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When considering the threat of rising sea-levels, one must take into account not only the changes in the
Mean Sea-Level, but also storm surges and changes in extreme events which may also have a bearing on
coastal problems. In this study, we combine different components of the total sea-level (astronomical tide,
monthly mean sea-level and storm surges) to explain changes detected in the region of Latin America and
the Caribbean. Methods based on non-stationary extreme value analysis were applied to storm surge and
total sea elevations monthly maxima for the last six decades, while long-term trends in Mean Sea-level
were computed from both local regression and a trend-EOF technique. In addition, the relative importance
of each factor contributing to the total sea-level is explored by means of defining each statistical distribution.
The analysis demonstrates that concerns should be focused on the different components of sea-level in the
various areas of the region. For example, changes in the storm surge levels are a key stressor in the Rio de
la Plata area, while the increase in the extreme total sea-levels in the tropical region and the influence of
inter-annual variability on its western coast are the prominent factors. Results show that a clear correspon-
dence between Mean Sea-Level and the Nifio3 climate index can be found through a simple regression model,
explaining more than 65% of the variance for a representative location on the Peruvian coast.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction In this work, time series of Total Sea-Level (TSL) results from the
combination of four main components which vary both temporally
Coastal zones are among the most vulnerable areas to climate and spatially:
change and they are likely to be affected by various impacts in the
foreseeable future. Among these, rising sea-levels, sometimes com-
bined with land subsidence, have been highlighted as one of the key

threats, which may lead to flooding, coastline erosion, impacts on eco-

(1) Monthly mean sea-level (MSL): average height of the sea sur-
face water level (Church et al., 2004), including the seasonal
cycle (monthly mean) and the anomalies in time scales from

systems and salination of aquifers (Ericson et al., 2006; Syvitski et al.,
2009; Nicholls and Cazenave, 2010). As a result, such problems have
mandated action being taken for adaptation and integrated coastal
management (e.g., Nicholls, 2011). However, the first step is to thor-
oughly understand the past changes in specific areas where the im-
pacts are to be inferred, and with an adequate spatial scale. For this,
a comprehensive understanding of the major factors contributing to
total sea-level is required to lead efforts towards further analysis, pre-
vention, and solutions to flooding and erosion. To this end, this work
aims to offer a thorough examination of the different sea-level compo-
nents in Latin America and the Caribbean region (LAC) and to define
the long-term trends in the mean and extreme sea-levels.
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the monthly variations (i.e. anomalies over the seasonal

cycle) to the longer-term changes.
(2) Astronomical tide (AT): sea level variation produced by the
gravitational interactions of the earth, moon, and sun. In this
work, the astronomical tide is calculated as the superposition
of harmonic constituents provided by the TPXO database (i.e.
eight primary (M2, S2, N2, K2, K1, 01, P1, Q1), two long period
(Mf, Mm) and 3 non-linear (M4, MS4, MN4) harmonic constit-
uents; long period constituents SA and SSA are not included).
Storm Surge (SS): water height above predicted astronomical
tide level due to the inverse barometer effect and the wind
stress over the sea surface.

—
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Aggregation of the different components forms hourly TSL time
series whose analysis may determine the probability of flooding on
different time scales. One of the main objectives of this work is
explaining the changes observed in the various sea-level components
and analyzing the changes in the TSL extremes in the LAC region.

There are however, some additional components of sea level not
covered by the former combination of components. For instance,
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Fig. 1. The region of study, showing the tidal gauges selected for validation purposes.

breaking waves cause sea-level changes in the surf-zone (swell
set-up), which depend on local coastal characteristics. This factor is
not analyzed here however, since our main focus is on sea-level vari-
ations in deep waters and therefore local surf zones are not taken
into account.

Sea-Level Rise (SLR) is the name given to changes in the MSL de-
tected over many years. Rising sea-levels have been extensively stud-
ied in recent years (e.g., IPCC, 2007; Cazenave et al., 2008; Church and
White, 2011; Rignott et al., 2011; or de Santis et al., 2012). Local fac-
tors such as land subsidence cause additional displacement to be
added to the effect of SLR, the combination of which is known as Rel-
ative Sea-Level Rise (rSLR). Land subsidence was not considered in the
analysis but it doubtlessly is a factor to consider at a local scale.

There are also variations of the MSL time series that are not repre-
sented by the long-term trend. Hereinafter, these sorts of anomalies
are referred to as interannual variability. Under this term we analyze
variations induced by ENSO events (e.g. Clarke and Van Gorder, 1994;
Nerem et al., 1999; Li and Clarke, 2007) or other decadal-scale wind
stress curl variability (e.g., Sturges and Hong, 1995; Sturges et al.,
1998; Hong et al., 1999). Defining the influence of climatic patterns
on different components of the sea-level at a continental scale has
not been addressed so far and should be attended to since it may be
relevant for coastal areas.

In spite of the great attention to the study of the SLR, the changes in
sea-level extremes are the upshot of combinations between SLR, the

Table 1

incidence of storms, local trends and the marine climate, as suggested
in Walsh et al. (2012). The combination of rising sea-levels and storm
surges has already been dealt with at a global scale in several studies
(Dasgupta et al., 2009), and specifically for particular areas of the
LAC region (Fiore et al., 2009). Similarly, the effect of SLR on extreme
sea-levels has also been addressed at a global scale (Menéndez and
Woodworth, 2010). However, identifying specific coastal locations
where one or more components (changes in mean sea level, astro-
nomic tide, storm surge, inter-annual change) may be dominant is
crucial. For instance, sea-level extremes occur not only under high SS
values independently of the AT component, but high rises due to AT
and moderate SS values may eventually pose a flooding risk on partic-
ular coasts. This is why this study ends with a discussion of the relative
importance of each of the contributing factors for the particular region
of LAC using homogenous data for the whole of the region.

The structure of the work is as follows. The section following this
introduction describes the regional setting of the work. The data
sources and the statistical methods used for the extremes analysis
and the study of the long-term trends are explained in Section 3.
Section 4 deals specifically with the study of sea-level components,
their changes, and their relative importance in different parts of
the continent. A brief discussion of the climatic patterns with the
highest influence on each component is provided in Section 5. Finally,
Section 6 highlights the most important conclusions.

2. Regional setting

The area of study is the region of the Atlantic and Pacific Ocean
basins that are adjacent to the coasts of LAC (see Fig. 1). With a total
coastline length of about 72,182 km, this region is highly variable in
terms of coastal dynamics and geomorphological features. In the
Atlantic, Pacific and Caribbean shores, the conditions are highly vari-
able and present particular features at each location. Generally, little
knowledge is available on the different sea-level components and
their past temporal changes over the region extending from the high
latitudes in the Southern Ocean to the equatorial areas.

3. Data and methods
3.1. Data

Several sources of instrumental and numerical data were used to
evaluate the sea-level components in the LAC region. Table 1 summa-
rizes the variables considered and their original source, as well as
their time span and spatial resolution.

MSL data were obtained from the Commonwealth Scientific and
Industrial Research Organization (CSIRO) and can be downloaded
at: http://www.cmar.csiro.au/sealevel/sl_data_cmar.html.

These data provide monthly MSL series on a 1° x 1° (longitude x
latitude) grid of spatial resolution between 65°S and 65°N, from
1950 to 2001, reconstructed from tidal gauges (Church et al., 2004).
The seasonal signal is removed from the dataset and it includes the
inverse barometer correction and the GIA (Mitrovica) correction
made to tidal gauge data. The relative movement between land and

Sources of information of the variables considered, their time span and spatial resolution.

Data source Variables Time span Time resolution Spatial resolution
CSIRO Mean Sea-level(MSL) 1950-2009 Monthly Global, 1°
Mean Sea-level anomaly
TPXO dataset (v7) Astronomical Tide (AT) Harmonic constants Hourly Global, 0.25°
Tidal gauges (UHSLC) Mean Sea-level(MSL) Variable Hourly Global, variable
Storm Surge (SS)
Numerical reanalysis (GOS) Storm Surge (SS) 1948-2008 Hourly LAC, 0. 25°
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Fig. 2. Validation of the reconstruction of the Astronomical Tide (left) and the modeled Storm Surge (right) with various regional tidal gauges in the study area. Scatter data and
quantile distribution are shown. Values expressed in meters.
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Fig. 3. Annual 99th percentile of Storm Surge (left panel) and 90th percentile of Astronomical Tide (right panel), computed for the period 1948-2008 and expressed in meters.

sea-level is not considered in the database. Data covering the period
from 1993 to 2008 was also employed from TOPEX/Poseidon, Jason-1
and Jason-2/0STM altimeters.

Tidal gauge data were obtained from Hawaii University's Sea-level
Center (UHSLC) and used to compare the results of the AT and the SS
time series. These data are available at http://ilikai.soest.hawaii.edu/
uhslc/rqds.html. Locations are presented in Fig. 1, along with the iden-
tification codes of the tidal gauges shown in this paper for validation.
The data series provides hourly time resolution, and registers longi-
tude variations for each station.

AT data were generated on the LAC coasts using the harmonic con-
stants derived from the TPXO global tides model (version 7) devel-
oped by Oregon State University (Egbert et al., 1994; Egbert and
Erofeeva, 2002). The TPXO model assimilates data from the TOPEX/
Poseidon missions and tidal gauges (Ardalan and Hashemi-Farahani,
2007). The database includes eight primary harmonic constants
(M2, S2, N2, K2, K1, 01, P1, Q1) and two long period ones (Mf and
Mm), provided in a global grid of 1440 x 721 points, at 0.25° spatial
resolution (http://volkov.oce.orst.edu/tides/global.html). These com-
ponents were used to reconstruct the hourly AT series beginning in
1948. Results were validated using the area tidal gauges (see Fig. 2)
with root mean square errors of less than 0.2 cm (at macro-tidal
regimes, lower in micro-tidal sites), so that reconstructions of the
AT can be considered adequate for offshore depths. The distribution
of the 90th percentile of AT is shown in Fig. 3 (right panel) and the
region's great spatial variation is clear, with microtidal regimes in
tropical latitudes, and macrotidal ones in the south.

Storm surge was obtained numerically using the Regional Ocean
Modeling System (ROMS) (Shchepetkin and MacWilliams, 2003) at
0.25° x 0.25° resolution, from 125°W to 20°W longitude and 61°S to
40°N latitude. We used the inverse barometer condition and obtained
atmospheric forcing (pressure and wind data) from NCEP/NCAR
reanalysis (Kalnay et al., 1996), resulting in hourly time series of
storm surge for the period from 1948 to 2008. The run was performed
with only atmospheric forcing (similarly to e.g., McInnes et al., 2009),
although an alternative approach would be to run the tides and atmo-
spheric forcing together, and then subtracting the values from a
tide-only run (as shown in Lowe and Gregory, 2005). Note however,
that non-linear tide-surge interaction mainly occurs at wide shelves in
shallow areas, which requires high spatial resolution, i.e. O(1-5 km).
Owing to the spatial scale of the present work this non-linear effect can-
not be properly modeled.

The results were validated with instrumental tidal gauge data.
Fig. 2 shows the results of the validation for several tidal gauges in

the zone. A good fit for both the statistical distribution and surge
time series (not shown) has been obtained. The panels show the
scatter, quantile-quantile plot, and statistical diagnostic indices of
observed versus modeled data. Colors indicate the sample density.
The solid line corresponds to modeled data equal to observed data
(y = x). Non-filled points show quantiles higher than the 90th per-
centile. We also show the data number in the dataset (NObs), the
BIAS (mean (y) — mean (X)), RMSE (the root mean square error)
and the Pearson's correlation coefficient (CORR). It should be noted
that this dataset does not include hurricanes, which define the SS
extremes tail, because of the insufficient resolution of the NCEP/
NCAR wind and pressure reanalysis. An accurate definition of hurri-
canes requires a specific analysis which could not be included in
this work without loss of generality for the results in the region
covered.

In Fig. 3 (left) the SS 99th percentile along the coast under study is
presented. A large spatial variation in SS can be seen throughout the
region. The highest values (over 1 m) are clearly found in the Rio de
la Plata area, a shallow platform where water accumulates during
storm events. In general, the highest values are found in the southern
part of the continent, particularly along the Atlantic coast. On the
Pacific coast, north of the 35° S parallel, the storm surge of the 99th
percentile is about 10 cm almost throughout the whole region, except
in areas like the Gulf of California and the Colombian coast, where
higher values are found. In this regard, it must be emphasized that
local amplifications due to coastal zone local geometry and bathymetry
demand greater spatial resolution, which is beyond the scope of this
study.

By aggregating the components of AT and SS to the MSL series, it is
possible to reconstruct the TSL series for two specific points in the
region, as shown in Fig. 4. The first point is on the Chilean coast,
where a semidiurnal tidal pattern is dominant, while the second
one is found on the Caribbean coast, where tides are mixed and the
tidal range is smaller. The weight of each component at each location
differs distinctly. This aspect is analyzed in section 3.3, along with the
comparison with the SLR trends.

3.2. Statistical methods

3.2.1. Long-term trends

The long-term variability of geophysical variables is generally de-
scribed by calculating regional trends or using global averages. The eval-
uation of trends and their spatial-variability is a difficult problem, and
trends have been detected using both linear and non-linear methods,
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even with discontinuous datasets (e.g., Jevrejeva et al., 2006; Barbosa,
2008; Barbosa and Andersen, 2009; Church and White, 2011; Gazeaux
et al.,, 2011). However, such methods generally only consider the tem-
poral structure, neglecting the spatial influence on them when estimat-
ing trends. Moreover, trend detection is sensitive to the record length
and the variance of the signal, among other factors (see Weatherhead
et al., 1998; Weatherhead et al., 2002; Whiteman et al., 2011). For this
reason, the influence of the ENSO in the signals should be taken into ac-
count, as they may affect the calculation of the trend (Lawrence et al.,
2004; Becker et al. 2012).

Based on the foregoing considerations, we decided to use two dif-
ferent techniques, which in our opinion are simple to implement and
allows for representation of the differences between local and regional
evolution. Note that although the application of linear regression tech-
niques at specific locations is a very simple procedure, it has several
shortcomings:

a) It may present discrepancies between records on close locations,
i.e. it does not consider the spatial component.

b) It is sensitive to the record length and the variance of the signal.
This effect is important in this particular case because the variance
of the signal in areas where the “el Nifio” influence is relevant is
comparatively higher than in the rest of the study area, and this
may distort results.

Attempts are made to overcome these difficulties using tech-
niques based on Empirical Orthogonal Functions (EOF; Fukuoka,
1951), by decomposing a continuous space-time field into an optimal
set of basic functions of space, and expansion functions of time. How-
ever conventional EOF analysis is in general unable to find trends
(Hannachi, 2007) since a substantial part of the signal variance is dis-
tributed into the different spatial-temporal modes. Hannachi (2007)
found a modification of traditional EOF analysis to overcome this lim-
itation (henceforth Trend-EOF).

The method is based on an eigen-analysis of the covariance matrix,
similar to conventional EOFs, but taking the time positions of the sorted
observations (named as inverted ranks) instead of the direct observa-
tions. The different sequences of inverse ranks provide a robust measure
of monotonicity. Therefore, maximization of monotonicity can be ob-
tained from maximization of the variance of a linear combination of the
inverse ranks, ultimately leading to the identification of robust spatial-
temporal trend patterns. This technique has already been used success-
fully for other geophysical variables (see Barbosa and Andersen, 2009).

In this work, the Trend-EOF technique was used to determine past
changes in regional MSL, and to compare the results with those
obtained by linear regression of the time series. Regarding the statistical
significance of the regression models, it is based on the t-test. We check
the null hypothesis HO: 3; = 0 against the alternative hypothesis

H1.p3;#0

The statistic is defined as

ts Bi where Sp, corresponds to the esti-
Bi i

mated standard deviation of the parameter. The null hypothesis is

rejected if £ > topn — p OF £ < typn — p Where « is the significance

level, and ty, — p is the quantile associated with the t-student distri-

bution with n — p degrees of freedom.

3.2.2. Extreme value analysis

The use of non-stationary extreme value models is widely
accepted in the literature as a way to i) improve the characterization
of the distribution tails, and ii) increase the understanding of which
processes are important in the definition of extremes. Recent ad-
vances in the extreme value theory (see Coles, 2001 and Katz

et al,, 2002 as general references) allow for modeling of the natural
variability of extreme events of environmental and geophysical vari-
ables. These methods introduce time-dependent variations within a cer-
tain time scale (year, season or month), improving our knowledge of
some important processes which are time dependent. Additionally, a
key issue is the possibility of constructing regression models to show
how the variables of interest may depend on other measured covariates.
The statistical model proposed for this study is based on a generalized
extreme value (GEV) distribution. The GEV model works with a sample
of maximum values from blocks of equal temporal length. We defined
the block span as a month, which provides a better description of ex-
treme sea-level events within a year, allowing us to analyze the seasonal
scale of interest. These maxima blocks are often assumed to be indepen-
dent and identically distributed random variables, but natural climate
variability induces changes in the monthly maxima. This fact contradicts
the hypothesis of homogeneity in consecutive months, therefore a
non-stationary approach was used.

In this particular case, the parameters were obtained through a
maximum likelihood estimation method. The only difference with a
stationary case is that we use a regression model for the location and
scale GEV parameters that depend on time. This parameterization
facilitates us working with monthly maxima instead of annual maxi-
ma, i.e. we use more information for the tail definition. This strategy,
besides improving the characterization of maxima within the year,
provides consistent results in terms of annual maxima, and has been
proven to reduce uncertainty in quantile estimation (see Menéndez
et al., 2009). This version of the GEV distribution has been recently
used for different geophysical variables (e.g., Rust et al, 2009;
Menéndez and Woodworth, 2010; Izaguirre et al.,, 2011). Thereby,
we consider a time-dependent extreme model characterized by time-
dependent location y(t) and ys(t) scale parameters of the GEV distribu-
tion. The GEV cumulative distribution function of a certain random var-
iable, Z, is given by:

ool [ree(ft)| ) e y

oof-enl (]} -

where [a], = max[a,0] and § is the shape parameter which informs us
about the tail of the distribution.

Confidence intervals are obtained assuming approximate normality
for the maximum likelihood estimators, and using the delta method
(Rice, 1994). Statistical significance is based on the t-test as explained
for the trend detection.

Mean sea-level seasonal oscillations have been widely studied
(e.g., Tsimplis and Woodworth, 1994) and at a continental scale they
are presumed to differ greatly among locations. In this approach,
seasonal variability is explicitly modeled by allowing annual and
semiannual cycles in location and scale parameters. Menéndez and
Woodworth (2010) studied extreme sea-level events from a global
dataset of tidal gauges using this approach with successful results.
They found the simplest model with a minimum number of time-
dependent parameters, through a stepwise procedure evaluating the
final prediction error criterion (Menéndez et al., 2009; Minguez
et al.,, 2010a). These techniques provide an automatic method of pa-
rameter selection which minimizes the Akaike Information Criterion
(AIC). Incorporation of additional parameters at every iteration is
based on sensitivity analysis and score test statistical information.
The methods have proved to be efficient and robust, obtaining the
best possible parameterization automatically.

Fi(2) =

Fig. 4. Reconstruction of Total Sea-Level time series (TSL) using the different components at two points in the study region: Caribbean coast (a) and Chilean coast (b). The series are
shown for Astronomical Tide (AT), Storm Surge, Mean Sea-Level time series (MSL) and Total Sea-Level (TSL). The red line in MSL represents the annual mean values, while the

red-cross line in TSL indicates the Monthly Maxima of Total Mean Sea-Level (MMTSL).
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Accordingly, only significant sinusoidal functions (at 95% confi-
dence levels) are included in the optimal model for each location
(see Menéndez et al., 2009 and Minguez et al., 2010 for further de-
tails). The model used for the study of monthly TSL maxima follows:

2

H(t) =By + Z(Bzi—l cos(imt) + fBy; sin(iot)) + Byr -t
1
2

Y(t) = ag + (g cos(iot) + ay;sin(ior)) + g - t (2)
1

2
§(t) =& + Y _ (61— Cos(iot) + & sin(iot))
1

where 3y and &g are mean values, 3; and ¢; are the amplitudes of the
harmonics, @ = 2m year™! and ¢ is given in years. Thus stated, the
model is able to simulate the increase or decrease, not only in the
magnitude of the extreme events, but also in their variance. The

LOCAL Trend

significance of each linear trend was computed using the likelihood
ratio test.

To determine whether the SS showed different trend behavior
within seasons, the model was modified by including the annual
cycle in the term accounting for the long-term trend in the location
parameter. The resultant model is expressed as:

2
nt) =By + Z(Bz,-_l cos(iwt) + By; sin(iot)) + [Byr + Byr cos(wt) + Py, sin(wt)] - t
1
2
Y(t) =ag + Z(azm cos(iot) + oy sin(iot)) + oy - t
1

2
E(6) = & + ) (i1 cos(it) + &; sin(it))
1
3)

where ;71 and B, represent the amplitudes of the harmonics for the
seasonal trends.

Extreme analysis of TSL (Eq. (2)) and SS (Eq. (3)) time series was
performed applying the above methods, respectively. To report ex-
treme value intensity, we chose a quantile of probability distribution,
linked to a 50 year return level, which corresponds to a given no-
exceedance probability of 1 — g, with ¢ = 1/50. It was obtained for
each season by iteratively solving:

M):l —1/4(1) i@ W

1—q = exp —kmjl {l +§(t)< e

+

where [tg,t] is the interval equal to one season and 1/k,;, is the length
of the block maxima, that is, one season (3 months) so that 1/k,, = 1/
4 year. Details regarding the derivation of Eq. (3) can be found in Frias
et al. (2012).

4. Study of sea-level components
4.1. Changes in mean sea-level

Two trend techniques have been used to study sea-level globally:
the Trend-EOF and a trend based on linear regression of local time
series. In both cases we used two regression models: a first (z =

at + b) and a second (z = at® + bt + c) grade models. For the
Trend-EOF regression, we made a regression analysis over the first

Trend-EOF
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Fig. 6. Comparison of the Linear Trend of rising sea-level obtained by Local Regression (left) with the one obtained using the Trend-EOF technique (right) for the region of Latin

America and the Caribbean (mmy/year). Data analyzed for the period 1950-2008.
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Principal component (i.e. representing the monocity of the signal),
which is shown in Fig. 5 as a blue line, and projected this regression
using the corresponding spatial mode.

Parameter estimation was performed using least-squares analysis,
i.e. the parameters that minimize the sum of squares of the differences
(errors) between the observed and predicted values. The solution of
this problem is equal to the solution of the normal equations (see
Chatterjee et al., 1990), which provide the expected values of the esti-
mated parameters. Using the parameter estimates, and the variance-
covariance matrix of parameter estimates, which is easily obtained
using linear regression techniques, it is possible to check the null hy-
pothesis as explained in the previous sections for trend detection
and extreme analysis. Note that the same analysis also allows us to de-
fine where the linear and quadratic components were statistically
significant.

Assessment of the minimum quadratic error proved the regression
by both methods to be quadratic. This result suggests a mild accelera-
tion of trends in the period 1950-2008. Fig. 5 shows the time series for
average global sea level and the first component of the Trend-EOF (i.e.
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that including the trend’s global pattern), with a value of 2.7 mm/year
in 2010 and a 0.01 mm/year? curvature. The statistical significance of
our results was higher than 95%, and they are in accordance with pre-
vious trends calculated for mean global sea level (e.g., Church et al.,
2004; Cazenave and Remy, 2011; Church and White, 2011; Becker
et al., 2012; Meyssignac and Cazenave, 2012).

Fig. 6 shows the average trend calculated by both methods. Note
that the trend-EOF technique allows the capturing of the main spa-
tial trend, which yields results consistent with global mean sea level
evolution, providing results less prone to short and/or high variance
records, whereas local trends allows for observation of the local
changes. However, where the variance of the signal is low, local trends
may capture local variations that trend-EOF would overlook. If those
changes are related to spatial variations of the trend signal or deficien-
cies, the analysis technique is more difficult to establish and this is a
subject for further research.

'The trend is clearly positive at all points, as shown in the various
time series panels in Fig. 7. The highest values for these trends are
found on the Atlantic coast: approximately 2 mm/year on the
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Fig. 7. Temporal series for rising sea-levels and the trends obtained (using Trend-EOF) for various representative points in study area.
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Fig. 8. 50-year return period Storm Surge height, obtained by hindcast from 1948 to
2008.

northern coast of South America and the Caribbean coast, with lower
values in the Caribbean islands. In the equatorial Pacific area the
increase is lower (1-1.5 mm/year). In addition, the influence of the
ENSO phenomenon (periods of el Nifio and la Nifia) is seen in the

time series of anomalies, particularly along the Pacific coast, as will
be analyzed in Section 4.

At this point it is worth comparing the effect of climatic variability
on MSL over a multiple-year time scale, and the current long-term
trend maintained in recent decades. Fig. 7 shows the different influ-
ence of el-Niflo and la-Nifia events on the Pacific coast of Central
America, from Mexico to the coast of Peru. In 1998 (the Nifio3 index
historical high), the Nifio3 index was at an historical high in the equa-
torial zone of the Pacific (not shown spatially but identified in Fig. 7 at
point 598). If the sea-level time series are de-trended, it becomes pos-
sible to determine the effect of this event on MSL. A similar event
would give values of around 20 cm at the point of maximum effect
(considering only the effect on MSL and not the accumulated effects
on other variables such as wave climate (see Reguero et al., 2012,
2013) or SS. This highlights the importance of studying all TSL com-
ponents to discern the relative weight of changes to each component.

4.2. Changes in extreme storm surge levels

Extreme storm surge events decisively influence coastal flooding,
making it essential to analyze them and their trends. An analysis of
extremes of Storm Surges was performed, based on the GEV distribu-
tion and applied to the monthly maxima (see Eq. (3)) over the period
from 1948 to 2008, making it possible to determine significant sea-
sonal trends. Seasons were organized into three-month blocks:
December, January, February (DJF); March, April, May (MAM); June,
July, August (JJA); and September, October, November (SON).
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Fig. 9. Long-term trends in Storm Surge extremes excluding hurricanes and corresponding seasonal trends at some representative points (mm/year). The map in the center shows
the annual trend while the adjacent panels represent the seasonal trends at the representative points marked in the map.
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Hurricanes were not included in the dataset because of the lack of res-
olution in the pressure and wind fields in NCEP/NCAR reanalysis. Thus
analysis in Central America and the Caribbean must be treated with
caution because the magnitude of extreme values is not well repre-
sented, as the SS distribution tail is defined by these hurricane events.

Fig. 8 shows the 50 year return period SS. The highest values are
found at the Rio de la Plata with a surge height of more than 3 m,
diminishing northward and southward. This area has one of the
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largest ATs and the greatest average SS level (see Fig. 3), so MSL
changes are insignificant in proportion to SS and tidal range.

Fig. 9 depicts the annual trends for the SS extremes (central
panel), where only results over the 95% statistical significance level
are shown. Seasonal behavior is also incorporated at certain represen-
tative points in the Figure. The results indicate that the zone with the
greatest positive trend was that of Rio de la Plata, with values of up to
5 mmy/year between 1948 and 2008. This was also the area with the
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Fig. 10. Panels illustrating the relative weight of each sea-level component at various representative points. Panels on the left: probability density functions (pdf) of the Astronom-
ical Tide (red), the Storm Surge (blue) and Total Sea-Level (black). Right panels: Mean Sea-Level seasonality range (broken black line) and probability density function of mean

sea-level in 2030 from extrapolation of trends (solid black line). Note that when the
Sea-Level; AT: Astronomical Tide; SS: Storm Surge; SLR: Sea-Level Rise.

red line (AT) is not seen, it is obscured by the black line (total sea level). TSL: Total
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greatest surge extremes, throughout all seasons. Trends decrease to
2 mm/year immediately southwards from the river inlet and reaching
the southern Brazilian coast northwards. These results are in accor-
dance with those in Fiore et al. (2009) which found seasonal increases
in frequency of SS events and long-term trends of 2 mm/year from the
Mar de Plata tidal gauge. A remarkable negative trend was found in
the Gulf of California where the rate is approximately —3 mm/year,
with a marked seasonality, dropping particularly during the Northern
Hemisphere winters (DJF). A moderate (1.5 mm/year) increase in
surge extremes was noted on the southern Brazilian coast along
with a similar reduction in the northern coast. Seasonality was also
marked in this zone. On the other coasts in the study area, trends
were less than 1 mm/year, either increasing or decreasing, although
always significant. No significant differences in extreme values were
detected in the area affected by hurricanes and tropical storms,

although this result cannot be viewed as conclusive because the mag-
nitude of the hurricane peaks is not well-represented in our analysis.

4.3. Relative influence of sea-level components

By aggregating the sea-level components, Fig. 10 shows the rela-
tive importance of each TSL contributor at various points. The panels
on the left show the probability density functions (pdf) of AT, SS and
TSL, while those on the right show the mean MSL seasonal range and
the pdf of the MSL value for the year 2030 by extrapolating the calcu-
lated trends. These were designed to identify the proportion of the
long-term change with respect to the seasonality, assuming that the
acceleration observed up till now remains constant. The average re-
gression estimator in the target year (2030) was obtained, to extrap-
olate the SLR value.
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Fig. 11. Long-term trend coefficients of the location (upper panel) and scale (lower panel) parameters of the GEV probability density function of extreme levels of the Total Mean
Sea-Level and temporal evolution of several probability density functions at certain points of study. Probability density functions are represented at 5 years intervals, the red lines

corresponding to the initial (1950) and end (2008) years.
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As shown in this figure, the AT generally dominates the TSL pdf ex-
cept when the SS variation range is such that it surmounts astronom-
ical influences, which only occurs in the Rio de la Plata (point 384 in
the figure). At the remaining locations, the SS variation range is below
that of the AT, irrespective of tidal range (Fig. 10).

MSL seasonality also shifts spatially (between 4 cm and 12 cm on
average), in proportion to the long-term trends. In areas where this
seasonality is small (the tropical Atlantic coast and the south Pacific)
SLR takes on greater importance. However, in macrotidal regions, be-
cause of the wide AT variation, the proportion of change due to SLR is
marginal, i.e.: around 2.5% of change in the TSL range at point 1123 in
southern Chile.

4.4. Changes in extreme total mean sea-levels

The stationary assumption is no longer valid (Milly et al., 2008), in
a clear context of rising sea levels, and non-stationary extreme value
approaches, which allows for the introduction of seasonal and long
term variations, should be used to define the changes in extreme
sea levels within decades. Results reveal that the coefficients of the lo-
cation and scale parameters accounting for a long-term variation are
significant for most of the points under study (maps in Fig. 11). The
variation of the location parameter implies a shift in the average of
the TSL pdf while the scale parameter change is related to a modifica-
tion of its variance. The subsequent effect of the TSL pdfs varying in
time (from 1950 to 2008) can be clearly detected in Fig. 11. Spatially,
the pattern of trends reveals a large variability.

In general, trends in sea-level extremes (Fig. 11) rise by up to
7 mm/yr in the Rio de la Plata area, in line with previously estimated
MSL trends and SS extremes. Elsewhere in the region, trends ease to
2 mm/yr, with the MSL contributing predominantly over higher SSs.

A slight reduction is noted in the Gulf of California, induced by nega-
tive trends in SS extremes.

Fig. 11 shows pdf variations in 5 year periods from 1950 at various
representative locations. At sites with a long-term trend in the param-
eter of scale (e.g. point 1005) the pdf widens, making extreme values
the most likely. At other points, particularly on the Atlantic coast, the
trend in the parameter of scale was negligible (see the upper panels
in Fig. 12), so that the pdf shift is driven solely by the trend in the
shape parameter. Extreme values were also more frequent in these
cases.

There were, nevertheless, points where no significant trends were
found, neither in the scale nor in the location parameters, such as for
example on the coast of Ecuador (i.e. Id. 620, Fig. 12). To provide fur-
ther insight into this anomaly, Fig. 12 shows the temporal series of
monthly maxima and the results of the adjusted parameters for two
example points. In some cases (the top panels in Fig. 12) no signifi-
cant long-term trends in extreme pdf parameters were found. Yet at
other points (lower panels in the figure) this trend was significant
for one or several parameters.

Long-term shifts in extreme pdfs suggest that extreme values have
become more frequent in recent decades. However, it is now difficult
to interpret the concept of return period because the average number
of years between exceedances of TSL is continuously changing. For this
reason, we calculate "equivalent stationary return period quantiles”
for different years (Frias et al., 2012) during the two different de-
cades associated with the initial and final time estimation period,
i.e. 1950-1960 and 1998-2008, and then we average those return pe-
riods for each decade. The difference is shown in Fig. 13 and it is re-
vealing. Comparisons between results allow us to easily understand
the effect of sea level rise on return period estimation over all the es-
timation time frame.
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Fig. 12. Series of Monthly Maxima of Total Sea-Level (MMTSL; lines in left panels), location (central panels) and scale parameters (right panels) determined for two domain points:
620 (top panels) and 295 (bottom panels). The x-axis represents a temporal scale of years (years from 1950 to 2008 ranging from 1 to 59) when corresponding to time series in
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the fitted model and the shaded areas the 95% confidence intervals.
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Difference in TSL, 100-yr return period
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Fig. 13. Differences between 100-year return period sea-level values during the first (1950-60) and last decade (1998-2008) of available data (left panel). Percentage of change of
such difference relative to the value associated with the 100-year return period obtained in the first decade of data (right panel).

The panel on the left shows the increase associated with the
100-year return period level, at its greatest in northern Argentina,
Uruguay and southern Brazil, where the trend is dominated by SS ex-
tremes. At the remaining points, the MSL trend predominates and the
change is not so obvious. However, if these differences are expressed
in proportion to the value for the average return period between
1950 and 1960, the Caribbean islands saw this extreme value increase
by more than 60% during that decade, compared with the 1998-2008
decade (with the aforementioned caution that hurricanes are not
properly modeled in the peak magnitude of SS events).

These results imply that coastal flooding risk in low-lying areas
may be increasing due to a combination of rising MSL and variations
in SS extreme events. By itself, rising MSL may not cause flooding,
but rising water levels have caused a decrease in the return periods
of the extreme total water levels during the last five decades
(Fig. 13). The proportion of these changes with respect to current dy-
namics (Fig. 10) will play an important role in impact evaluation and
adaptation strategies.

5. Discussion of climate variability influence

As already seen in the MSL series, interannual variability arising
from the ENSO phenomenon is, in some cases, clearly marked. Indeed,
the ENSO phenomenon is known to have an effect on sea-levels in the
Pacific Ocean (e.g., Liu et al., 2010; Walsh et al., 2012). Should changes
in this climatic pattern occur (Collins et al., 2010) they will in turn in-
fluence sea-levels (Church et al., 2006; Lowe et al., 2010).

To analyze the influence of various climate patterns in sea-level
components in the region of study, a number of climatic indices
were considered: the Arctic oscillation (AO), the Southern Annular os-
cillation (SAM), the ENSO measured through the Nifio3 index and the
Southern Oscillation Index (SOI), the Pacific North American Index
pattern (PNA), the Western Pacific Index (WP), the Eastern Pacific Os-
cillation (EP/NP), the Caribbean Sea Surface Temperature Index (CAR),
Northeast Brazil rainfall (NBR), the North Tropical Atlantic Surface
Temperature Index (NTA), the Tropical North Atlantic Index (TNA),
and the Tropical Southern Atlantic Index (TSA). A comprehensive list

with definitions, descriptions and references can be found at http://
www.esrl.noaa.gov/psd/data/climateindices/list/. The standardized
series of the different climatic indices was correlated with the MSL
and the 95th percentile of SS. Fig. 14 shows the Pearson correlation co-
efficients (varying between — 1 and + 1) at the points where correla-
tion was significant, at least at the 95% confidence level. A cross
correlation analysis was also performed (not shown) to identify pat-
terns whose influence may be deferred in time because of the value
of the climatic index and the maximum effect on sea-level on the
coasts in the region of study.

Fig. 14 shows the correlation coefficient of the Nifio3 climatic
index with the normalized variables: MSL and the 95th percentile
of SS. Nifio3 showed the greatest correlation on sea-level compo-
nents, as can be seen in the temporal series in Fig. 7, with a virtually
simultaneous correlation (with no time lag). However, the correlation
is also high for months with some time lag because the processes are
of a large time scale (e.g., Smith, 1978; Meyers et al., 1998) The Nifio3
index has a high correlation (correlation > 0.5), with standardized
anomalies of MSL on the Pacific coast, between 15°S and 30°S on
the Atlantic, and on the Caribbean islands. On the rest of region, the
correlation was still positive but with lower values. Thus, Nifio3 led
to a generalized rise of sea-level throughout the study area, particu-
larly on the continent’s Pacific coast. Other indices such as TNA, CAR
and AMO (not shown) also influenced sea-level anomalies signifi-
cantly, although their correlations were lower.

Storm surge showed a correlation with Nifio3 of 0.2, statistically sig-
nificant for the entire Pacific coast. Positive values of this index are
found to be related to a general rise in SS along the continent's Pacific
facade, including the Caribbean islands and reaching the Gulf of Mexico
where the correlation turns negative. On the Pacific coast, positive cor-
relations are found west of the California peninsula and southwards,
while the correlation becomes negative in the Gulf of California. Slightly
negative values appear on parts of the tropical Atlantic coasts and
Argentina. Concerning other indices (not shown), the influence of the
NTA index is found to be positive on the Caribbean islands, and TSA is
associated with negative rises between 15°N and 15°S on the Atlantic
coast and in the Gulf of California.


http://www.esrl.noaa.gov/psd/data/climateindices/list/
http://www.esrl.noaa.gov/psd/data/climateindices/list/
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Climate Index: Nifio3
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Fig. 14. Influence of Nifio3 index in the Mean monthly Sea-Level (left panel) and the 95th percentile of Storm Surge (right panel) in terms of the Pearson's correlation coefficient.

Only statistically significant results (based on a t-test) are shown.

In view of the correlation pattern, a study of the relationship
between the Nifio3 and the MSL was carried out. To determine the
contribution of the Nifio3 climate index to MSL, a simple regression
model was built for the various points analyzed in the region. The
results (shown in Fig. 15 for a representative point on the Peruvian
coast) show a clear relationship (panel b in the figure), with the
mean estimate of: MSL (mm) = 30.47 x Nifio3*, where Nifio3™ rep-
resents the standardized climate index time series on a monthly scale.
This simple model explains over 65% of the variance in MSL data
(panel a). The predicted response confidence intervals represented
for the regression (panel b) means that any new value of the Nifio3
index would imply a MSL change within the represented bounds at
a 95% confidence level. On average, the mean estimate corresponds
to over 30 mm per unit of standardized index in a great part of the
region (panel c), from 15°S to 15°N. The effect of Nifio3 on the rest
of the region is residual which may be indicating that a combination
of climate patterns is occurring there.

6. Conclusions

This work provides a description of the various components of
sea-level by constructing and analyzing time series of Astronomical
Tide, Storm Surges and Mean Sea-Levels using different databases
(both instrumental and numerical), for the region of Latin America
and the Caribbean (LAC). In particular the Storm Surge reanalysis
performed at a 0.25° spatial resolution in the study area must be
highlighted. However, it must be noted that this contribution does
not include an adequate description of hurricane events in the Carib-
bean, due to insufficient resolution in the forcing fields (taken from
NCEP/NCAR reanalysis). With this in mind, during the period from
1950 to 2008 Storm Surge heights were largest in the area of Rio de
la Plata, while the greatest Astronomical Tides occur in southern lati-
tudes of the continent and in the Gulf of California.

The results obtained here are believed to provide useful insights in
the determination of the probability of flooding in the coastal areas of

Latin America and the Caribbean, and they may also constitute an ad-
equate approach for other areas of the world. As seen in this work, the
variables contributing to total sea-level vary in importance at different
coastal locations. Pinpointing the dominant variables, their changes,
and their aggregated effect on coastal flooding, is thus crucial for
coastal flood prevention and management.

With respect to the relative weight of each component on sea-
level, certain features need to be highlighted. Past changes in sea-
level present a higher weight in the Caribbean Islands in relation to
the low range of tidal variability. This occurs together with a tail of dis-
tribution dominated by extreme events and associated with tropical
storms and hurricanes. Despite the low rates of change detected and
considering that conclusions from modeling must be taken with cau-
tion, extremes seems to have increased considerably in intensity dur-
ing the last 5 decades, indicating a particular sensitivity in this area to
smaller rises in water levels. This, together with the particular social,
environmental and economic characteristics of the coastal zones in
the islands should be a matter of concern and requires further re-
search. The trends in water levels found in this region are negligible
in comparison with the tidal ranges and the storm surge heights reg-
istered at extra-tropical areas. In these areas, flooding may be induced
by changes in the storm surge regime, as a result of variations in the
storm activity in the southern hemisphere, and coinciding with high
tides. A remarkable exception is the Rio de la Plata area where storm
surge surpasses the tidal range, and so future changes in this compo-
nent may be a major hazard for coastal zones in the area.

Owing to inter-annual changes in the region, like the ENSO phe-
nomenon, which significantly affects certain areas of the LAC coasts,
long-term trends in Mean Sea-Level data were computed using two
different techniques: local regression and the Trend-EOF technique.
Results were similar for most of the study area and in accordance
with previous works at a global scale. However, the Trend-EOF ap-
proach provides a more uniform estimate for the whole region while
revealing a lower trend in the tropical Pacific coast, consistent with
trends calculated using local regression.
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Fig. 15. (a) Sea-level time series at a point on the Pacific coast (77.82°W, 10.70°S) (black line), and time series reconstructed using the linear regression model with the Nifio3 index
(red line); (b) dispersion graph and regression line between the Nifio3 index and Mean Sea-Level (mm), predicted response 95% confidence intervals are represented by dashed red
lines; (c) average annual contribution to Mean Sea-Level (mm) per unit of Nifio3 index (standardized index).

Storm surge monthly maxima were analyzed with a non-stationary
extreme value model based on a GEV distribution accounting for
long-term trends in location and scale parameters. An increasing SS
trend of around 5 mm/year was found at the Rio de la Plata margin, pre-
cisely where Storm Surge events are of greatest concern. This is likely
related to reported changes in the storm activity in the Southern Hemi-
sphere (e.g., Fyfe, 2003). However, this analysis does not permit us to
state if there is a linkage to climate variability indices since these were
not included in the extremes model.

Building hourly time series of Total Sea-Level for the period 1950 to
2008 by aggregating the three components, the resulting data were
analyzed with the non-stationary extreme analysis approach to iden-
tify long-term trends, which varied on average from 2 mm/year to
7 mm/year. The quantile associated with a 50-year return period
was then computed and showed that it has been changing during
the last decades due to modifications in probability density functions,
which were spatially variable. Larger relative changes may be occur-
ring in the southern Caribbean, notwithstanding the fact that the

hurricane tail of the distribution is not properly modeled in this anal-
ysis and that the largest changes in magnitude are found in the Rio de
la Plata area. Indeed, up to 7 mm/yr were detected in storm surge past
events in Rio de la Plata because of a clear translation in the mean
value of the extreme probability density function. Meanwhile, in the
Caribbean the probability density function of extremes of total sea-level
are widening and translating, leading to higher probability for extremes.

El-Nifio events are widely known to influence sea-levels in the
Pacific Ocean. The highest historical event (1998) was in the same
order of magnitude as the long-term change in Mean Sea-Level
detected over the last 6 decades in the study region. This sets off the
effects that variations in the ENSO phenomenon could entail as sug-
gested by recent studies. In fact, a clear correspondence was found
through a simple regression model between Mean Sea-Level and the
Nifio3 climate index, which in turn explained more than 65% of the
variance in the signal and seemed to have an effect of over 30 mm
per unit of standardized index in the tropical Pacific coast of LAC.
The high tail of the Storm Surge distribution seems also to be related
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to this and other climatic patterns but its assessment falls out of the
scope of this work and was hence not evaluated.
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