate the parameters of the Generalized Extreme Value (GEV) distribution where the
family of extreme value distributions G(x) is:

G(X):exp{ - {1 _k(x;au)r}

1—k(X%"u)>0 for w,0>0

3)

where p, o and k are the location, scale, and shape GEV parameters, respectively. When k=0 it is called the
Gumbel distribution (Type 1), when k < 0 it is called Type 2 (Fréchet), and when k > 0 it is called Type 3
(Weibull) extreme value distribution. The maximum likelihood statistical technique was used to obtain these
parameters with the associated 95% confidence intervals found by the “delta method” [Coles, 2001]. The
return level x, with probability p can be obtained from [Tawn, 1988]:

xp=t 1 {1-[-log(1-p))" | @

the 95% confidence intervals for the return levels were obtained from equation (4) using the GEV parame-
ters confidence limits. This theory requires the observations within the year to be independent. To ensure
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that the r-largest values are produced by different storms (independent values), a storm length of 72 h was
used. This storm length was selected after the sea level time series inspection during the quality control
process.

To assess the sea level return periods, the sea level observations were preprocessed by subtracting the
mean sea level trend. Haigh et al. [2010] found that this is the most appropriate method to handle the
trends to estimate return levels at sites with less than 50 years of data in the English Channel. This approach
seems to be reasonable for the Caribbean Sea, as Torres and Tsimplis [2013] showed that at least 40 years of
data are needed in order to obtain stable coastal mean sea level trends in the region; thus, sea level return
periods computed form shorter periods will be affected by trends’ temporal variability. In the Caribbean,
only Cristobal has records longer than 50 years (Table 1). As return periods are used to determine coastal
structures design levels, mean sea level trends can be included at the design stage.

Percentiles were computed by ranking the hourly data in ascending order and looking for the value that
corresponds to the particular level. The 98% percentile was estimated from the observed sea level, tide, and
nontidal residual using the entire time series to compare the variation range of these components at the 13
stations. Annual percentiles from the observed sea level and nontidal residual were estimated in the five
stations with over 20 years of data to assess the temporal variability and trends in the extremes. Trends
were estimated by linear regression and 95% error corresponds to the statistical uncertainty of a trend. The
extremes interannual variability was correlated with the North Atlantic Oscillation (NAO) index [Jones et al.,
1997], downloaded from http://www.cru.uea.ac.uk/~timo/datapages/naoi.ntm and the El Nino Southern
Oscillation (ENSO) indices (ERSST.V3B) with the base period 1981-2010 (http://www.cpc.ncep.noaa.gov/
data/indices/). They include: Nino 3 (5°N-5°S; 90°W-150°W); Nino 4 (5°N-5°S; 160°E-150°W°); and Nino 3.4
(5°N-5°S; 120°W-170°W). Nino 3 indicates a mature phase (cool or warm) of ENSO in the eastern Pacific
[Enfield and Mayer, 1997]; and Nino 4 has a relatively weak response to El Nino [Hanley et al., 2003]. The sig-
nificance of the correlations was computed by the bootstrap method at a 99.9% confidence level from 5000
iterations.

To assess the contribution of mesoscale eddies to sea level extremes, weekly Maps of Absolute Dynamic
Topography (DT-MDAT) covering the 1993-2010 were used. These “Reference” series were produced by
SSALTO/DUACS and distributed by AVISO with support from CNES. The data set combines fully processed
data from various altimetric missions (Topex/Poseidon, ERS-1/2, Jason-1, Envisat, and OSTM/Jason-2) on a 1/
3° global Mercator grid. The product is corrected for ocean tide, pole tide, S;-S, atmospheric tides, solid
earth tide, loading tide, and inverse barometer effect, amongst others. The mean, trend, and seasonal cycle
were removed from the altimetry data fitting a regression model.

3. Results and Discussion

3.1. Spatial Distribution of Sea Level Extremes

The maximum observed sea level values range between 38 and 83 cm (Figure 2a). There is little spatial
coherency. This is partly due to the different periods for which observations exist (Figure 1b). The existence
of significant mean sea level trends, with large spatial and temporal variability in the Caribbean [Torres and
Tsimplis, 2013], is expected to influence the spatial comparison of the observed extremes especially because
the record span varies between 5 years in Le Robert and 103 years in Cristobal (Table 1).

After the annual mean is removed, extremes are due to the combination of the tide, the storm surge, and
mean sea level variability at intra-annual frequencies. The maximum extreme values found (Figure 2b) range
between 36 and 79 cm. The largest value is found in P. Spain. A significant part of the large extreme at this
station is due to the tidal component (Table 1) which is larger at the boundaries between the Caribbean
and Atlantic [Torres and Tsimplis, 2011]. Note the importance of mean sea level change for the maxima esti-
mated at stations with large trends such as Cartagena, where the maximum observed sea level in a 49 year
period (66 cm in Figure 2a) is 20 cm smaller after the mean sea level contribution at interannual frequencies
is removed (Figure 2b).

The range of the maxima values after the removal of the annual mean and the tidal signal (nontidal resid-
ual) is between 20 and 76 cm (Figure 2c). However, with the exception of the tide gauges located at the
east part of the Caribbean basin, the observed maxima in the nontidal residuals range between 23 and
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Figure 2. (a) Maximum sea level observations referenced to the mean sea level of the first The reason Why Iarge
year of the time series. (b) Maximum sea level observations after removing the annual mean . . .
sea level. (c) Maximum sea level observations after removing the annual mean sea level and hurricane-induced nontidal
tidal signal (nontidal residual). Values in centimeter. extremes are found onIy in

Magueyes and Lime Tree is
because the other stations placed in the tropical cyclones favored tracks [Reading, 1990] have short records.
Shorter time series are less likely to record large hurricane-induced surges due to the large annual variability
in the number of tropical cyclones which affect the area. In the Caribbean, there are some years without
any named storm activity and others with up to 15 named storms getting through the basin [Klotzbach,
2010]. In addition, the biggest effects of the surge are confined within a few tens of kilometers of the point
at which the hurricane makes the landfall [Church et al., 2006; Pugh, 1987]. The exact path followed, the
intensity of the hurricane at the time of crossing, its propagation speed, and the topographic parameters at
each particular location all play a role [Zhong et al., 2010]. Therefore, the storm surge generated by a hurri-
cane crossing the Caribbean basin will be recorded only at some tide gauges.

For example, in September 1989, hurricane Hugo forced a nontidal extreme of 60 cm at Lime Tree when it
passed close to this station as a category 4 hurricane. Twenty-one hours later the same hurricane was
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classed category 3 and passed 143 km away from Magueyes causing a sea level signal of 35 cm. The dis-
tance between Lime Tree and Magueyes is 246 km. For Cristobal and Guaira, the other two stations for
which data are available for the same period, no evidence of a storm surge is found. Thus, even powerful
hurricanes do not produce basin-wide storm surges in the Caribbean Sea.

Guantanamo, P. Royal, P. Pitre, and Le Robert are within the favored tropical cyclone path in the basin
[Reading, 1990]. Guantanamo (Cuba) and P. Royal (Jamaica), in particular, are known to have a larger proba-
bility to be affected by tropical cyclones than Magueyes (Puerto Rico) [Klotzbach, 2010]. However, they have
smaller maximum nontidal residuals than those from Magueyes and Lime Tree (Figure 2¢) because no
strong hurricane passed close to these stations over the short period of measurements (Table 1). Therefore,
the distribution of maxima (Figure 2) is sensitive to the length and completeness of the data (Figure 1b).

Neighboring stations of Cristobal and Cartagena are situated in the southern boundary of the basin. They
have long records of 94 and 46 years, respectively (Table 2); however, the nontidal maxima are about half
the size of the maximum at Magueyes. Storm surges are smaller at these stations because they are located
outside the favored tropical cyclone paths [Pielke et al., 2003; Reading, 1990]. Similar results can be expected
in all the southern boundary of the Colombian Basin.

However, even for these stations there can be some doubts on how representative are the available records
with respect to extremes. For example, hurricane Joan passed on the 18th of October 1988 close to Carta-
gena. The record shows a maximum nontidal residual of 24.3 cm at 10:00 GMT when the hurricane was cat-
egory 1. The hurricane was upgraded to category 2 on the 19th (00:00 GMT) when it was at a distance of
196 km of Cartagena, and to category 3 twelve hours later at a distance of 315 km from Cartagena. The
winds were stronger than 100 knots for over 12 h. The Cartagena sea level record has a gap between 18
October at 12:00 GMT and 21 October at 20:00 GMT. It is likely that the largest surge was not recorded. It is
unknown whether the gap in the record was due to malfunctioning of the instrument caused by the hurri-
cane, due to false assessment under quality control or was unrelated to the hurricane.

The P. Cortes record has 21 years of data. The maximum nontidal residual (32.2 cm in 1962) is not linked to
a tropical cyclone. In 1961, a nontidal residual of 31.7 cm, forced by the category 5 hurricane Hattie that
passed less than 2° north of the station parallel to the coastline was recorded. Thus, at this station over the
period of observations, surges generated by hurricanes were of the same order of magnitude to surges pro-
duced by other meteorological forcing. This is likely due to the east to west coastline direction, which
reduces the hurricane-induced surges as most of them passed north of the station and parallel to the coast
during the observational period (http://www.nhc.noaa.gov/climo/). However, tropical cyclones can make
landfall perpendicular to the coasts of Central America in this area, which extends from the east to west
direction (~16°N). This was the case in 1998, when hurricane Mitch made landfall in Honduras producing
over 10,000 deaths predominately from rain-induced flooding [Pielke et al., 2003]. No sea level record is
available.

3.2. Sea Level Return Periods

Sea level return periods can be estimated even from short records composed by a few number of years.
However, the estimation of sea level return periods requires stationary time series, a requirement not met
in reality due the natural variability of the sea level extremes forcing. It follows that long records, capturing
most part of this variability are required for robust estimates of return levels. In this section, return levels for
all stations are estimated and then their accuracy is discussed by examining in detail the role the length of
the record plays in such estimates.

The 50 and 100 year return levels for observations were computed for the Annual Maxima Method (r = 1;
Table 2). The 50 year return levels range between 36 cm in P. Cortes and 79 cm in Lime Tree. The 100 year
return levels range 37-104 cm at the same stations. Torres et al. [2008] using a different methodology found
for Cartagena’s 50 and 100 year return level 49.1 and 49.8 cm, respectively, values higher but within the
95% error than the values shown in Table 2.

The sensitivity of the return levels to the number of extremes per year used is assessed. This is done by
using the largest r = 10, r =5, r = 2, and r = 1 annual values, respectively. With the Annual Maxima Method
(r=1), the average of the absolute difference in the 13 stations (hereinafter mean difference) between the
maximum observed sea level value and the predicted return level for the same recorded period (column
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a) 100-year return levels for Cristobal b) 100-year return levels for Magueyes
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Figure 3. The 100 year return levels estimated using overlapping 10, 20, 30, and 40 year segments for (a) Cristobal and (b) Magueyes using
Annual Maxima Method-AMM r = 1 (red) and R-Largest Method-RLM (black) with r = 5 extremes per year. Each curve above the 10 year
segments has been offset by 100 cm.

“diff” in Table 2) is the smallest (3.6 cm). As the number of annual extremes (r) increases, the 95% error
reduces (not shown) but the mean difference increases. When r = 2, the mean difference is 6.5 cm, when

r =5 the mean difference is 9.5 cm, and when r = 10 the mean difference is 11.9 cm. For example, in Cristo-
bal with r = 1, the 94 year return level is 51 = 12 cm, thus equal to the maximum observed sea level value
in the same period (54 cm; Table 2). However, if r = 5 is used, the 94 year return level is 47 = 4 cm, signifi-
cantly lower than the observed value. Thus, it seems that the Annual Maxima Method yields better results
than the R-Largest Method in the Caribbean Sea, suggesting that when two or more largest sea level values
are used per year, from a statistical point of view, the data samples contain nonextreme values. Similar
results were found when return levels were assessed from the nontidal residual with different number of
extremes per year. The results found are not sensitive to changes in the storm length. We assumed that

72 h separation between extremes was required for the extremes to be independent.

To assess the fit of the observed annual maxima sea level extremes to the GEV model, quantile plots were
used. A quantile plot is a graphical technique used to compare two probability distributions. Departures
from linearity are indicative of model failure [Coles, 2001]. This seems to be the case in Magueyes and Lime
Tree (Figure S1 in the supporting information), the two stations where large hurricane-induced surges were
recorded, as the quantile plots have the largest differences between the model and empirical values in the
upper quantiles (16 and 8 cm, respectively). The fit is good in all other stations. However, we believe that
the good fit of the statistical model at the stations which are known to be regularly affected by tropical
cyclones (Guantanamo, P. Royal, P. Pitre, and Le Robert) does not assure accurate return levels because of
the shortness of the records and the fact that hurricane-induced surges were not captured over the avail-
able sea level record. At these stations, return levels (shown in Table 2) are probably underestimated.

The dependence of return sea level estimates to the length of record is assessed. We present the estimates
for 100 year return levels using r = 1 and r = 5 extremes per year at two stations: Cristobal can be taken to
represent the behavior in the South Colombian Basin; while Magueyes the performance in the Antilles,
where hurricane-induced surges are more intense and frequent. Overlapping 10, 20, 30, and 40 year seg-
ments are used. The 100 year return sea levels estimated depend on the record length used (Figure 3). At
Cristobal, return levels with r = 1 are only stable if more than 30 years are used (mean 100 year return level
50.5 cm). The downward trend that appears will be discussed later. At Magueyes, stable values with the
annual maxima are obtained with time series at least 40 year long (mean 100 year return level 70.1 cm).
When the five largest extremes per year are used (black lines in Figure 3), the range of the values obtained
by using different parts of the record reduces in comparison with the Annual Maxima Method but they all
indicate lower values. Thus, the R-Largest Method (RLM) provides more stable but smaller return levels. For
example, in Magueyes, the maximum RLM 100 year return level is 47 cm when a 10 year segment is used;
however, over the span of the data (44 years), the maximum observed sea level extreme is 71.2 cm.

Assuming that the results found at the two stations analyzed are representative for the whole region, it is
concluded that when the Annual Maxima Method is used, the estimates of return levels acquired from the
shortest tide gauge time series cannot be considered as stable as at least 30 or 40 years of data are required
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a) Magueyes sea level percentiles b) Magueyes nontidal residual percentiles
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Figure 4. The 50th, 90th, 95th, 99th, and 99.9th percentiles from bottom to top in each plot, computed with (a) observations and (b) nonti-
dal residuals in Magueyes, Lime Tree, P. Cortes, Cartagena, and Cristobal. Time series referenced to the first year mean sea level.

for stable results in the south or north of the basin, respectively. The error associated with the shorter sta-
tions can be estimated to be, on the basis of Figure 3 (red line) around 31 c¢m for stations in the south and
as much as 92 cm for stations in the north of the basin when 20 years of data are available. When 10 years
of data are used, the error is much larger. The estimates for Magueyes, Cristobal, and Cartagena are thus
reliable while for the other stations it is impossible on the basis of the present data to provide accurate
return levels. Besides, note that the quantile plot in Magueyes indicates the statistical model’s failure. This
means that the reliability of the return periods for this station is questionable.

3.3. Sea Level Extremes Temporal Variability

Temporal variability of the extremes is assessed for the records of Magueyes, Lime Tree, P. Cortes, Carta-
gena, and Cristobal, the five stations with over 20 years of sea level data. The 50th, 90th, 95th, 99th, and
99.9th sea level and nontidal residual percentiles are presented in Figure 4. For this assessment, only the
1951-1993 segment in Cartagena is used due to a lack of datum continuity with a shorter segment available
for the period 1994-2000.
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Table 3. Linear Trends and 95% Error of the 50th, 90th, 95th, 99", and 99.9th Percentiles From the Five Stations With Over 20 Years of
Data

Sea Level Trends (mm yr~") Nontidal Residual Trends (mm yr—")

Station 50th 90th 95th 99th 99.9th 50th 90th 95th 99th 99.9th

Magueyes® 13*05 15*06 14*06 13*06 15*10 14*06 14+06 15+06 17+06 13*16
Lime Tree? 2012515 20515 205108 205815 265521 2616 3.0x16 31*x16 32*x14 27*37
P.Cortes® 85+13 89+17 85*18 84*x18 99+22 84*13 85*17 86*19 90*X19 91*23
Cartagena® 56+06 57+05 58*+05 58*05 58*08 57*06 54*06 54*x07 55*07 56=*09
Cristobal® 2002 20*02 20*02 20*02 19*03 20*02 20*02 20*02 19*02 19*03

Sea Level Trends (mm yr~") Nontidal Residual Trends (mm yr~')

Station 50th 90th 95th 99th 99.9th 50th 90th 95th 99th 99.9th
Magueyesb 0.1+0.3 0.0*04 0.0*+04 02*1.0 0.1+04 0.1*+04 03*+04 00*1.6
Lime Tree® 0.7 £0.7 0.7+0.8 06+1.0 03+28 0.7 £0.9 08+ 1.1 1.0£1.2 0444
P.Cortes® 04=£1.0 00+x10 —-01=*12 1419 0.0£0.8 0.1+0.9 04=£1.1 06=*15
Cartagenab —-0.1%*02 -01*x03 -01*x04 —0.1x06 —0.1£03 -02*04 —0.1%05 0.0 £0.6
Cristobal® 0.0 0.1 00*+x01 —-01x01 -02=*02 0.0 0.1 00*+01 —-01x02 -—-0.1=*02

“Computed from the observed sea level and nontidal residual time series with annual mean sea level.
PComputed from the observed sea level and nontidal residual time series without annual mean sea level.

The 99.9th percentile shows larger variability than the lower percentiles. Interannual variations of the upper
sea level percentiles are in general significantly correlated (coefficient >0.8) with mean sea level changes
(50th percentile). The exception is the 99.9th percentile at Lime Tree, where the correlation coefficient is
0.09 and is statistically insignificant. We believe this to be due to the intermittent occurrence of hurricane-
induced values. For the same reason in Magueyes, the 99.9th percentile has the smallest significant correla-
tion with mean sea level (0.47).

Due to the poor time coverage and lack of common periods among the time series in the region (Figure
1b), we do not compare between stations. At each station, sea level and nontidal residual trends in the per-
centiles do not differ significantly (Table 3). Thus, the tidal signal in the Caribbean does not influence the lin-
ear trends of extremes or of any other of the trends in the percentiles used. In addition, the trends of the
five percentiles assessed at each station are not statistically different. Therefore, the trends in the extremes
(99.9th percentile) as well as the other percentiles are driven by mean sea level changes (50th percentile).
This is true for all stations and all percentiles except the nontidal residual 99.9th percentile in Magueyes and
Lime Tree (Figure 4b), which show insignificant trends. This is probably caused by the large hurricane-
induced extremes which increase the variance and obscure the mean sea level trends effect on the
extremes.

Significant positive trends (up to 9.9 + 2.2 mm yr_ ") are found in the sea level extremes (99.9th percentile)
at the five stations. Trends are computed from the available record at each station. Linear sea level trends
of the 50th percentile vary between 1.3 = 0.5 mm yr~ ' in Magueyes and 8.5 = 1.3 mm yr_ " in P. Cortes
(Table 3), and in all cases are insignificantly different from the mean sea level trends found by Torres and
Tsimplis [2013]. Differences in the trends among the stations are due to the different time periods covered
by the records (Figure 1b) and the large spatial and temporal variability in the Caribbean mean sea level
trends [Torres and Tsimplis, 2013].

In Figure 5, the 90th, 95th, 99th, and 99.9th percentiles from the sea level and nontidal residual, relative to
the annual mean sea level are shown. These percentiles do not include the mean sea level variability. Carta-
gena’s entire record (Figure 1b) is used in this case because the annual mean sea level is subtracted from
each calendar year before computing the percentiles and as a result any datum discontinuity between years
does not matter.

Observed sea level and nontidal residual extremes (99.9th percentile) without the annual mean sea level
show large interannual variability (Figure 5). In general, sea level percentiles are higher than the nontidal
percentiles as the former includes the tidal signal. The exceptions are the hurricane-induced extremes
(Magueyes and Lime Tree) when the maximum surge occurred at low tide. Note the influence of the tidal
nodal cycle in the Cristobal’s sea level percentiles (Figure 5a), which does not appear in the nontidal percen-
tiles as the tidal signal has been removed.
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Figure 5. The 90th, 95th, 99th, and 99.9th percentiles from bottom to top in each plot, computed with (a) observations and (b) nontidal
residuals in Magueyes, Lime Tree, P. Cortes, Cartagena, and Cristobal. Percentiles referenced to the annual mean sea level. Black dash line
in Lime Tree nontidal residual corresponds to Nino3.4 times (—10) and 30 cm offset.

Linear trends have been estimated from the sea level and nontidal residual upper percentiles (Figure 5) to
assess secular changes in extremes not related to mean sea level change (Table 3). Significant trends for the
entire period are not found at any station regardless of the percentile used. However, Figure 5b shows a
negative nontidal trend in Cristobal (—0.7 = 0.4 mm yr~ ") for the period 1925-1995 in the 99.9th percentile.
Smaller significant negative trends are also found in the 95th and 99th nontidal percentiles at the same sta-
tion. Trends in the nontidal extremes are likely to be due to secular changes in the storm surges, as trends
in the seasonal cycle were not found [Torres and Tsimplis, 2012]. If the annual mean sea level is not removed
in Cristobal for this 71 year period (Figure 4), the upper nontidal residual percentiles show significant posi-
tive trends; thus, the mean sea level positive trend prevails over the negative trend in the nontidal residual.

The 99.9th percentile of the sea level record in Cristobal also shows a negative trend (—0.7 + 0.4 mm yr~ ")
for the period 1925-1995 (Figure 5a), probably as consequence of the significant trend in the nontidal resid-
ual percentile in the same period. Such reduction in the sea level extremes also explains the negative trend
found in Cristobal’s 100 year return levels (Figure 3a) because as the overlapping 20, 30, and 40 year
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segments move from left to right, smaller extremes became available in the observational segment which
consequently produce smaller 100 year return level estimates.

The nontidal residual 99.9th percentiles (Figure 5b) from the five stations were correlated with climatic
indices to assess the relation between the extremes and climate variability. No correlation with the NAO
was found. Significant correlations (~ —0.5) are found at Lime Tree with Nino 3 and Nino 3.4 (Figure
5b). A significant correlation (—0.3) is found in Cartagena’s 99.9th percentile with Nino 4, where all
ENSO indices used show significant correlation (~ —0.4) with the 99th percentile. Negative correlation
between the ENSO index and the cyclone activity was reported by Klotzbach [2010]. Torres and Tsimplis
[2013] found a positive correlation between interannual sea level variability and ENSO with a time lag of
3 months. Thus, a positive phase of ENSO seems to be related to an increase in the mean sea level but
to a decrease in the extremes at two of the stations assessed in the Caribbean Sea. The lack of a signifi-
cant relationship between ENSO indices and nontidal extremes at the other stations is probably because
the 99.9th nontidal residual percentile variability do not indicate exclusively and accurately the cyclone
activity variability in the basin due to two reasons: first, nontidal extremes result from the combination
of storm surge, the seasonal cycle and eddies (section 3.4), and not only from hurricane-induced surges;
second, as discussed in section 3.1, large hurricane-induced surges are not frequently recorded in the
available time series in the basin.

3.4. Nontidal Extremes Contributors

When a powerful hurricane crosses nearby a station, it will generate a large sea level extreme distinguish-
able from any other extremes in the tide gauge record (e.g., Magueyes or Lime Tree 99.9th percentile in Fig-
ure 5). Detailed inspection of the hourly time series during the quality control process showed that
hurricane-induced surges, recorded at the tide gauges, are not always large enough to become the annual
maxima nontidal extreme. Thus, for most years when no large hurricane-induced surges happen, nontidal
extremes are caused by a combination of various other contributing components.

Extremes in nontidal residuals result from the combination of: (i) the seasonal sea level cycle; (i) storm
surges due to atmospheric pressure and wind effects on sea level; and (iii) eddies. Tsunamis or seiches can
also produce extreme values but these will not be discussed in this paper.

3.4.1. Sea Level Seasonal Cycle

The annual maxima nontidal extremes distribution through the year, before and after removing the
mean seasonal cycle is shown at 12 stations in Figure 6 (black and light ochre bars, respectively). The
largest occurrence of annual maxima nontidal extremes in the Caribbean Sea is from August to Novem-
ber (black bars in Figure 6). This is partially due to the seasonal cycle contribution, which peaks in the
second part of the year especially during September and October [Torres and Tsimplis, 2012]. The distri-
bution of the annual maxima extremes through the year after the seasonal cycle has been removed is
more uniform. This indicates the significant contribution of the seasonal cycle to the annual maxima in
the Caribbean Sea. For example, in Cartagena, after the seasonal signal is removed, the annual extremes
distribution shifts from September, October and November (black bars in Figure 6) to January and Feb-
ruary (light ochre bars).

The removal of the seasonal cycle reduces the maximum nontidal residual at 10 of the 13 stations shown in
Figure 2c. The largest reduction is 8.5 cm in P. Pitre. The removal of the seasonal cycle also reduces at all sta-
tions the average annual nontidal residual maxima. For example, in Cartagena, the average of the 46 annual
maximum values reduces by 3.3 cm from 19.9 cm (Table 1) to 16.6 cm when the seasonal cycle is removed.

3.4.2. Storm Surges

In Figure 7, nontidal records of storm surges produced by a hurricane and by a cold front in the Caribbean
are shown. The hurricane David (1979) storm surge recorded at Magueyes the 31 August is the largest non-
tidal residual recorded in the time series used in this study (76 cm in Figure 2c). Note the steep rise and
drop of the large nontidal residual. By contrast, the maximum nontidal residual in the 94 years assessed at
Cristobal is much smaller (32.1 cm); it took place the 22 November 2008 and it is not linked to a tropical
cyclone but to a cold front intrusion which was tracked and reported by local and regional meteorological
agencies. The position of the cold front in the Caribbean Sea can be inferred from the GOES-12 infrared
image (Figure 7); it was located in the boundary between the low pressure (observed cloudiness) in the
Western Caribbean and the cloud-free area in the Cayman Sea.
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Figure 6. Annual maxima nontidal distribution through the year (black bars) and after the mean seasonal cycle has been removed (light
ochre bars). It shows the percent of annual maxima occurrence in each month.

80 15 20 25 30

20

Magueyes Aug-Sep |
1979

Once the seasonal contribution
has been removed, the distri-
bution through the year of the
annual nontidal residual
extremes (Figure 6) can give
information about the prevail-
ing type of meteorological
event that caused them at
each station. Cold fronts move
over the basin from October to
March but it is primarily
between January and March,
when they can become sta-
tionary [DiMego et al., 1976],

that they become more likely
to produce large storm surges.
The hurricane season is from

Figure 7. Nontidal residual time series referenced to the annual mean sea level from
Magueyes (red) in 1979 (16 August to 14 September); and Cristobal (black) in 2008 (7
November to 6 December). Section of the GOES-12 IRWVP (5.72-7.34 um) image from 21
November 2008 at 17:45 UTC is included.

June to November, with a peak
from mid August to late Octo-
ber (National Hurricane

TORRES AND TSIMPLIS

©2014. American Geophysical Union. All Rights Reserved.

4726



@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC009929

Center—http://www.nhc.noaa.gov/climo/). Note that the hurricane season coincides with the peak of the
seasonal contribution (September-October), while the months with large probability of stationary cold
fronts coincide with the seasonal trough (January-March) [Torres and Tsimplis, 2012].

At Magueyes and Lime Tree, after the seasonal correction, the mode of the distribution of the annual nonti-
dal extremes is September (ochre bars in Figure 6), indicating the prevalence of tropical cyclones in the forc-
ing of annual nontidal extremes. By contrast, at P. Cortes and Cartagena, annual nontidal extremes from
January to March become more frequent after removing the seasonal cycle, indicating a contribution of
large surges induced by cold fronts. Nontidal extremes that occur in October and November may be forced
by either tropical cyclones or cold fronts.

3.4.3. Eddies

Figure 8 shows the eddy-related sea level variability at two stations: P. Pitre in the Lesser Antilles and
Magueyes in the Greater Antilles (Figure 1a). The positive (red) or negative (blue) Sea Surface Height-SSH
variations in the Hovmoller diagrams (Figures 8a2 and 8b2) and regional view (Figures 8a3 and 8b3) are
mainly due to anticyclonic-cyclonic eddies, respectively. The trend and the seasonal cycle have been
removed from the weekly altimetry time series.

At P. Pitre’s longitude (61.3°W), the RMS varies between £4 cm across all latitudes (Figure 8a4). The range,
which is the difference between the maximum and the minimum weekly SSH, is around 30 cm. At
Magueyes’ longitude (67°W), there is larger variability both in the range and the RMS (Figure 8b4); however,
at Magueyes'’ latitude (18°N), the range is ~30 cm. The eddy-related variability calculated near to Port Royal
(not shown) has a range of 40 cm. Note that the SSH range in the open sea, nearby to these stations, is of
the same order of magnitude of the tide, and nontidal residual 98% percentile (Table 1); thus, the sea level
variability induced by eddies can be an important contribution to the annual nontidal extremes in the
Caribbean Sea when coincides with positive anomalies in the other sea level components. Such contribu-
tion at intra-annual scales seems to vary from offshore to the coast and from one station to the other (Fig-
ure 8). Altimetry measures sea level accurately at distances larger than 30 km from the coast. Thus, the
suggestion made depends on whether the signal measured by altimetry is the same as that measured at
the tide gauge.

Figures 8a1 and 8b1 compare the sea level time series from the nearest to the tide gauge altimetry point
(blue line) and the tide gauges (red line) at P. Pitre and Magueyes, respectively. The tide gauge records
have been filtered by a 7 days moving average filter; the altimetry time series correspond to the latitudes
indicated by a black line in the Hovmoller diagram (Figures 8a2 and 8b2). The good correspondence
between the altimetry and tide gauge time series indicate that the mesoscale eddies observed in the open
ocean affect coastal sea level. In Figures 8a3 and 8b3, a SSH regional view show the spatial eddy variability
for (a) 3 September 1997 and (b) 5 August 2003. The black arrow in Figures 8a1 and 8b1 indicates the week
of the regional view. A positive SSH anomaly (altimetry) is also evident in the tide gauge records. In 1997,
the annual maxima nontidal residual in P. Pitre was on the 6th of September. It is likely that the positive sea
level anomaly (~20 cm) of the anticyclonic eddy observed east of the station (Figure 8a3; which later
entered the basin), combined with the seasonal sea level cycle and the surge to create this annual nontidal
maxima.

4. Summary and Conclusions

Hourly values from 13 tide gauges in the Caribbean Sea have been used to analyze the distribution and
range of extremes. Sea level extremes range from 38 cm in Le Robert to 83 cm in P. Spain. Extremes without
the annual mean sea level range from 36 cm in P. Cortes to 79 cm in P. Spain. After the annual mean sea
level and the tidal signals are removed from the time series, the nontidal extremes range from 20 cm in Le
Robert to 76 cm in Magueyes (Figure 2). The largest value in Magueyes is forced by hurricane class 5 David
in 1979. Sea level extremes are more frequent in September-October when the peak of the seasonal cycle,
tropical cyclones, and spring tides coincide. Some sea level extremes occur in January-March caused by
cold fronts which are moderated by the seasonal cycle trough.

The analysis of sea level extremes in the Caribbean is made difficult because of two factors. First, there are
only five time series with more than 20 years of data and only three with more than 40 years of data. The
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Figure 8. Eddy-related sea level variability at (a) P. Pitre and (b) Magueyes. All time series without the mean, trend, and seasonal cycle. The hourly tide gauge time series after a 7 days
moving average (red) and the weekly altimetry time series from the nearest grid point (blue) in cm are shown in (a1)/(b1). Hovmoller diagrams of latitude-time with the weekly altimetry
Sea Surface Height-SSH in cm are presented in (a2)/(b2); the black horizontal line indicates the time series of the closest grid point to the tide gauge. A regional view of the SSH in (a3)/
(b3) illustrates the spatial eddy variability in a specific week which coincides with the black arrow in (a1)/(b1). It includes a vertical line of the section that corresponds to the Hovmoller

diagram. In (a4)/(b4), a meridional distribution of the range (cm) and RMS (mm) of the SSH is shown.

other eight time series have between 5 and 10 years of data thus making any analysis based on them
uncertain. However, they have provided interesting information on the forcing of extremes.

Second, conventional extreme value methods have limited use in estimating return levels in the Caribbean
Sea due to the undersampling of hurricane-induced surges in the available sea level records. Only for Cristo-
bal and Cartagena, the Annual Maxima Method appears reliable and this is because of their location in the
southern boundary of the basin which is not significantly affected by hurricanes. In this case, at least 30
years of data are needed. This condition is satisfied by these two stations. For the north of the Caribbean
basin, the sporadic occurrence of hurricanes requires at least 40 years of data for the method to work. Only
Magueyes has such a long record but even there the statistical model fails due to the occasional occurrence
of hurricane-induced extremes.
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Sea level extremes (99.9th percentile) have increased during the last century in the five stations with long
records by a rate between 1.5 + 1.0 mm yr~ ' in Magueyes (44 years) to 9.9 = 2.2 mm yr~ ' in P. Cortes (21
years; Table 3). Increases in the extremes are consistent with the mean sea level trend at each station, thus
at least 40 years of data [Torres and Tsimplis, 2013] are needed to obtain temporally stable trends in the
extremes. In Cartagena (43 years) the sea level extremes secular trend is 5.8 = 0.8 mm yr~ ' (Table 3); thus in
a century, the maximum observed sea level extreme (46 cm in Figure 2b) can double its height as conse-
quence of mean sea level rise alone. Contrary, there are no significant trends in the extremes when the
annual mean sea level is removed from each year prior to the estimation of extremes. There is, however, a
downward trend in the extremes during a 71 year period in the record of Cristobal. Overall, there is no evi-
dence of regional changes in the storm activity.

The significant negative correlation between the nontidal high percentiles and ENSO indices supports at
two of five stations assessed the reduction of the cyclone activity in the Caribbean Sea during a positive
ENSO event as suggested by Klotzbach [2010].

The average annual sea level maxima range from 29.6 cm in Magueyes to 68.9 cm in P. Spain (Table 1). Annual
maximum water levels are small in the Caribbean Sea when compared with global behavior [Merrifield et al.,
2013], partially because tidal amplitudes are small in the basin. Besides, the tidal and nontidal residual contri-
butions to sea level (98% percentiles) are the same order of magnitude in the Caribbean Sea (Table 1).

The average annual nontidal residual maxima range from 16.9 cm in Le Robert to 31.2 cm in P. Spain (Table
1). The nontidal residual in the Caribbean Sea includes the contribution of the seasonal cycle, storm surges
and mesoscale eddies. Estimating the contributions to sea level extremes form each signal is challenging.
The mean seasonal sea level cycle in the Caribbean is unsteady in time [Torres and Tsimplis, 2012]. This influ-
ences coastal flood risk [Wahl et al., 2014]. Storm surges cannot be accurately forecasted for more than a
couple of days and the additional contribution of mesoscale eddies makes accurate flood risk estimates and
appropriate planning for coastal protection a challenging task that needs further work.

However, the largest sea level extremes in the Caribbean Sea are caused by hurricane-induced storm surges.
Although hurricanes are frequent in the basin [Klotzbach, 2010], the large surges are not frequently recorded
in the available time series. Within nearly 300 years of analyzed sea level data from 13 stations together, only
two nontidal extremes (99.9th percentile) associated to hurricanes larger than 45 cm were recorded (Figures 2
and 5). Larger values than these observed are likely to occur. A crude estimate of the storm surge as function
of the square wind stress, blowing distance and depth [Pugh, 1987] at the north to south oriented coast of
Nicaragua, where the continental shelf extends for about 146 km and has depths shallower than 30 m (Figure
1a), gives for a category 2 hurricane approaching to the coast with wind speed of 46 m s~ ' a sea level
increase of ~2 m. The sparse tide gauge data set and the shortness of many of the available records make
the need of development of an appropriate measuring network and a suitable numerical modeling program
essential for the basin. It is very clear that the development of a dense network of tide gauges which will be
operational for several decades is needed to improve the understanding of extremes in the basin.

Coastal communities in the Caribbean Sea are especially vulnerable to hurricane-induced surges for three
reasons. First, coastal morphology and infrastructure are adapted for small sea level variations (mean 98%
sea level percentile of 69 cn—Table 1). Second, basin-wide return levels of hurricane-induced surges are
not possible to obtain on the basis of the presently available observations. Third, the small islands and the
developing countries in the basin have constraints on adaptive capacity [Nicholls et al., 2007]. In the future,
vulnerability to storm surges will increase in this area due to population growth [Pielke et al., 2003], and due
to increased exposure of the population and coastal infrastructure brought about by sea level rise. There-
fore, awareness of the actual and future hazards for the coastal environment must be raised so that plan-
ning and adaptation responses will start developing sooner than later.
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