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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 
FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

Ocean and Earth Sciences 

Thesis for the degree of Doctor of Philosophy 

SEA-LEVEL VARIABILITY IN THE CARIBBEAN SEA OVER THE LAST CENTURY 

Rafael Ricardo Torres Parra 

Mean sea level rise exposes coasts to increasing risks. For the Caribbean Sea, 
the regional and local sea-level behaviour is not well known. This study has 
investigated the sea level behavior in the region at different frequencies during 
the last century, to provide updated, accurate and useful information to 
implement coastal adaptation responses to sea-level hazards. Time series from 
28 tide-gauges, 18 years of altimetry and various atmospheric and 
oceanographic climatologies have been used. Several new results have been 
found. The small Caribbean tides have significant long-term modulations. The 
net effect of the low frequency modulation of the tidal signal can change the 
maximum tidal range up to 23.5%. The seasonal sea level cycle is characterized 
by large spatial and temporal variability. The amplitude of the coastal annual 
harmonic ranges from 2 cm to 9 cm, peaking between August and October. 
The amplitude of the semi-annual harmonic has maximum amplitude of 6 cm 
but it is not significant at all stations. The barometric effect dominates the 
coastal semi-annual cycle, but it is insignificant in all the other sea level 
frequencies at the tide-gauges. The seasonal sea level cycle from altimetry 
confirms the results obtained from the tide-gauges and allows the 
identification of some dominant sea level forcing parameters such as the 
Panama-Colombia gyre driven by the wind stress curl and the Caribbean Low 
Level Jet modulating the sea level in the northern coast of South America and 
linked to the local upwelling. The basin average mean sea level rise from 
altimetry is 1.7±1.3 mm yr-1 for the period 1993-2010. Wind forcing changes 
causes the trends in the southern part of the basin, modulating the sea level 
through changes in the ocean circulation. Significant spatial and decadal 
variability of the trends is found. Secular coastal sea-level trends range from 
1.3±0.2 mm yr-1 in Magueyes, where the steric contribution dominates, to 
5.3±0.3 mm yr-1 in Cartagena, where other contributors including local vertical 
land movements are significant. Temporal changes in the sea level extremes 
are significant but in line with mean sea-level trends at each tide gauge. With 
the annual mean sea level removed, extremes range between 36 cm and 79 
cm, the later recorded in Port Spain and caused by the largest tidal signal. The 
largest nontidal residual is 76 cm found in Magueyes, forced by a hurricane 
induced storm surge, however larger surges can occur in the basin. The 
interannual sea level signal and nontidal extremes correlate with El Niño-
Southern Oscillation at different time and spatial scales. No correlation with the 
North Atlantic Oscillation is found at any frequency. The largest sea flooding 
probability in the Caribbean coasts is around October, when the different sea 
level contributors’ maximums interact. These sea flooding events are going to 
became more frequent in the future due to the secular mean sea level rise 
affecting the basin. 
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1. INTRODUCTION 

1.1 General 

Observed effects of climate change on coastal systems vary regionally and 

include ocean acidification, altered frequencies and intensities of extreme 

weather, relative sea-level rise, sea surface temperature rise, enhanced erosion 

and ecosystem losses; however sea-level rise dominates the literature on 

coastal hazards (Nicholls et al., 2007). Sea-level rise could affect 23% of the 

world’s population living both within 100 km distance of the coast and 

beneath 100 m above sea level (Small and Nicholls, 2003). Besides global sea 

level mean is a valuable tracer of climate change. Thus, sea level is one of the 

most important variables to monitor in the ocean because of its impact on 

human welfare.  

Sea level is also a complex variable to explain as it reflects physical and 

dynamic processes which can change in time and influence all spatial scales. 

Observed sea level includes the contribution of the tides, meteorological surge 

as well as seasonal, interannual and secular changes in sea level driven by 

different causes. Thermal expansion and the exchange of water between 

oceans and other reservoirs have lead to a global mean sea-level rise between 

1900 and 2010 in a rate of 1.7 ±0.2 mm yr-1; however considerable decadal 

and regional variability occur due to temporal and spatial variability of these 

processes as well as the local contribution of oceanic factors such as changes 

in ocean circulation (Rhein et al., 2013).  

As measured by satellite altimetry, for the period of 1993 to 2010, global 

mean sea-level raised 3.2 ±0.4 mm yr-1, consistent within uncertainties with the 

observational budged with contributions from thermal expansion and mass 

addition together of 2.8 ±0.6 mm yr-1. Vertical land movements such as those 

resulting from glacial isostatic adjustment (GIA), tectonics, subsidence and 

sedimentation also influence local sea level measurements. These movements 
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are less important as a source of sea level change at regional or global scales. 

There is also evidence of other global changes in sea level components such as 

an increase in the occurrence of extreme high water worldwide, caused 

primarily by an increase in mean sea-level (Church et al., 2013). 

1.2 Justification 

Global sea-level change and its contributors are now better known. However 

regional sea-level change is a significantly more complex problem in areas 

such as the Caribbean Sea where sea-level behaviour, variability and forcing are 

not well understood. 

In addition, coasts are being exposed to increasing risks as a 

consequence of sea-level rise as well as increasing human-induced pressures. 

To overcome these risks and failing mitigation efforts, adaptation measures 

should be put in place, as adaptation costs are much less than the costs of 

inaction; but taking such measures in developing countries will be more 

challenging due to constraints on adaptive capacity (Nicholls et al., 2007). In 

particular the Caribbean Sea is a high risk area (Nicholls and Cazenave, 2010) 

comprised by developing countries which need to raise awareness on present 

and future sea level hazards and transform this knowledge into adequate 

coastal planning. Some of these developing countries are also small island 

states with higher vulnerability to sea-level rise.  

The first step toward planning coastal adaptation responses against sea-

level induced risks is to understand how sea level changes in the region, and in 

particular to understand which of the changes are sensitive to climate change. 

The sea level risks are associated both with changes in mean sea level, a 

relatively slow process, but also with changes in the sea level extremes, thus 

the different sea level contributing frequencies have to be assessed. Accurately 

evaluating the sea level hazards will ensure proper response in accordance to 

the resources that will be protected. The Caribbean is one of the world’s most 

tourism-dependent regions, thus coastal infrastructure in terms of tourism 

assets together with low income settlements, ports and cultural heritage sites 

require special attention in the estimates of future sea level risks.  
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1.3 Objectives and Structure 

The overall aim of this PhD research is to assess sea level behaviour in the 

Caribbean Sea and how it has changed during the last century. To achieve this 

goal the dissertation approaches the sea level problem in terms of frequency. 

Thus, the assessment of sea level signal in the Caribbean Sea is divided into 

the following objectives: (i) analyze the tides and associated long-term 

modulations; (ii) analyze the seasonal sea level cycle; (iii) analyze the sea-level 

interannual variability and trends; (iv) analyze the sea level extremes, including 

the contribution from the previous components as well as an assessment of 

the intra-seasonal variability. The spatial and temporal changes are assessed in 

each of these sea level components. Furthermore, it analyzes the contributing 

forcing parameters that explain some of the observed sea level changes. From 

a broad perspective, this thesis seeks to raise awareness on sea level hazards 

in the Caribbean basin and provide updated and accurate information on the 

sea level signal useful to the implementation of coastal adaptation responses. 

This thesis is organised in eight chapters. Chapter 2 presents a 

description of the Caribbean Sea, its climate and ocean dynamics. General 

methodology and data sources used are outlined in chapter 3. Results from the 

four sea level components are described in chapters 4.5, 6 and 7, including a 

literature review of the specific components with an emphasis on what is 

known in the Caribbean Sea as well as the specific methodology used for each 

component. Chapters 4, 5 and 6 incorporate material published in the Journal 

of Geophysical Research as the result of work done entirely while in 

candidature for this doctorate degree. Conclusions and future work are 

included as synthesis in chapter 8. 
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2. AREA OF STUDY 

This chapter provides a description of the Caribbean Sea including the 

topographical characteristics, climate and ocean dynamics in the basin as 

presently known. All of these factors affect sea level on different spatial and 

temporal scales. A description of the sea level signal in the Caribbean basin is 

not included in this chapter, as a comprehensive literature review is presented 

for each of the contributing frequencies assessed in Chapters 4 through 7. 

2.1 Basin Description   

The Caribbean Sea is a semi-enclosed sea surrounded by South and Central 

America landmasses in the south and west, and is separated from the Atlantic 

Ocean by the Greater Antilles in the north and the Lesser Antilles in the east. It 

spans over ~3500 km of longitude and ~2500 km of latitude (Andrade and 

Barton, 2000). It is divided into five basins, the Granada and Venezuelan Basins 

in the Eastern Caribbean, the Colombian Basin in the Western Caribbean, and 

the Cayman and Yucatan Basins in the Cayman Sea. The Caribbean Sea mean 

depth is ~2600 m with maximum values in the Cayman Basin which exceed 

7000 m. The Caribbean Sea surface extension is ~2.52x106 km2; it has a 

volume of about 6.48x106 km3, about twice as large as that of the 

Mediterranean Sea (Sheng and Tang, 2003). The area of study is presented in 

Figure 2.1. 

2.2 Climate 

The Caribbean Sea atmospheric seasonal variability is dominated by the 

position of the Inter-Tropical Convergence Zone (ITCZ) which controls wind and 

precipitation (Andrade, 2000; Poveda et al., 2006). When the ITCZ is at its 

southernmost position (December-April), the North Trade Winds (Easterlies) 
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dominate the region with daily average wind speeds of 8 m s-1, corresponding 

to the dry and windy season (Figure 2.2-a). When the ITCZ is at its 

northernmost position, it weakens the North Trade Winds, allowing the 

Southern Trade Winds to reach the Colombian Basin (Figure 2.2-c). This is 

known as the rainy season because the low pressure, associated to the ITCZ, 

promotes high precipitation in the basin. The rest of the year is transitional 

between these seasons (Figure 2.2-b). 

The Caribbean climate is also affected by the mid-summer drought (MSD). 

Over the southern part of Mexico and Central America, the seasonal 

precipitation cycle exhibits a bimodal distribution with one maxima during 

June and other in September-October, while a relative minimum during July and 

August, known as the mid-summer drought (Magaña et al., 1999). Gamble and 

Curtis (2008) reviewed the bimodal precipitation pattern in the Caribbean, 

showing that the mid-summer drought modulates the entire Caribbean Sea 

with timing and strength variability. They suggested that the most accepted 

theory as to the cause of the Caribbean mid-summer drought was the 

intensification and expansion of the North Atlantic Subtropical High, as it 

generates stronger trade winds, cooling the sea surface temperatures, 

increasing subsidence and therefore reducing rainfall.  

The surface wind field in the Caribbean is dominated by the Northern 

Trade Winds. A permanent and intense westward wind, known as Caribbean 

Low Level Jet (CLLJ), has its core in the centre of the basin (~15ºN, 75ºW) and 

exhibits large spatial and temporal variability; the Caribbean Low Level Jet wind 

exhibits two wind maxima, one in July and the other in January-February 

(Andrade, 2000; Poveda et al., 2006; Amador, 2008). This semi-annual 

variation of the Caribbean Low Level Jet seems to be associated to the 

modulation of the sea-level pressure in the Caribbean, driven by the North 

Atlantic Subtropical High (Wang and Lee, 2007), and consequently to the mid-

summer drought. Wind stress is a major forcing of regional oceanic circulation 

(Andrade, 2000). 

Figure 2.3 illustrates the seasonal cycle of the most important 

atmospheric variables: air temperature, precipitable water content, sea level 

atmospheric pressure and wind speed based on the National Center for 

Environmental Prediction and the National Center for Atmospheric Research 

(NCAR/NCEP) reanalysis dataset from 1948 to 2010. The seasonal cycle is 

computed for the Caribbean Sea and Cayman, Venezuela and South Colombia 
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Basin sub-regions as shown in Figure 3.1. The air temperature (Figure 2.3-a) 

annual cycle is related to the heat exchange cycle with the atmosphere. It 

shows high values in summer and low values in winter. The cycle range in the 

Cayman sub-region is the largest (~3 ºC) while the cycle range in the South 

Colombia Basin is the smallest (~1 ºC). The precipitable water content (Figure 

2.3-b) shows the rainy season from May to October as well as the mid-summer 

drought in July for the entire region. Higher values (indicating higher 

precipitation) are in the South Colombia Basin. The sea level atmospheric 

pressure (Figure 2.3-c) shows bimodality with high pressure in the dry months 

from December to March and in July related to the mid-summer drought. The 

sea level atmospheric pressure is lower in the South Colombia Basin as this is 

the sub-region with the highest rainfall. The wind speed (Figure 2.3-d) shows in 

all the sub-regions the bimodality pattern, with stronger winds from December 

to March and in June and July due to the mid-summer drought. When compared 

the three sub-regions, the Venezuela Basin and Cayman Sea are close to the 

Caribbean mean with slightly stronger (weaker) winds in the former (later). The 

South Colombia Basin exhibits the largest annual range (~ 5.5 m s-1) while the 

annual range in the other sub-regions is about 3 m s-1. 

The thermohaline variability in the Caribbean Sea is due to atmosphere-

ocean surface heat and freshwater fluxes, advection-diffusion by currents and 

freshwater runoff. Dessier and Donguy (1994) did not find the halosteric 

variability at the Venezuela Basin in phase with the rainfall cycle, therefore it is 

probably related to the advection of the Amazon and Orinoco freshwater 

plumes, as these plumes extends seasonally reaching the eastern Caribbean 

from August to November (Muller-Karger and Castro, 1994; Chérubin and 

Richardson, 2007). However these fresh water plumes might have low effect on 

the other basins as no correlation between the sea surface salinity (SSS) and 

the Amazon discharge was found by Hellweger and Gordon (2002) in the 

central Caribbean Sea (75⁰W).  

Freshwater runoff is significant in the South Colombia Basin, where the 

two largest rivers which discharge directly into the Caribbean Sea have a mean 

annual water discharge of 7200±2000 m3s-1 (Magdalena River) and  2700±700 

m3s-1 (Atrato River) (Restrepo and Kjerfve, 2000b; Restrepo and Kjerfve, 2000a). 

However, studies of the freshwater budget in the Caribbean Sea show a water 

loss over the entire Caribbean basin caused by an excess of evaporation over 

precipitation (74 cm yr-1) not compensated by river discharge; conversely the 
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heat budget show that oceanic heat storage rate in the Caribbean is related 

primarily to convergence and divergence of heat transport (Etter et al., 1987; 

Yoo and Carton, 1990).  

The Caribbean climate exhibits large interannual variability associated 

with the El Niño-Southern Oscillation – ENSO (Enfield and Mayer, 1997; Poveda 

et al., 2006; Amador, 2008). Thus the climate in the Caribbean Sea proofs to 

be complex and with significant spatial and temporal variability. Even though 

significant advances toward the understanding of the climate in the region 

have been achieved in the last decades, still a debate is in progress on the 

forcing, structure, onset and variability of winds and precipitation patterns. 

2.3 Ocean Dynamics 

The Caribbean Current, the main current in the Caribbean Sea, begins where 

the Guyana Current flows into the Lesser Antilles and continues westwards 

along the northern coast of South and Central America. As the current flows 

north through the Yucatan Channel, it is renamed the Yucatan Current. Once in 

the Gulf of Mexico, the current is named the Loop Current which travels north 

through the Straits of Florida into the Gulf Stream System (Jouanno et al., 

2008). The Caribbean Current is therefore the primary source of the Gulf 

Stream (Richardson, 2005).  

Studies of the Caribbean Sea dynamics have been based on surface 

drifters (Molinari et al., 1981; Fratantoni, 2001; Centurioni and Niiler, 2003). 

Richardson (2005) studied the Caribbean Current and eddies from the 

observation of 212 drifting buoys during 8 years describing the following 

dynamics: the main Caribbean Current has a westward flow (>25 cm s-1) 

through the southern part of the Eastern Caribbean, and a second band of 

westward velocity (25-30 cm s-1) south of Hispaniola, which merged with the 

main southern Caribbean Current near 75ºW; the current mean flow is 

indistinguishable in some areas due to large time dependent fluctuations 

primarily due to eddy motions; there are two regions where mean flow 

dominates over the eddies: the quasi-permanent cyclonic Panama-Colombia 

Gyre in the southern Colombia Basin, and in the Cayman Sea where the 

currents flow westward parallel to Honduras’ coast and then turned north 

following the Central America landmass toward the Yucatan Channel. In Figure 
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2.4 mean velocity vectors calculated from surface drifters’ velocity show the 

mesoscale circulation in the Caribbean Sea as described by Richardson (2005). 

The Panama-Colombia Gyre dominates the circulation in the south of the 

Colombia Basin (Mooers and Maul, 1998; Andrade and Barton, 2000), but its 

structure and variability is not well understood. Since early oceanographic 

studies in the region, the upwelling in the southern Caribbean has been 

recognized due to divergences produced by the wind stress (Gordon, 1967). 

The upwelling circulation occurs mainly in two areas, around Margarita Island 

on the Venezuelan coast and on the northern Colombian coast (Figure 2.1); the 

upwelling has a strong spatial variability related to the alongshore component 

of the North Trade Winds (Muller-Karger and Castro, 1994; Andrade and 

Barton, 2005; Lonin et al., 2010). 

The mesoscale circulation and eddy variability in the Caribbean Sea has 

been also described on the basis of satellite altimetry (Nystuen and Andrade, 

1993; Carton and Chao, 1999; Andrade and Barton, 2000; Alvera-Azcarate et 

al., 2009) and numerical experiments (Carton and Chao, 1999; Murphy et al., 

1999; Johns et al., 2002; Oey et al., 2003). Jouanno et al. (2008) studied the 

ocean dynamics in the Caribbean using a 1/15º general circulation model 

embedded in a coarse 1/3º North Atlantic grid. Descriptions of the mean flow, 

and eddy field were included. They found strong dynamical differences among 

basins, as the strength of baroclinic eddies increased westward from the Lesser 

Antilles to the Colombian Basin. The mesoscale variability in the Cayman Basin 

was deeper and less energetic than the mesoscale variability in the Colombia 

and Venezuela Basins.  

Johns et al. (2002) described the Atlantic inflow to the Caribbean Sea 

summarizing all available data from the nine passages along the Antilles with 

sill depths greater than ~400 m. They also calculated the inflow distribution 

resulting from a purely wind-forced numerical model, as well as with an 

additional 14 Sv from the Meridional Overturning Cell –MOC. Observations 

were in good agreement with model simulation when the MOC was included 

(Figure 2.5). The total Caribbean inflow estimated by observations was 

calculated in ~28 Sv (1Sv=106 m3/s). From south to north: ~10 Sv enter through 

the Windward Islands passages (Grenada, St. Vincent and St. Lucia, shown in 

Figure 2.1); ~8 Sv enter through the Leeward Islands passages (Dominica, 

Guadeloupe, Antigua and Anegada); and ~10 Sv enter through the Greater 

Antilles passages (Windward and Mona). The observed outflow through the 
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Yucatan Channel is also ~28 Sv. They concluded that the wind-driven inflow to 

the Caribbean from the subtropical gyre (Sverdrup theory) occurs mainly north 

of 15ºN, while the 14 Sv MOC flow enters the Caribbean mainly through the 

Windward Island passages. Therefore the large transport observed in these 

passages is attributable to the thermohaline forcing. 
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Figure 2.1. The Caribbean Sea main topographic features. The 100 m, 1000 m and 3000 m isobaths are shown. 
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Figure 2.2. Intertropical Convergence Zone. Positions for (a) dry and windy 
(Dec-Apr) (b) transition (May-Jul and Nov) and (c) rainy and calm (Aug-Oct) 
seasons. Adapted from Andrade (2000) 
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Figure 2.3. Atmospheric variables seasonal cycle from the NCAR reanalysis dataset for the period 1948-2010. (a) Air temperature 
in degrees Celsius; (b) Precipitable water content in kg m-2; (c) Sea level pressure in hPa; (d) Wind speed in m s-1. The seasonal cycle 
is computed for the Caribbean Sea and Cayman, Venezuela and South Colombia Basin sub-regions as shown in Figure 3.1. The 
error bars corresponds to one standard deviation mean.  
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Figure 2.4. Mean velocity vectors calculated from surface drifters’ velocity values in ½ degree bins. The swift Caribbean Current is 
shown by red vectors (>25 cm s-1). Adapted from Richardson (2005) 
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Figure 2.5. Comparison of the observed Caribbean passage transports with 
mean (10-year average) transports from the combined wind/MOC-forced model 
simulation. Values in Sverdrups. Source: Johns et al. (2002).  
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3. DATA SOURCES AND GENERAL 

METHODOLOGY 

This chapter presents the data sources used in this research and is divided into 

three sections: Section 3.1 describes the tide-gauge time series used to assess 

the sea level behaviour at different frequencies from two coastal sea level data 

sets, and the quality controls undertaken; Section 3.2 references the open 

ocean sea level data (sea surface height) used, which is measured by satellite 

altimetry; other databases with atmospheric and oceanic climatologies used to 

assess the behaviour, variation and forcing of the sea level components are 

presented in Section 3.3. General methodology used in more than one chapter 

is presented in Section 3.4. Specific methodology used for each component 

assessment is included in the corresponding chapter. 

3.1 Tide gauges 

The study of sea level and the tides has developed from the primitive ideas of 

the first civilizations to more sophisticated means based on the computers and 

space technology of today (Cartwright, 1999). Coastal sea level was measured 

originally by tidal poles and subsequently by tide-gauges against a benchmark 

on land as frame of reference. A comprehensive description of the nature of 

sea level variations, instruments, datum control, quality control, among others 

can be found in IOC (2006).  

Two coastal sea level databases were used. The University of Hawaii Sea 

Level Center (UHSLC; www.soest.hawaii.edu/UHSLC/) maintains a worldwide 

database of tide-gauge records from individual stations, including some from 

the Global Sea Level Observing System (GLOSS) network. They include a 

“Research Quality Database”, in which the sea-level records have been quality 

controlled as described by the quality assessment policy 
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(ftp://ilikai.soest.hawaii.edu/rqds/policy.dmt) with a report available for each 

station, which includes changes of instrumentation and changes in the location 

of the tide-gauges. The series are available as hourly observed data, as well as 

monthly and annual means. 

The other tide-gauge database used is from the Permanent Service for 

Mean Sea Level (PSMSL; http://www.psmsl.org/) who maintain and supply the 

mean sea level data for GLOSS, available in monthly or annual mean values. 

The quality control is addressed in accordance with the GLOSS sea level data 

quality control (http://www.gloss-sealevel.org/data/). The PSMSL data are 

distinguished in ‘metric-only’ and ‘revised local reference –RLR’ holdings, the 

latter of which include datum information, thus it is recommended for time 

series analysis. Metric-only data can be longer than RLR data for some stations 

if benchmark information is missing for some years. 

Hourly data from 13 tide-gauges (circles in Figure 3.1) were used for the 

tides and sea level extremes assessments. Available tidal records from the 

stations span the periods shown in Table 4.1; in the case of Cartagena a 

change of the tide gauge location has led to the sea level records being 

separated into two time series. The range of years of the records and 

percentage of the available sea level hourly data is shown in Table 7.1. 

Additional quality control tests on the hourly data in order to remove spurious 

values, identify jumps and detect timing errors were conducted. Besides, 

quality control tests were performed on the hourly nontidal residual. Years with 

less than 50% of data were omitted from the analysis. The quality controlled 

hourly tide gauge time series are shown in Figure 3.2; for the sea level 

extremes assessment, Cristobal record was extended to 2009 as new data 

became available. Five of the stations have data longer than 20 years and 

permitted the study of the nodal cycle and the sea level extremes temporal 

variability. These stations are: Cristobal and Cartagena located in the South 

Western Caribbean; Puerto Cortes in the Cayman Sea; and Lime Tree and 

Magueyes in the Eastern Caribbean (Figure 3.1).  

Mean monthly values from 27 tide gauges stations with more than 5-

years of data (stars in Figure 3.1) were used to assess the sea level seasonal 

cycle; from these, the 19 stations with more than 10 years of data (squares in 

Figure 3.1) were used to assess the sea-level trends and interannual variability. 

Table 3.1 summarizes the location of the tide gauges and the mean monthly 

data availability. The quality controlled mean monthly time series and data 
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sources are presented in Figure 3.3. The monthly tide gauge time series were 

quality controlled as follows. The PSMSL data was compared with those of the 

UHSLC to ensure consistency between the time series. Outliers were identified 

and removed. For each station, the time series were compared to those of 

nearby tide-gauges or to the nearest altimetry point (after 1993) to ensure that 

there were no datum shifts.  

Although for the seasonal analysis the datum continuity is not as 

important as it is for the sea-level trends assessment, datum shifts at all 

stations were evaluated because the temporal variability and forcing of the 

seasonal harmonics was also assessed in overlapping segments differing by 

one month. Datum problems were identified at four stations and in all cases 

occurred after gaps in the records. To correct these datum shifts, the segments 

of the fractured record were adjusted by comparing each segment with the 

corresponding values (same period) of the nearest tide gauge (or altimetry 

point) on the reference time series. Each segment and the reference time series 

had the seasonal cycle removed before the comparison. This process enabled 

the adjustment of the various segments of the fractured time series so that the 

difference of the mean value of each segment from the mean value of the 

corresponding segment of the reference record was calculated before and after 

the data gap. The trend of the reference station was not removed so this 

process imposes that trend onto the fractured time series. However as the 

trend of the fractured time series is unknown this is a reasonable 

approximation. Figure 3.4 illustrates the method as performed in Cristobal. 

The following stations had the datum of their various segments adjusted: 

Riohacha was adjusted to Cartagena (-9.2 cm after 1970). Three stations were 

adjusted by comparison of the time series from the nearest altimetry point. 

These were Cristobal (9.5 cm, after 1996), Cabo San Antonio (-6.8 cm after 

1999) and North Sound (3.3 cm after February 1999). Altimetry records are 

routinely corrected by use of the inverse barometer correction. The inverse 

barometer effect was also removed from the tide gauge series before the 

adjustment of the segments was performed in order to ensure the sea level 

data were comparable. 
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3.2 Altimetry 

Satellite missions have been estimating sea level (ocean topography) in the 

open-oceans successfully since the Seasat mission in 1978. However they 

became accurate enough only after 1992 with the launching of 

TOPEX/POSEIDON. Satellites estimate the Sea Surface Height (SSH) relative to a 

geodetic reference frame (classically a reference ellipsoid). This is achieved by 

knowing very accurately the satellite position and by measuring the satellite to 

surface round-trip time of a radar pulse. However ocean topography, usually 

referred to as dynamic topography, estimates the height of the sea surface (as 

a constant pressure surface) with respect to the geoid (a constant geopotential 

surface). Ocean topography is of primary interest for oceanographic 

applications as it is a consequence of dynamical processes that cause the 

ocean to move (e.g. ocean currents, tides, etc.). 

The Absolute Dynamic Topography (ADT) is obtained from the Sea 

Surface Height (SSH) after removing the geoid undulations about the ellipsoid, 

the tidal height variations and the ocean surface response to atmospheric 

pressure loading. In practice the tidal and atmospheric pressure corrections 

are modelled and corrected to the measured Sea Surface Height (SSH). However 

the most limiting factor is uncertainty in the height of the geoid undulations 

(Fu and Le Traon, 2006). To reference the sea surface to the geoid, the Sea 

Level Anomaly (SLA) is calculated from the Sea Surface Height (SSH) subtracting 

a several years Mean Sea Surface (MSS), which is referred to the ellipsoid and 

maintains the seasonal variability. Subsequently, the Mean Dynamic 

Topography (MDT) is calculated by subtracting the geoid undulations to the 

Mean Sea Surface (MSS). In consequence, the Absolute Dynamic Topography 

(ADT) is obtained by adding the Mean Dynamic Topography (MDT- ocean 

topography due to permanent currents) referred to as the geoid and the Sea 

Level Anomaly (SLA) referred to as the Mean Sea Surface (MSS). A 

comprehensive review of altimetry applications can be found in Fu and 

Cazenave (2001). 

Maps of Absolute Dynamic Topography (DT-MADT) produced by 

SSALTO/DUACS and distributed by AVISO with support from CNES “Reference” 

series (1993-2010) were used. The dataset combines fully processed data from 

various altimetric missions (Topex/Poseidon, ERS-1/2, Jason-1, Envisat and 

OSTM/Jason-2) on a 1/3º global Mercator grid. A full description of the product 
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can be found in the “SSALTO/DUACS User Handbook” (CLS-DOS-NT-06.034 Iss: 

2.1 – date 24/09/2010 – Nomenclature: SALP-MU-P-EA-21065-CLS). The 

product is corrected for ocean tide, pole tide, S
1
-S

2
 atmospheric tides, solid 

earth tide, loading tide and inverse barometer effect, amongst others. Weekly 

maps were used to assess mesoscale eddies in the sea level extremes analysis 

after the mean, trend and seasonal cycle were removed fitting a regression. For 

the sea level seasonal cycle, trends and interannual variability assessment, 

monthly means for each grid point were calculated from the weekly values 

based on the number of days in each month. 

The 95% error associated with a 10-day mean sea level estimate is ~8 

mm; however to correct instrumental bias and drifts, satellite measurements 

are calibrated with tide-gauge data (Bindoff et al., 2007). New satellite missions 

and other calibration activities have improved the altimeter measurements 

through time (Nerem et al., 2010). As shown by Ablain et al. (2009), the mean 

sea level drift derived from altimeter and tide-gauge comparisons is about 

0.3±0.5 mm yr-1, thus in agreement with scientific objectives. 

3.3 Climatologies 

Monthly temperature and salinity data for the period 1950 to 2010 from the 

EN3_v2a dataset (Ingleby and Huddleston, 2007) were used to estimate the 

steric height between the sea surface to the reference depth (Section 3.4). The 

EN3 dataset has a resolution of 1º latitude/longitude grid with 42 levels in the 

vertical. It uses a damped persistence forecast based on observations from 

various sources (World Ocean Database 2005, The Global Temperature-Salinity 

Profile Program, Argo project and others; see 

http://www.metoffice.gov.uk/hadobs/en3/en3_data_sources.html) and relaxes 

to climatology in the absence of observations. The data were downloaded from 

the Met Office Hadley Centre for Climate Change 

(http://hadobs.metoffice.com/en3/data/EN3_v2a/download_EN3_v2a.ht

ml). The ability to estimate the steric variability in the region depends on the 

observations available for the data assimilation in the EN3_v2 dataset (Ingleby 

and Huddleston, 2007).  

The dataset used contains all the data from international sources. 

However an analysis of the available data demonstrates that both the 

temperature and salinity are poorly sampled in the Caribbean Sea. For the 
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satellite period 1993-2010 there are, on average, 63 temperature and 10 

salinity measurements per 1ºx1º cell per year for the entire water column. For 

temperature, 47% of the data are above 200 m depth, 51% between 200 m and 

800 m depth, and 2% below 800 m depth, while for salinity the percentages of 

data are 42%, 50% and 8% respectively. Consequently the EN3_v2 dataset was 

used to calculate the steric seasonal cycle, focused on the contribution over 

the top 185 m (seasonal pycnocline) as this is the best sampled layer, and it is 

also expected to contain the main temperature and salinity seasonal variability 

in the water properties.  

The steric contribution to the sea-level trends and interannual variability 

was also assessed because at low-frequency, regional sea-level changes 

depend partially on steric (temperature and salinity) variability. On multi-

decadal time scales, the full oceanic water column is expected to influence 

spatial patterns in sea-level trends (Wunsch et al., 2007). Because of this 

argument and because of the fact that deeper waters are under-sampled the 

steric effect above 800 m was calculated. Besides, changes in the heat fluxes 

with the atmosphere affect mainly upper waters except where intermediate and 

deep water formation take place. Thus, the steric contribution was also 

calculated from the top 185 m in order to separate the contribution of the 

upper waters to sea-level trends. 

In addition, for the seasonal cycle assessment, monthly mean values of 

sea level pressure, zonal and meridional wind, air temperature and precipitable 

water from the NCEP/NCAR reanalysis data (Kalnay et al., 1996) 

(http://www.esrl.noaa.gov/psd/) were used. The resolution of this dataset is 

2.5º x 2.5º and series are available from 1948 to the present. The meridional 

difference of wind speed in the South Colombia Basin (Figure 3.1) was 

calculated by subtracting the wind speed averaged at the south (10ºN) from 

the wind speed averaged at the north (12.5º - 15ºN) of the area. The wind 

stress curl was computed by bulk formulation as previously done by Ruiz-

Ochoa et al. (2012) in the Colombian Basin. Monthly river outflow rates used in 

the seasonal cycle assessment are based on observations compiled by Dai et 

al. (2009) (http://www.cgd.ucar.edu/cas/catalog/surface/dai-

runoff/index.html). 

For the sea-level trends and interannual variability assessment 

atmospheric pressure, zonal and meridional wind data from the NCEP/NCAR 

reanalysis was also used. Besides, monthly surface wind components (1993-
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2010) at a better spatial resolution (0.25º) were obtained from the “Cross-

Calibrated Multi-Platform Ocean Surface Wind Velocity Product (CCMP)”, version 

L3.5A, downloaded from ftp://podaac-

ftp.jpl.nasa.gov/OceanWinds/ccmp/L3.5a/ (Atlas et al., 2010). This high 

resolution wind dataset was used to compute the Ekman transport and wind 

stress curl time series. For the global isostatic adjustment (GIA) correction, the 

ICE-5Gv1.2b (VM2) model (Peltier, 2004) was used. The theory for the 

correction applied can be found in Peltier (2002; 2009). The model provides 

three interrelated quantities. These are, first the rate of change in coastal sea 

level (DSea) which is used to correct tide gauges, second the rate of change in 

geoid height (DGeoid) used to correct altimetry and third, the rate of change in 

the variation of the local radius of the planet with respect to the centre of mass 

(radial displacement Drad). Note that DGeoid = Drad + DSea. DSea and Drad 

are essentially 180º out of phase, because where coastal sea level is falling, the 

surface of the solid Earth is rising. 

Climatic indices such as the North Atlantic Oscillation (NAO) downloaded 

from http://www.cru.uea.ac.uk/~timo/datapages/naoi.htm, were used. NAO 

indicates the difference in atmospheric pressure between Iceland (persistent 

low) and the Azores (persistent high) (Figure 3.5). A positive NAO shows a 

larger difference in pressure between them; it is one of the major features of 

the global climate system. The index has been extended from 1821 to 2010 

using atmospheric pressure observations from Gibraltar and south-west 

Iceland (Jones et al., 1997). In addition, various indices for the El Niño-Southern 

Oscillation (ENSO) were used (Figure 3.5). ENSO indicates the oscillation on 

inter-annual time scales of the ocean-atmosphere coupled system in the 

tropical Pacific, which affects weather around the globe. Depending on the Sea 

Surface Temperature – SST in the eastern equatorial Pacific, it has warm (El 

Niño) and cold (La Niña) phases. The equatorial Pacific SST anomaly 

(ERSST.V3B) with the base period 1981-2010 

(http://www.cpc.ncep.noaa.gov/data/indices/) was employed. They include: 

Niño 1+2 (0º - 10º South; 80º - 90º West); Niño 3 (5º North - 5º South; 90º - 

150º West); Niño 4 (5º North - 5º South; 160º East – 150º West); and Niño 3.4 

(5º North - 5º South; 120º - 170º West). Niño 3 indicates a mature phase (cool 

or warm) of ENSO in the eastern Pacific (Enfield and Mayer, 1997); Niño 4 has a 

relatively weak response to El Niño and Niño 1+2  has a relatively strong 

response to La Niña (Hanley et al., 2003). 
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3.4 General Methodology 

The observed sea level  which varies in time has been defined by the 

interaction of three terms: the mean sea level ; the tide  caused by 

gravitational forces of the moon and sun, which varies in periods from hours to 

years due to long term modulations (nodal and moon’s perigee cycles); and the 

meteorological surge , which physically is produced by changes in 

atmospheric pressure and forces due to wind stress (Pugh, 1987):  

  Equation 3.1 

The mean sea-level changes slowly with time Z t  and can be expressed 

as: 

 Equation 3.2 

this equation includes the long-term mean sea level ; a linear secular trend ; 

interannual variability  for changes in periods longer than a year not 

resolved by the trend;  and  for the annual and semi-annual cycles; the 

intra-annual variability  for changes in periods longer than 15 days but 

shorter than a year, not including the annual or semi-annual periods; and  

accounting for measurement errors and others terms not included in the 

equation. 

Chapter 4 describes the tidal component ( ) including the long-term 

modulations. The seasonal cycle (  and ) is assessed in chapter 5. Chapter 6 

describes the interannual variability ( ) and sea-level trends ( ). Sea level 

extremes from the observed sea level ( ) and nontidal residual 

 are discussed in chapter 7, including the contribution from the different 

sea level components shown in Equation 3.1and Equation 3.2.  

Change in sea water density is one of the physical factors responsible for 

mean sea-level variations ( ) at different frequencies. The steric height 

measures changes in density of a column of sea water due either to salinity or 

temperature variations, without a change of its total mass. The geopotential 

differences between the sea surface and a reference level are calculated to 

assess the density variations. Below this reference level (usually known as 

“level of no motion”), small changes in density are expected as it is assumed 

that geostrophic currents are zero. Geopotential  is the potential energy per 
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unit mass. The geopotential difference between two constant pressure surfaces 

(P1-P2) is: 

, , ,  Equation 3.3 

where 

, , 35,0,  Equation 3.4 

The specific volume  is composed of two parts: the specific volume of 

sea water with salinity of 35, temperature of 0ºC, and the pressure ; and the 

specific volume anomaly . Integrating the later gives the anomaly of the 

geopotential distance between the surfaces, called the geopotential anomaly 

∆Φ. 

∆    Equation 3.5 

Note that the geopotential anomaly is related to the integration of 

changes in density, called baroclinic changes. It has units of energy per unit of 

mass. The geopotential anomaly is divided by gravity to obtain the steric 

height in geopotential meters, nearly the same as geometric meters if the 

gravity has its near average value (Pond and Pickard, 1983).  

For chapter 4 and chapter 7, where hourly sea level data is used, the 

annual amplitude and phase lag of the tidal component were estimated on the 

basis of the t_tide software package developed by Pawlowicz et al. (2002). This 

package permits the estimation of tidal constituents together with confidence 

intervals and an option to apply nodal corrections. The tidal analysis was 

performed using calendar year records with the phase lag always relative to 

Greenwich Mean Time. More information of the software use is given in the 

methodology section of the two chapters. 

For chapter 5 and chapter 6, the trends, annual and semi-annual 

harmonics (Equation 3.2) were estimated by linear regression fitted to the 

monthly time series: 

cos Φ cos Φ , Equation 3.6 

where the observed monthly mean sea level ( ) is assumed to be accounted 

for a constant “long-term” mean value ( ) that does not change in time ( ), a 
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linear trend ( ), an annual and semi-annual cycle, each described by amplitude 

(  ) and phase lag (Φ  Φ ) respectively. Phases were measured in 

degrees relative to the 1st of January (0º). All errors were estimated at the 95% 

confidence level.  

The statistical significance of the explanatory variables in Equation 3.6 

and other multiple regressions used was assessed through an analysis-of-

variance (ANOVA) using the F-test to determine if each term of the model 

significantly improves the variance accounted for by the model. 

To assess the atmospheric pressure contribution to the coastal sea-level 

trends and seasonal cycle, the regression in Equation 3.6 was fitted to monthly 

tide gauge sea level series with and without correcting for the inverse 

barometer effect. The inverse barometer effect assumes a 1 cm of sea level 

increase or decrease for respective decrease or increase of 1 hPa of 

atmospheric pressure. The pressure variations were derived from the monthly 

NCAR/NCEP reanalysis from the nearest grid-point to each station. The inverse 

barometer correction has been routinely used and is claimed to be a good 

approximation as the response to pressure loading at periods longer than a 

few days (Ponte, 1994). No specific studies exist for the Caribbean Sea but 

although it is semi-enclosed sea, it is well communicated with the Atlantic 

Ocean with nine passages with depths over 400 m (maximum sill of ~1900 m 

at Anegada passage) and mean inflow of 28 Sv between Cuba and South 

America (Johns et al., 2002). Furthermore, applying the bulk approximation 

proposed by Lascaratos and Gačić (1990), it is found that geostrophic control 

in the Caribbean straits does not impose constraints to water exchanges 

through the straits at time scales longer than one day. Thus the inverse 

barometer effect correction applied seems to be an adequate approximation in 

the basin at these frequencies. 
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Table 3.1. Tide gauge stations used in this study, their location and available 

mean monthly data. 

Station Name  

PSMSL 
ID  

Lat. 
N (º)  

Lon. 
W (º) 

 

Available Data  
Span 
years 

 
% of 
Data Beginning  End 

P. Limon b  552  10 83  1948 (9)  1968 (12)  20.3  95.1 

Cristobal b  169  9.35 79.9  1908 (5)  1996 (6)  101.7  86.9 

Cartagena b  572  10.4 75.6  1949 (1)  1992 (12)  44  90 

Riohacha b  714  11.6 72.9  1953 (1)  1976 (9)  23.8  95.8 

Amuay b  706  11.8 70.2  1953 (1)  1985 (12)  33  93.4 

La Guaira b  705  10.6 66.9  1953 (1)  1997 (12)  45  98.9 

Carenero  588  10.5 66.1  1949 (1)  1956 (9)  7.8  100 

Cumana b  570  10.5 64.2  1949 (1)  1977 (12)  29  99.1 

P. Piedras  1276  11 64.1  1970 (8)  1997 (12)  27.4  55 

Carupano  1165  10.7 63.3  1966 (11)  1987 (12)  21.2  100 

P. Spain  415  10.7 61.5  1984 (1)  1992 (11)  8.9  84.1 

Le Robert a   ------  14.7 60.9     

P. Pitre  1784  16.2 61.5  1991 (1)  2008 (12)  18  59.3 

Lime Tree b  1447  17.7 64.8  1977 (11)  2009 (12)  32.2  81.9 

Magueyes b  759  18 67.1  1955 (1)  2009 (12)  55  96.2 

Barahona  745  18.2 71.1  1954 (10)  1969 (12)  15.3  67.2 

P. Prince b  583  18.6 72.3  1949 (5)  1961 (12)  12.7  100 

Guantanamo b  418  19.9 75.2  1937 (6)  1971 (12)  34.6  89.9 

Port Royal b  744  17.9 76.8  1954 (4)  1971 (12)  17.8  99.5 

Cabo Cruz b  1910  19.8 77.7  2000 (1)  2009 (12)  10  90 

Casilda  587  21.8 80  1949 (1)  1956 (12)  8  100 

South Sound b  1426  19.3 81.4  1976 (1)  1996 (10)  20.8  87.6 

North Sound b  1422  19.3 81.3  1976 (1)  2003 (8)  27.7  89.2 

C. San Antonio b  1297  21.9 84.9  1971 (7)  2009 (10)  38.3  76.7 

Santo Tomas b  1080  15.7 88.6  1964 (1)  1983 (12)  20  85.4 

P. Cortes b  557  15.8 87.9  1948 (2)  1968 (12)  20.9  98 

La Ceiba  974  15.8 86.8  1960 (1)  1968 (12)  9  100 

P. Castilla b  779  16 86  1955 (9)  1968 (12)  13.3  100 
a Le Robert does not have PSMSL identification number and only the hourly data 
was used as it has less than 5 years of available data after the quality control. 
b Stations used for the sea-level trends and interannual variability assessment. 
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Figure 3.1. Location of the tide gauges used in this study. Name and PSMSL identification number, except for Le Robert as time 
series is only available in UHSLC. Location of six sub-regions used in the seasonal cycle assessment: Cayman, Venezuela, South 
Colombia Basin, Panama-Colombia gyre (PCG), Eastern South Colombia Basin (ESCB) and North coast of South America (NSA). 
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Figure 3.2. The quality controlled hourly tide gauge data available in the 
Caribbean Sea. In red, period extended for the sea level extremes assessment 
in Cristobal.  
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Figure 3.3. The quality controlled monthly tide gauge data available in the 
Caribbean Sea. Colours indicate the source of the data. The vertical gray line 
indicates the beginning of altimetry data (1993).  
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Figure 3.4. Datum correction in Cristobal sea level time series. (a) Original time 
series. (b) Time series after the datum correction. In red time series recorded in 
Coco Solo and in blue time series recorded in Limon Bay. Distance between the 
two stations does not exceed 3 km. In black altimetry time series from the 
nearest grid-point.  
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Figure 3.5. Climate indices that might affect the Caribbean sea level signal. In 
the Pacific Ocean the area of four Sea Surface Temperature indices used to 
assess El Niño-Southern Oscillation. In the Atlantic, the Azores High and 
Iceland Low atmospheric pressure systems, used to assess the North Atlantic 
Oscillation. 
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4. TIDES AND LONG-TERM MODULATIONS 

In this chapter the tidal component (  in Equation 3.1), including its long-

term modulations due to the nodal and moon’s perigee cycles are described. 

These results, obtained entirely while in candidature for this doctorate research 

degree, were published in the paper: 

Torres, R. R. & M. N. Tsimplis (2011), Tides and long-term modulations in the 

Caribbean Sea, J. Geophys. Res., 116, C10022, doi: 10.1029/2011jc006973. 

4.1 Introduction and literature review 

Resolving the tidal signal at a coastal location permits a better forecast of the 

tide and leads to an improved understanding of the residual sea level. Changes 

in the tidal signal are important in this context (Woodworth, 2010). The 

modulation of the astronomical forcing is a well understood and predictable 

variation of the tidal constituents based on gravitational theory affecting the 

tidal signal. This chapter focuses on describing the tidal signal and its long-

term modulations due to changes in the astronomical forcing in the Caribbean 

Sea. 

Tidal programs used for the extraction of the tidal signal usually include 

corrections for the low frequency variation of tidal parameters based on the 

tide generating gravitational potential. Godin (1986) examined the effect of 

using nodal corrections with the gravitational estimate in the calculation of 

harmonic constants using data from eight tidal stations. He found that the 

theoretically estimated corrections were sufficiently to account for observed 

modulations in K
1
, O

1
 and K

2
 but they were less effective in M

2
 due to a large 

variability, and were not applicable a priori to N
2
. These conclusions were 

assessed by Foreman and Neufeld (1991) who evaluated changes in more than 

500 constituents at Victoria. They found that satellite constituent behavior was 

consistent with potential theory when the amplitude of the constituent was 
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above the background noise level. Amin (1993) found significant trends in tidal 

constituents at four tide-gauges located at the west coast of Australia using 

records covering 21 years.  Woodworth et al. (1991) evaluated temporal tidal 

changes around the British Isles. They found significant trends in the mean 

tidal range between -1.8 and 1.3 mm yr-1 in addition to the theoretically 

predicted nodal modulation. 

More recently, Jay (2009) identified spatially coherent trends in tidal 

amplitudes of K
1
 and M

2 
in the eastern Pacific.  Ray (2009) found S

2
 decreasing 

(-4 ±2 to -27 ±8 mm cy-1) in amplitude in the western North Atlantic Ocean over 

a period of 70 years. Shaw and Tsimplis (2010) evaluated the 18.61 year 

modulation and trends in the tides of southern European coasts of four tidal 

constituents, finding good agreement with the equilibrium tidal theory, which 

slightly underestimated the M
2
 nodal modulation. Woodworth (2010) 

synthesized the above studies in a global assessment of M
2
, S

2
, K

1
 and O

1
 ocean 

tide constituents. He concluded that regionally, changes in tidal amplitudes are 

evident.  

In addition, Cherniawsky et al. (2010) evaluated the nodal cycle of six 

constituents worldwide based on altimetry data. Averaged amplitude ratios and 

phase lag differences between the nodal satellites and the main constituent 

were computed for 15 different regions, where the signal to noise ratio 

permitted estimates to be made. Overall they found good agreement between 

the equilibrium tidal theory and their estimates of phase lag. However the 

amplitude ratio expected from tidal theory was lower than the observed. Thus 

the literature suggests that at most places gravitational potential estimates are 

confirmed by the data analyses, but than there are regions where trends are 

present, but the cause of such trends is not understood. 

The nodal cycle has been claimed to correlate with: changes in SST at the 

coasts of North America (Loder and Garrett, 1978); changes in ocean and air 

temperatures in the Gulf of Alaska (Royer, 1993);  Pacific Ocean decadal 

climate variability (Osafune and Yasuda, 2006; McKinnell and Crawford, 2007); 

and high latitude oceans and the Arctic climate (Yndestad, 2006; Yndestad et 

al., 2008). Ray (2007) also presents a review of possible connections between 

the nodal cycle and climate variability. However in contrast with the 

modulations of the tidal signal the mechanisms which cause such correlations 

are not well understood. 
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The study by Kjerfve (1981) is the only previous one, available in 

published literature for the tides of the Caribbean. It was based on 45 stations 

with lengths of records spanning from two weeks to nine years. His analysis 

indicated that the Caribbean Sea in most part has a mean tidal range of less 

than 20 cm, with the form number showing mixed mainly semidiurnal tide in 

the Cayman Sea and in the Granada Basin (Figure 2.1), mixed mainly diurnal 

tide in the Colombian Basin and most of the Venezuela Basins except for the 

northeast part where the tide is diurnal. Kjerfve (1981) did not explore 

temporal changes in the tidal constituents. However he noted the unusual 

behavior of S
2
 in the south western Caribbean Sea where the phase lag 

propagation was in the opposite direction to that of the other semi-diurnals 

suggesting as its cause strong radiational forcing. Radiational tides are those 

forced by regular periodic meteorological forces. In the S
2
 frequency changes 

are caused mainly by oscillations in the air pressure (Pugh, 1987). 

In this chapter three tasks are performed. First, tidal behavior in the 

Caribbean is analyzed. Second, consistency between the tidal modulation of 

the most important components and the theoretical estimates is assessed, 

since observed modulations can depart from the ones expected from the tide-

generating potential due to non-linear effects (Amin, 1985; Godin, 1986; Amin, 

1993). Third, trends in the tidal components are investigated.  

Results from this study are compared with respect to the tidal signal in 

the basin with Kjerfve (1981) and with a tidal model based on the Finite 

Element Solutions - FES2004 (Lyard et al., 2006). Thus the tidal values are 

confirmed and updated by using longer records. In addition the low frequency 

variations and the secular trends of the tidal constituents in the region are 

assessed. In particular, the effect of the long-term modulation on the tidal 

estimates of the 18.61 year cycle due to the oscillation of the plane of the 

Moon’s orbit about the ecliptic (nodal modulation), and the 8.85 year cycle 

caused by the eccentricity of the Moon’s orbit and the orientation of its major 

axis variation are estimated on the basis of the longer records available in the 

region. There is no previous study dealing with this issue. 

4.2 Methodology 

For each station the tidal component was estimated. In estimating the tidal 

constituents the treatment of the nodal variation differed depending on the 
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length of the record available at each station. For the eight stations that do not 

include a full nodal cycle, the t-tide program was run with the nodal correction 

applied for each year. On the basis of the annual values the mean amplitude 

and phase lag for K
1
, O

1
, P

1
, M

2
, N

2
 and S

2
 were calculated (Table 4.1). Yearly 

values of amplitude/phase lag which differ by more than two standard 

deviations from the mean were omitted from the averaging. 

For the five stations with longer records: Cristobal, Cartagena, Lime Tree, 

Magueyes and Puerto Cortes, two long-term modulations were analyzed: the 

18.61 year nodal cycle caused by the variation of the lunar declination, and the 

8.85 year cycle due to changes in longitude of the Moon’s perigee. The former 

was evaluated in the diurnal K
1
 and O

1
, semidiurnal M

2
, N

2
 and fortnightly term 

M
f
, while the latter was evaluated in the semidiurnal N

2
 tidal constituent.  

At each station least squares regression was used to fit the time series of 

annual amplitude and phase lag (without nodal correction) to the estimated 

tidal constituents. The regression equation consisted of two harmonic 

functions with periods of 18.61 or 8.85 years, a linear trend and a constant. If 

the linear trend was found to be statistically insignificant it was excluded from 

the equation and the regression was repeated. The expression used (Amin, 

1993; Shaw and Tsimplis, 2010) was: 

cos sin , Equation 4.1 

where  is the observed value of the amplitude (or the phase lag) of the 

tidal constituent ,   is the constant mean value,  is the trend and  is the 

time.  is the rate of change, with parameters  which denotes the Moon’s 

perigee cycle, and  which denotes the negative of the longitude of the 

Moon’s ascending node, with the following expressions (Doodson, 1921): 

334.3853° 4069.034° 0.0103°  

100.8432° 1934.142° 0.0021  Equation 4.2 

 
 is the time in units of a Julian century (36525 mean solar days) from 

midnight at Greenwich meridian on 0/1/1900. From Equation 4.1 the 

regression amplitude ( ), regression phase lag ( ) and mean amplitude ( ) can 

be expressed as 
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tan  

 Equation 4.3 

where  is the time of the middle of the data set. 

Some annual estimates of amplitude and phase lag were considered as 

outliers and were excluded from the regression when they fulfilled two 

conditions. The first condition for an outlier was that such an annual estimate 

of amplitude or phase lag must differ by more than 1.5 standard deviations 

from the respective mean value (obtained by averaging the annual values of all 

the time series with the nodal correction applied). The second condition 

required that the outlier did not appear in the amplitude or the phase lag of 

one constituent alone but was evident in (correspondingly) the phase lag or the 

amplitude of K
1
, O

1
 and M

2
 too. This way outliers caused by problems relating 

to the tide-gauge data quality were identified rather than to the variability of 

individual constituents. Outliers simultaneously appearing in either the phase 

lag or amplitude of all three constituents are referred as common errors. 

Where a common error was found in phase lag then the particular value was 

excluded from the analyses of phases for all constituents. Similarly where a 

common error was found in amplitude the corresponding amplitude values of 

all constituents were excluded. 

Most of the common errors in all five stations were found in the phase lag 

and are likely to have been caused by timing errors. In Cristobal, common 

errors were found in the phase lag for 1907, 1908, 1916, and 1990 to 1995. 

The phase lag in the period 1990-1995 showed increased values of around 6º 

(12º) in all diurnal (semidiurnal) constituents. The year 1997 was excluded 

from the analysis because it indicates a change in the phase that cannot be 

confirmed as the previous 7 years were not available after quality controls. The 

amplitude of M
2
 in Cristobal showed a small reduction of around 5 mm after 

1970. It is not clear why such a change occurred. However the ability to detect 

such small changes is evidence of the otherwise good quality of the data at this 

station. No corresponding shift was found in either the amplitude or phase lag 

of any other components. It was concluded that the best option was to 
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calculate the nodal regression for M
2
 amplitude from 1907 to 1970 and not for 

the whole period covered by the available data (Table 4.1). However as this is 

an error constrained to M
2
 at Cristobal, the nodal regression for other 

constituents covers the whole period. For Cartagena the two time series of 

annual values (Table 4.1) were merged. Common errors in amplitude for 1993 

and for the phase lag in 1973 and 1992 were found. In addition, the phase lag 

estimates for 1993 were omitted from the analysis because of large errors 

present in K
1
, O

1
, N

2
 and S

2
. In Lime Tree and Magueyes no common errors 

were found. For Puerto Cortes a common error was found in the phase lag for 

1962. 

The results for the mean amplitude and phase lag (B) from all 13 stations 

are shown in Table 4.1, and were compared at eight stations with the results of 

Kjerfve (1981). Kjerfve’s records for these stations were 369 days long, except 

Ponte a Pitre where the record was 60 days long. In Table 4.1 a value under ‘K’ 

is missing if the station was not included in Kjerfve’s (1981) work. The mean 

amplitude and phase lag were also compared with the FES2004 tidal model 

available with a resolution of 1/8º at http://www.legos.obs-mip.fr/en/soa/ 

(Lyard et al., 2006). Values were taken from the grid point in FES2004 nearest 

to the tide-gauge station, in all the cases with a distance less than 4.2 nautical 

miles. 

The results for K
1
, O

1
, M

2
 and M

f
 nodal cycle are presented in Table 4.2 to 

Table 4.5 respectively, and for N
2
 Moon’s perigee cycle in Table 4.6.  The mean 

of the 95% confidence intervals  obtained through the annual tidal analysis 

is reported as an indication of the signal to noise ratio. The regression mean 

( ) was used to denote the mean tidal amplitude/phase lag, and the regression 

cycle’s amplitude ( ) and regression cycle’s phase lag ( ) were also included 

(Equation 4.3). The root mean square (RMS) of the residuals after the 

regression fit, and the percentage of the total variance explained by the 

regression is also presented. To evaluate if the regression results were 

significant, the amplitude of the estimated nodal modulation ( ) had to be 

greater than the RMS, and at least 50% of the variance explained. The trends 

were included in the regression only where the variance explained was 

improved through their inclusion and, of course, only where they were 

significantly different from zero. For the amplitude, the ratio between the 

cycle’s amplitude and the regression mean ( ⁄ ) is also given. This is a 
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comparison of the long-term modulations ratio with that of the tide-generating 

potential. All the errors were estimated at the 95% confidence interval. 

The differences of the regression mean from the mean calculated directly 

from the observed values always differ less than 1mm in amplitude and 1º in 

phase lag. The regression mean ( ) for the five stations where the long-term 

cycles were evaluated is also shown in Table 4.1. For P
1
 and S

2
, which are of 

solar origin, only the first two terms of the regression expression (the constant 

and the trend in Equation 4.1) were used. The results for these two 

constituents are presented in Table 4.7 and Table 4.8 respectively, including 

, ,  and RMS calculated as previously described. The significance of the 

linear trend ( ) was assessed at the 95% confidence level.  

The consistency between the tidal long-term modulations calculated in 

this work with the theoretical estimates was also assessed. In all the 

constituents, comparisons were made with  Pugh’s (1987) Table 4.3, with the 

exception of N
2
 8.85 year cycle as it was not included in his Table because its 

modulation is caused by the Moon’s perigee cycle. To calculate the N
2
 nodal 

amplitude from the tidal potential in the Caribbean, the tables from Cartwright 

and Tayler (1971) and Cartwright and Edden (1973) were used. The main term 

in N
2
 [2,-1,0,1,0,0] has an amplitude of 0.17386, and its principal satellite 

accounting for the 8.85 year cycle [2,-1,0,0,0,0] (which is a third order term) 

has an amplitude of -0.00569. In the case of a third order satellite, the relative 

amplitude of the satellite ( ) to the main term amplitude ( ) will be (Godin, 

1972): 

⁄ 2.59808 sin  Equation 4.4 

Equation 4.4, weakly dependent on the latitude ( ), was used at the five 

stations where the Moon’s perigee cycle was evaluated. The relative 

amplitude/phase lag found ranges from 9.3° 1.4% /0.8° to 18°

2.6% /1.5°. 

4.3 Results 

4.3.1 Tides 

There is good agreement between the estimated values of mean amplitude and 

phase lag ( ) and those from FES2004 and Kjerfve (1981) (Table 4.1). Most 
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differences in amplitude from FES2004 are smaller than 15 mm with the higher 

discrepancies corresponding to M
2
. The exception is Port of Spain in the 

southeastern corner of the basin, where large differences between the 

observed and modeled valued are found probably due to FES2004 resolution in 

the boundary between the Atlantic Ocean and the Caribbean Sea. With the 

exception of Port of Spain the mean absolute difference is 4 mm. The 

agreement with Kjerfve’s analysis is even better, as most of the differences are 

below 5 mm, with only two values over 10 mm, in Cristobal K
1
 and Pointe-a-

Pitre O
1
. The mean absolute difference is 2 mm. In phase lag, the mean 

absolute difference with FES2004 is 11º, while values differ by less than 12º in 

most stations except: the S
2
 constituent; the Guantanamo diurnal constituents; 

semidiurnal constituents at Lime Tree and M
2
 at Magueyes. At Lime Tree and 

Magueyes the largest difference in semidiurnal phase lag is due to the 

proximity to these constituents’ amphidromes. The mean absolute difference 

in phase lag with Kjerfve (1981) is 3º, with three values over 10º, all at Pointe-

a-Pitre. The shortness of the record (60 days) at this station used by Kjerfve 

(1981) is probably the reason for this difference. Co-amplitude and co-tidal 

maps for the seven constituents and the form factor calculated from FES2004 

are presented in Figure 4.1 to show the tidal regional patterns and update the 

figures from Kjerfve’s (1981) on the model basis. 

Results in Table 4.1 confirms the unusual behavior in the south western 

Caribbean of S
2
 identified by Kjerfve (1981), who speculated that this behavior 

is likely to be explained by the radiational forcing. FES2004 is a hydrodynamic 

model with tide-gauge and altimetry data assimilation at particular locations. 

The reproduction by the model of the north-eastward propagation (Figure 4.1) 

is not necessarily proof that the suggestion by Kjerfve is incorrect because 

several locations in the Caribbean have been used as forcing points (Lyard et 

al., 2006), including the radiational component suggested by Kjerfve in the 

model. However, the inclusion of the radiational forcing by FES2004 through 

the assimilation procedure has its limitations in the Caribbean, as observed S
2
 

phase lag values differ much more from FES2004 than the other constituents 

(Table 4.1). The differences are maximal at the south-western coasts of the 

basin (up to 50º at Cristobal) with minimum values at the eastern boundaries, 

namely Le Robert and Pointe Pitre. 
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4.3.2 Nodal Cycle: K
1
 Amplitude and Phase Lag 

The nodal modulation of K
1
 can be seen in Figure 4.2. Lime Tree was not 

included in any of the figures showing the long-term modulations because its 

behavior is very similar to the nearby longer record of Magueyes (see Table 4.2 

to Table 4.6). The variance explained by the regression is in all cases higher 

than 90% for amplitudes and phase lags (Table 4.2). The nodal modulation for 

the amplitude is around 11 mm at four stations and 4 1 mm at Puerto Cortes, 

where the amplitude is smaller. This means that the modulation involves 

around 12% of the constituent’s amplitude (Table 4.2-A), being within the 95% 

confidence limit of the tide-generating potential (11.5%) (Pugh, 1987), and the 

signal is consistent with the theoretically predicted nodal modulation. The 

phase lag of the nodal modulation in amplitude (φN') is coherent between the 

three stations on the Western Caribbean, with a mean of 359º (all falling into 

the 95% estimated error), with a slight difference (14º) at the station in the 

Cayman Sea. 

The phase lag mean ( ) shows that at the stations in the Colombia and 

Venezuela basins the K
1
 tide occurs nearly at the same time (240º), while in 

Puerto Cortes there is a two hour delay as the wave propagates toward the 

northwest once it enters the Cayman Sea (Table 4.2-B). The nodal phase lag 

(φN') is coherent between the five stations with a mean value of 268º, all the 

values falling into the confidence limits. The phase lag cycle’s amplitudes are 

also consistent within the error bars with the equilibrium nodal modulation for 

the phase of 8.9º (Pugh, 1987). 

4.3.3 Nodal Cycle: O
1
 Amplitude and Phase Lag 

The percentage of the variance explained in the amplitude by the regression is 

for all stations higher than 96.5%. The cycle’s amplitude ( ), has a range of 7 

mm (Table 4.3-A), being lower at Puerto Cortes, a similar behavior to K
1
. The 

ratio ( ⁄ ) is within the errors consistent with 18.7%, the value expected 

from the equilibrium theory (Pugh, 1987). The nodal phase lag for the 

amplitude (φN') is for all the stations around 359º.  The cycle’s phase lag is the 

same as that of the amplitude of K
1
.  

The phase lag nodal modulation amplitude ( ) is coherent among the 

four stations on the Eastern and Western Caribbean (mean 10.6º), as well as 

with the tide-generating potential which value for O
1
 is of 10.8º (Pugh, 1987), 
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all within the confidence limits (Table 4.3-B). At Puerto Cortes, the ( ) value is 

2º higher than the theoretical value, slightly outside the lower part of the 

confidence limits. The nodal phase lag (φN') is consistent among the four 

easterly stations with a mean of 91º, about 10º greater than the one at Puerto 

Cortes, showing as expected from theory a 180º shift when compared to the 

regression phase lag of K
1
. All the explained variances are higher than 93%, 

indicating a good representation of the data by the regression. The nodal 

modulation of O
1
 amplitude and phase lag is presented in Figure 4.3. 

4.3.4 Nodal Cycle: M
2
 Amplitude and Phase Lag 

The M
2
 amplitude nodal modulation was not well described by the regression 

at Lime Tree, Magueyes and Puerto Cortes (Table 4.4-A). In the first two 

stations the modulation was not clear due to the low amplitude. The nodal 

amplitude ( ) in Cristobal and Cartagena is around 3 mm with a ratio to the 

amplitude mean ( ⁄ ) lower than the 3.7% expected from the equilibrium 

theory for M
2
 (Pugh, 1987). However these differences are within the 

confidence limits. The nodal phase lag for amplitude (φN') at Cristobal and 

Cartagena differs by 23º, which is also within the 95% error limits. When 

compared to K
1
 and O

1
, a shift in the amplitude phase lag of ~180º can be 

seen. The confidence interval mean (Table 4.4-A), is as large as those of the 

diurnal constituents. This consistency indicates that the degree to which M
2
 

represents true tidal energy as opposed to the energy of a broad-band non-

tidal process (Pawlowicz et al., 2002) is similar to K
1
 and O

1
. 

The M
2
 amplitude shows a trend of 3.2 ±2.4 mm cy-1 at Cristobal between 

1907 and 1970.  By contrast at Cartagena (1952-2000) the M
2
 amplitude is 

reducing at double the rate. The trend at Cartagena was also calculated for the 

period 1951-1988 using only data from one of the tide-gauges (Table 4.1) but 

without using the last five years because of identifiable problems in the M
2
 

amplitude (Figure 4.4). When this was done the trend becomes insignificant (–

0.7 ±6 mm cy-1). Thus it was concluded that the trend at Cartagena is 

insignificant and is affected by the change in the tide-gauge location. 

The M
2
 phase lag nodal modulation at Cartagena, Lime Tree and 

Magueyes explains only 27%, 3% and 4% of the variance respectively. The other 

two stations are better approximated by the regression and the variance 

explained is around 70% (Table 4.4-B). The regression was not significant in 
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amplitude and phase lag at Lime Tree and Magueyes due to the small tidal 

signal as a consequence of the nearby amphidrome. The phase lag nodal 

modulation amplitudes ( ) at Cristobal and Puerto Cortes are slightly higher 

(less than 1º) than the one expected (2.1º) from the tide-generating potential 

(Pugh, 1987). The nodal phase lag (φN') is about 40º higher at Puerto Cortes 

than at Cristobal (with large errors). This behavior can be seen as a shift in M
2
 

phase lag between the two stations in Figure 4.9 (right side panels), as well as 

the correspondence of the nodal phase lag in M
2
 to the ones in K

1
. The nodal 

modulation of M
2
 is presented in Figure 4.4. 

4.3.5 Nodal Cycle: M
f
 Amplitude and Phase Lag 

The nodal amplitude ( ) has a mean of 6 mm (Table 4.5-A), which is larger 

than the modulation of the amplitude of M
2
 and two thirds of the amplitude 

modulation of K
1
 and O

1
. At Puerto Cortes in particular due to the semi-diurnal 

character of the tide, the nodal modulation of M
f
 is in fact the largest long-term 

tidal modulation. The nodal phase lag for the amplitude (φN') is coherent in the 

region and in phase with K
1
 and O

1
 nodal phases. The nodal amplitude ratio 

( ⁄ ) is in agreement with the 41.4% expected from the potential tide (Pugh, 

1987), being lower at Cristobal, Lime Tree and Magueyes, but within the 

confidence limits. The confidence interval mean ( ) of M
f
 is about twice as 

large as its amplitude ( ), which indicates large background noise at the 

nearby frequencies compared to the tidal signal (Figure 4.5). Nevertheless the 

regression was able to represent the nodal cycle in the amplitude better than 

with M
2, 

since in the five stations the cycle was significant with the mean of the 

percentage variance explained equal to 70%. 

In the same way as for the amplitude, the confidence interval mean in the 

phase lag is large due to the background noise (Figure 4.5). As shown in Table 

4.5-B, the regression was able to represent the nodal cycle in the phase lag 

only at Cristobal, Lime Tree and Magueyes, with a percentage of variance 

explained over 64%. The phase lag nodal amplitude ( ) was close (within the 

confidence limits) in the three stations to 23.7º, which is the amplitude 

expected by the tide-generating potential (Pugh, 1987). The nodal phase lag 

(φN') is similar in the three stations, and close to the ones found for K
1
.  
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4.3.6 Moon’s Perigee Cycle: N
2
 Amplitude and Phase Lag 

N
2
 has maximum amplitude of ~26 mm within the five stations assessed. This 

N
2
 component is modulated by both the 18.61 and 8.85 year cycles. The 18.61 

year modulation amplitude was found to be less than 1 mm at all stations. The 

8.85 year modulation amplitude was found to be up to 3 mm. There was no 

significant change in the modulation estimates of the 8.85 year cycle when the 

18.61 year cycle is included in the regression. 

When the 8.85 year cycle was assessed independently from the 18.61 

year cycle the regression was not significant at Lime Tree and Magueyes. It was 

significant in the other stations with the variance explained for the amplitude 

ranging from 50% at Cartagena to 82% at Puerto Cortes (Table 4.6-A).  The 

8.85 year cycle’s amplitudes are the lowest of all the long-term cycles studied 

in this paper for all stations. In addition, the amplitude phase lag (φ ) exhibits 

significant variability and large confidence limits. The confidence interval 

means are equal to those presented for M
2
, however the signal to noise ratio is 

smaller since the amplitude in N
2
 is also smaller compared to M

2
 (Figure 4.6). 

The modulation to amplitude ratio ( ⁄ ) across all stations is higher than 

2.6%, the maximum value expected from the tide-generating potential for the 

five stations (Section 4.2). 

At the three stations where the phase lag modulation is explained by the 

regression, Cartagena has the lowest percentage of variance explained as it 

also occurred in the amplitude. The phase lag modulation amplitude ( ) has a 

mean of 5.6º which exceeds the tide-generating potential values (1.5º), while 

the Moon’s perigee phase lag (φ ) shows differences within the stations of 45º 

(Table 4.6-B). 

The 8.85 year cycle was also found in other constituents such as Q
1
, NO

1
, 

J
1
, L

2
, but its amplitudes are  small (less than 1cm) and are not reported here. 

Note that L
2
 has two satellite constituents who may cause 4.4 year modulation 

but as the amplitude is very small (~ 3 mm) this is not further discussed. 

4.3.7 P
1
 Amplitude and Phase Lag 

P
1
 is of solar origin and is only included for completeness. The confidence 

interval means for the amplitude are of the same magnitude as the other 

diurnal constituents; however the signal to noise ratio is lower, as is the 
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amplitude when compared to K
1
 and O

1
. The trends were significant at 

Cristobal and Puerto Cortes. The latter is suspicious because of the small 

amplitude, the large value of the trend (in absolute and relative terms), the 

large confidence level, and the short length of record at this station. The 

difference in phase lag among the stations shows a delay in the tidal wave of 

more than three hours at Puerto Cortes in relation to Magueyes. The 

confidence interval means for the phase lag are twice as large as that for the 

other diurnal constituents, except for Puerto Cortes, where it is much larger 

because of the small amplitude at this station. The description of P
1
 amplitude 

and phase lag is presented in Table 4.7 and Figure 4.7. 

4.3.8 S
2
 Amplitude and Phase Lag 

S
2
 amplitude is low in the Caribbean (less than 25 mm). In all five stations a 

positive trend in its amplitude was found (Figure 4.8), with a relative increase 

( / ) that ranges from 17% to over 100% in a century (in Lime Tree the relative 

increase of over a 100% is related to the constituent low amplitude of 7 mm). 

Because the trend appears at all five stations, it was considered to be a real 

signal. This issue will be addressed in more detail in Section 4.4. The only 

significant trend in phase lag was found at Magueyes and is probably related to 

the small amplitude at the station. The S
2
 amplitude and phase lag are 

presented in Table 4.8. 

4.3.9 Net Effect of the Long-Term Cycles 

Even small long-terms modulations have a practical significance. As tidal 

constituents are slowly changing in time there are periods where the net effect 

is a higher tidal range and others were the net effect is a lower tidal range. In 

Table 4.9 the interaction of all the long-term modulations found significant by 

the regression are presented for two nodal cycles (2010 to 2047) for the five 

long record stations. The trend is included where it has been found significant. 

In the amplitude, K
1
, O

1
, and M

f
 are in phase lag agreement while M

2
 phase lag 

is opposite and with smaller amplitude as a consequence of the tidal type in 

the region. Because of this the net effect of the long-term modulations in the 

Caribbean is significant. In regions with strong semidiurnal tides, the M
2
 nodal 

amplitude could be higher than the nodal amplitudes of other constituents 
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(Shaw and Tsimplis, 2010), reducing the net effect of the long-term tidal 

modulations. 

To evaluate the net effect of low frequency cycles on the tides, the seven 

constituents analyzed in this work were used to predict hourly tide for the 

period 2010-2028 (first nodal cycle in Figure 4.9). The prediction was done for 

each year using the amplitude and phase lag values modulated by the low 

frequency cycles as estimated in this work. For each year the Highest and 

Lowest Astronomical Tide (HAT/LAT) were calculated, as the highest/lowest 

value for the annual prediction. Their difference (HAT-LAT) shows the 

maximum range for the tides expected for each year. In Table 4.9 the mean of 

the 19 years range, as well as the maximum and minimum values are 

presented for Cristobal, Cartagena, Lime Tree, Magueyes and Puerto Cortes.  

Also the difference between the maximum and minimum range for the period 

is included, which shows in absolute and relative terms, how much the tidal 

range is changing in one nodal cycle due to the low frequency modulation 

present in five of the seven most important constituents in the Caribbean. The 

(HAT-LAT) range in one nodal cycle changes from 50 mm at Cortes up to 84 

mm at Cristobal, what means in the latter, that in 2014 the maximum tidal 

range will be 84 mm lower than in 2025. In this case, the relative difference is 

16.5% of the maximum tidal range. In Lime Tree, the low frequency cycles are 

modulated by as much as 23.5% of the maximum tidal range. Notice that 

relative changes between the constituents amplitude will also affect the tidal 

regime. For example in Cartagena the form factor will be 2.0 in 2025 

indicating a mixed, mainly diurnal tide, while in 2014 the form factor will be 

1.4 indicating a mixed, mainly semi-diurnal tide. 

4.4 Discussion 

On the basis of long time series, the mean tidal constituents for thirteen ports 

in the Caribbean were established. These are in good agreement with the only 

previously published study (Kjerfve, 1981), which was based on much shorter 

records. Our tidal estimates are consistent with the output of the FES2004 tidal 

atlas (Lyard et al., 2006). 

The regression used to analyze long-term changes in the tidal 

constituents suggests trends in some of the constituents which are not 

coherent across the basin and their cause and significance remains unresolved. 
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Changes in oceanographic and/or bathymetric conditions could shift 

amphidromes. An inspection in the trends at the closest stations to the 

semidiurnal amphidromes in the Eastern Caribbean (Magueyes, Lime Tree, P. 

Pitre and Le Robert), does not provide support for this hypothesis. However the 

possibility that such shifts have taken place cannot be excluded.  

Significant positive trends in the amplitude of S
2
 at all long record 

stations used in this study were found, but not in the phase lag. Because the S
2
 

trends are coherent within the region and are statistically significant they were 

considered to indicate a change in the physical forcing of the constituent. 

Because this constituent is forced both by a gravitational component and a 

radiational component there is ambiguity in the source of the trend. However 

as all other gravitational components appear stable in time, save for their 

nodal variation, it was considered as more plausible that changes in the 

radiational components are causing the increase in S
2
 amplitude.  In addition to 

this, results from the present study are consistent with those of Kjerfve (1981) 

indicating a propagation of S
2
 in the opposite direction to that of the other 

semi-diurnal components. This probably suggests that the origin of the 

component in the south western part of the Caribbean at least is dominated by 

the radiational forcing.  

Besides, Ray (2009) found the S
2
 amplitude decreasing by between 4 and 

27 mm cy-1 along the eastern coast of North America and, very cautiously, 

suggested radiational forcing as the cause. Results from this study which 

reveal smaller trends of opposite sign from those found by Ray (2009) can 

support the conjecture of a complicated picture of regional trends in S
2
 linked 

to large scale regional radiational forcing changes (Figure 4.10). Arbic (2005) 

found that globally the atmospherically forced S
2
 ocean tide is 14.7% of the 

gravitationally forced S
2
 tide. The semidiurnal barometric tide in the Caribbean 

has an amplitude of about 1 hPa (Ray and Ponte, 2003), which could produce a 

response in the sea level, on the basis of an inverted barometer effect of ~ -1 

cm. However, the response of sea level to atmospheric pressure changes at the 

S
2
 frequency is lower than the inverse barometer. Preliminary analysis indicates 

that the response varies within the basin and further work is needed to resolve 

this point. Thus changes in the tidal constituents due to changes in the 

radiational forcing are not yet conclusive (Woodworth, 2010). 

Godin (1986) suggests that the S
2
 constituent can also have a relationship 

to the fresh water discharge. This possibility cannot be excluded for Cristobal 
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and Cartagena, where fresh water discharges are nearby. However this would 

not be able to explain the trend at Lime Tree and Magueyes, which is of the 

same magnitude as at the other stations. Thus it is possible that the basin wide 

coherency in the S
2
 trends shown in Figure 4.10 is not necessarily caused by 

the same forcing factor but may be caused by different factors acting at the 

various stations. This uncertainty cannot be resolved within this study. 

The K
1
 and O

1
 nodal cycles were well defined in amplitude and phase lag 

at the five stations studied and the ratio ( ⁄ ) was consistent with the tide-

generating potential within the confidence limits. The M
2
 nodal cycle was 

identifiable only at two stations in the amplitude (Cristobal and Cartagena) and 

two stations in the phase lag (Cristobal and Puerto Cortes), even though signal 

to noise ratio is similar to K
1
 and O

1
. However, as pointed out by Godin (1986), 

M
2
 presents a high variability unrelated to the modulations, which masks the 

nodal cycle forced by its satellite which also has a small equilibrium ratio of 

3.7%. The results for Cristobal and Cartagena agreed with this rate within the 

error bars, although both were slightly smaller. 

M
f
 has not been previously investigated in the Caribbean. The issue of 

whether long period tides in general are in equilibrium has been discussed in 

Wunsch (1967) and Miller et al. (1993). Satellite altimetry data suggest 

significant basin-scale deviations of M
f
 from its gravitational value (Egbert and 

Ray, 2003). M
f
 in the Caribbean Sea was found not to be in equilibrium, as the 

observed amplitudes (  in Table 4.5-A) are larger (up to 6 mm in Cristobal) 

than what expected from equilibrium theory. The deviation ratio between 

observed and theoretical amplitude is ~1.5, consistent with the ratio presented 

by Lisitzin (1974) from global observations between 10º to 20º of latitude. 

Departure from equilibrium result from a combination of a large-scale gravity 

mode response of the ocean and of planetary and topographic Rossby waves 

(Le Provost, 2001). Also, at this frequency oscillations have been found to be 

forced by a nonlinear contribution from the interaction of K
2
 and M

2
 tide, and a 

small contribution from K
1
 and O

1
 (Kwong et al., 1997). 

Because the M
f
 amplitudes are smaller than the background noise (Le 

Provost, 2001), it is normal practice not to apply the nodal correction to the 

low frequency constituents (Foreman and Neufeld, 1991). In the Caribbean the 

M
f
 amplitude is about 50% of the noise level (Table 4.5-A). However this 

constituent was included in the study because of a number of factors. First the 

nodal modulation was significant in most of the stations’ amplitude and phase; 



 

49 

second the absolute values of the amplitude modulation (5 to 7 mm) are 

greater than the respective amplitude modulation in M
2
 (1 to 3 mm); third, the 

M
f
 modulation amplitude is largest than the modulation of all other tidal 

constituents at Puerto Cortes. A fourth reason is that as this modulation is in 

phase with K
1
 and O

1
 (left side panels in Figure 4.9) it will contribute to a larger 

cumulative effect in tidal range changes. Finally despite its low amplitude, it 

has been suggested that it might be important modulating the dynamics at 

straits and marginal seas (Giese et al., 1982; Arief and Murray, 1996; Vilibić et 

al., 2010). Departure from equilibrium was not found to affect the estimated 

nodal cycle, because the ratio ( ⁄ ) for M
f
 was consistent (within the 

confidence limits) with the tide-generating potential (41.4%). 

The 8.85 year cycle in N
2
 prevails over the 18.61 year cycle. Including the 

18.61 year cycle in the regression did not significantly improve the modulation 

estimates of the 8.85 year cycle. The Moon’s perigee cycle was present in the 

N
2
 component at three stations’ amplitude and phase lag (except Magueyes 

and Lime Tree). The modulation of N
2
 amplitude ratio ( ⁄ ) was larger than 

that expected from the tide-generating potential when evaluating the ratio with 

the third origin satellite [2,-1,0,0,0,0]. Godin (1986) was not able to model the 

8.85 year cycle present at Manzanillo and Quebec applying corrections to N
2
 

from a second order satellite. Foreman and Neufeld (1991) found that at 

Victoria the third order satellite of N
2
 exhibits large variability and 

recommended that it not to be included in any prediction. Thus the failure of 

the gravitational potential to model the observed N
2
 amplitude variation is not 

restricted to the present study. However in the previous studies including that 

of Amin (1985) who analyzed the record at Newlyn, the ratios found were 

smaller than the theoretically predicted while in our case they are larger. Thus 

the tide-generating potential amplitude ratios for N
2
 are not consistent enough 

to be used as corrections for the 8.85 year cycles. 

The net effect of the low frequency modulations in the tide can change 

the maximum tidal range (HAT-LAT) by as much as 23.5%, with differences up 

to 84 mm in one nodal cycle. For the tidal analysis is important to include the 

nodal modulation in K
1
, O

1
, M

2
 and M

f
 calculated from the tidal records when 

available, otherwise, the tide-generating potential ratios (Godin, 1972) will be 

better than no applying the corrections. For N
2
 Moon’s perigee cycle, this 

should be included only if the real values have been calculated from the tidal 

records.  
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Even though the Caribbean tides are small, the long-term modulations 

have been found to be significant. Estimating future changes in the tidal range 

is important because these changes contributes to the vulnerability of the 

coastal areas when coupled with long-term sea-level rise or extreme storm 

surges. Changes in tidal currents are also important in this context as they are 

modulated by the tidal range. Significant tidal variability have been observed in 

passage transports in the eastern Caribbean (see the review by Johns et al., 

2002). Also, at the Yucatan Channel, where different tidal regimens meet (see 

form factor in Figure 4.1), tidal currents can account for over 80% of the 

currents variance and 91% of the transport variability is dominated by tidal 

signals (Carrillo et al., 2007). Therefore, long-term modulations in the tidal 

component are likely to affect the currents near the coast and at the various 

straits. Further research is needed in order to assess the magnitude of these 

effects. 
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Table 4.1. Tide amplitude/phase lag comparison and span of hourly dataa 

 

Station Name 

Span of data 

 

Amplitude (mm) 

 K1  O1  P1  M2  N2  S2 

Start mm/y End mm/y  B F K  B F K  B F K  B F K  B F K  B F K 

P. Limon 

Cristobal b 

Cartagena b 

 

La Guaira 

Port Spain 

Lime Tree b 

Magueyes b 

Le Robert 

P. Pitre 

P. Royal 

Guantanamo 

P. Castilla 

P. Cortes b 

01/1970 

04/1907 

11/1951 

05/1993 

01/1985 

01/1984 

02/1982 

01/1965 

12/1976 

01/1991 

01/1965 

06/1937 

06/1955 

02/1948 

03/1981 

12/1997 

04/1993 

12/2000 

12/1994 

12/1992 

12/2008 

12/2008 

12/1984 

12/1998 

12/1971 

12/1948 

11/1967 

12/1968 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

102 

102 

98 

 

99 

96 

84 

80 

78 

72 

70 

66 

27 

30 

-5 

-5 

-3 

 

0 

8 

-3 

1 

0 

6 

5 

2 

3 

-1 

-2

11

-1

-1

-

-

-

-

1

-2

0

-

0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

61 

62 

59 

 

67 

73 

64 

54 

65 

59 

45 

31 

25 

25 

-7 

-7 

-5 

 

0 

5 

-5 

3 

0 

4 

-3 

10 

-2 

-3 

-1 

4 

0 

 

0 

- 

- 

- 

- 

-14 

0 

1 

-  

1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30 

31 

29 

 

30 

31 

26 

24 

26 

23 

21 

20 

8 

7 

2

1

2

2

3

1

3

0

2

3

2

2

2

2 

7 

1 

 

-1 

- 

- 

- 

- 

1 

0 

0 

- 

- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

85

82

74

46

303

13

7

157

85

47

137

76

61

-8 

-12 

-5 

 

13 

-90 

1 

13 

-15 

-2 

15 

-14 

-4 

0 

-1 

8 

3 

 

2 

- 

- 

-  

-  

2 

-2 

4 

 - 

0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

25 

26 

26 

 

15 

65 

2 

4 

33 

20 

20 

32 

26 

23 

2

1

2

2

-14

1

2

0

0

3

-3

-2

-1

3

3

-2

2

-

-

-

-

-4

0

5

-

0

 

 

 

 

 

 

 

 

 

 

 

 

16 

14 

16 

 

6 

96 

7 

10 

58 

33 

21 

41 

27 

23 

6 

2 

-8 

 

2 

-28 

-1 

-4 

-9 

-1 

-8 

-10 

-12 

-9 

0 

1 

0 

 

- 

- 

- 

- 

- 

-3 

0 

1 

- 

-1 
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Station Name 

  Phase Lag (deg) 

 K1  O1  P1  M2  N2  S2 

Lat ° N Lon ° W   F K   F K   F K   F K   F K   F K 

P. Limon 

Cristobal b 

Cartagena b 

La Guaira 

Port Spain 

Lime Tree b 

Magueyes b 

Le Robert 

P. Pitre 

P. Royal 

Guantanamo 

P. Castilla b 

P. Cortes 

10.00 

9.35 

10.38 

10.62 

10.65 

17.70 

17.97 

14.68 

16.23 

17.93 

19.90 

16.02 

15.83 

83.03 

79.92 

75.53 

66.93 

61.52 

64.75 

67.05 

60.93 

61.53 

76.85 

75.15 

86.03 

87.87  

238 

241 

241 

239 

245 

237 

234 

236 

231 

238 

219 

276 

271 

1 

0 

0 

-2 

-2 

-5 

-1 

-2 

1 

-1 

18 

6 

8 

3

0

-1

0

-

-

-

-

-11

2

2

-

-1

238 

240 

241 

233 

235 

229 

227 

226 

224 

239 

216 

332 

331 

-5 

-5 

-6 

-5 

-5 

-5 

-3 

-2 

0 

-5 

23 

6 

7 

2 

0 

-1 

0 

- 

- 

- 

 - 

0 

0 

1 

-  

-2 

 

 

 

 

 

 

 

 

 

 

 

237 

242 

242 

241 

245 

238 

235 

238 

232 

238 

220 

287 

291 

2

-2

-1

-4

-2

-7

-3

-4

-1

-2

17

-5

-12

3 

3 

-2 

2 

- 

- 

- 

- 

-12 

2 

7 

- 

- 

 

 

 

 

 

 

 

 

 

 

 

177

165

137

157

231

328

29

215

226

91

38

87

87

2 

3 

-8 

-9 

-3 

93 

49 

5 

1 

-2 

6 

9 

12 

3 

1 

0 

1 

- 

- 

- 

- 

7 

1 

2 

- 

0 

 

 

 

 

 

 

 

 

 

 

 

129 

124 

111 

139 

214 

210 

99 

199 

212 

82 

25 

72 

70 

-5

-3

-3

-1

-8

-128

-8

5

-1

-2

7

-1

2

7

4

1

-2

-

-

-

-

21

-1

1

-

4

 

 

 

 

 

 

 

 

 

 

 

328 

356 

47 

146 

261 

9 

7 

237 

244 

32 

45 

40 

29 

-40 

-50 

-26 

28 

-12 

-31 

-17 

1 

1 

-16 

-11 

-20 

-27 

-6 

1 

0 

- 

- 

- 

- 

- 

7 

8 

2 

- 

0 

a For amplitude, the second and third columns contain the span of the data. For phase lag, the second and third columns show the 
latitude and longitude of the station in degrees. For each of the six constituents compared (K

1
, O

1
, P

1
, M

2
, N

2
 and S

2
), three columns 

are available.  with the mean from this work, F with the difference FES2004- , and K with the difference Kjerfve- , so negative 
values indicate an underestimation of the values by the other source. 
b The stations where the long-term cycle were evaluated. 
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Table 4.2. Nodal modulation regression of the K
1
 amplitude (A)a and phase lag 

(B)b  

(A) 

Station 

name 

Confidence 

interval mean 

Y  (mm) 

Mean 

B (mm) 

Trend 

β (mm/cy) 

Cycle’s 

amplitude 

αN  (mm) 

Cycle’s 

phase 

φN' (deg) 

αN B⁄  

% 

RMS 

(mm) 

Percent of 

variance 

explained 

Cristobal 3 102 ±1  11 ±1 0 ± 4 11.2 ±0.4 1 97.6 

Cartagena 4 98 ±1  12 ±1 359 ± 8 12.0 ±1.0 2 94.5 

Lime Tree 3 84 ±1  9 ±1 357 ± 11 11.2 ±1.3 2 94.8 

Magueyes 3 80 ±1  9 ±1 359 ± 7 11.5 ±0.8 1 95.6 

P. Cortes 3 30 ±1 9.8 ±7.0 4 ±1 13 ±10 13.0 ±2.7 1 93.8 

a Expected from the tide-generating potential: ⁄ 11.5%; φN' 0°.  
 

(B) 

Station 

name 

Confidence 

interval mean 

Y  (deg) 

Mean 

B (deg) 

Cycle’s 

amplitude 

αN  (deg) 

Cycle’s 

phase 

φN' (deg) 

RMS 

(deg) 

Percent of 

variance 

explained 

Cristobal 2 241 ±1 9.1 ±0.3 267 ± 2 1 98.1 

Cartagena 2 241 ±1 9.1 ±0.6 268 ± 4 1 95.6 

Lime Tree 2 237 ±1 9.2 ±0.5 268 ± 3 1 98.5 

Magueyes 2 234 ±1 8.8 ±0.5 267 ± 3 1 97.0 

P. Cortes 6 271 ±1 8.5 ±1.5 272 ±11 2 90.0 

b Expected from the tide-generating potential: 8.9°; φN' 270°.  
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Table 4.3. Nodal modulation regression of the O
1
 amplitude (A)a and phase lag 

(B)b  

(A) 

Station 

name 

Confidence 

interval mean 

Y  (mm) 

Mean 

B (mm) 

Cycle’s 

amplitude 

αN  (mm) 

Cycle’s 

phase 

φN' (deg) 

αN B⁄  

% 

RMS 

(mm) 

Percent of 

variance 

explained 

Cristobal 3 62 ±1 11 ±1 0 ±  3 18.2 ±0.5 1 98.8 

Cartagena 3 59 ±1 11 ±1 358 ±6 19.0 ±1.2 1 97.0 

Lime Tree 2 64 ±1 11 ±1 1 ±5 17.9 ±0.9 1 98.9 

Magueyes 3 54 ±1 10 ±1 1 ±5 18.3 ±0.9 1 98.1 

P. Cortes 3 25 ±1 4 ±1 356 ±10 17.1 ±1.9 1 96.5 

a Expected from the tide-generating potential: ⁄ 18.7%; φN' 0°.  
 

(B) 

Station 

name 

Confidence 

interval mean 

Y  (deg) 

Mean 

B (deg) 

Trend 

β (deg/cy) 

Cycle’s 

amplitude 

αN  (deg) 

Cycle’s 

phase 

φN' (deg) 

RMS 

(deg) 

Percent of 

variance 

explained 

Cristobal 3 240 ±1  10.4 ±0.5 92 ±  3 1 96.6 

Cartagena 3 241 ±1  10.7 ±0.9 93 ±  5 2 93.8 

Lime Tree 2 229 ±1  10.7 ±0.8 89 ±  5 1 96.9 

Magueyes 3 227 ±1  10.7 ±0.7 91 ±  4 1 96.3 

P. Cortes 7 331 ±4 28.5 ±20.6 12.9 ±2.0 81 ±  8 2 94.2 

b Expected from the tide-generating potential: 10.8°;  φN' 90°.  
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Table 4.4. Nodal modulation regression of the M
2
 amplitude (A)a and phase lag 

(B)b  

(A) 

Station 

name 

Confidence 

interval mean 

Y  (mm) 

Mean 

B (mm) 

Trend 

β (mm/cy) 

Cycle’s 

amplitude 

αN  (mm) 

Cycle’s 

phase 

φN' (deg) 

αN B⁄  

% 

RMS 

(mm) 

Percent of 

variance 

explained 

Cristobal 3 82 ±2 3.2 ±2.4 3 ±1 183 ±18 3.1 ±0.9 2 54.9 

Cartagena 3 74 ±2 -6.7 ±4.0 3 ±1 206 ±23 3.4 ±1.5 2 52.7 

Lime Tree c 5 13 ±1  1 ±1 263 ±75 9.4 ±7.7 2 11.6 

Magueyes c 5 7 ±1  1 ±1 167±178 8.2 ±6.8 1   9.2 

P. Cortes c 3 61 ±1  2 ±1 186 ±52 2.6 ±1.3 1 44.9 

a Expected from the tide-generating potential: ⁄ 3.7%; φN' 180°.  
c Long-term modulation was not well defined by the regression. 
 

(B) 

Station 

name 

Confidence 

interval mean 

Y  (deg) 

Mean 

B (deg) 

Cycle’s 

amplitude 

αN  (deg) 

Cycle’s 

phase 

φN' (deg) 

RMS 

(deg) 

Percent of 

variance 

explained 

Cristobal 2 165 ±1 2.9 ±0.6 246 ±  12 1 65.7 

Cartagena c 3 137 ±1 2.0 ±1.2 251 ±  43 2 27.0 

Lime Tree c 20 328 ±4 2.5 ±2.3 336 ±  72 10 3.3 

Magueyes c 38 29 ±4 3.9 ±3.7 209 ±133 13   4.3 

P. Cortes 2 87 ±1 2.6 ±1.0 286 ±  25 1 70.8 

b Expected from the tide-generating potential: 2.1°; φN' 270°.  
c Long-term modulation was not well defined by the regression. 
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Table 4.5. Nodal modulation regression of the M
f
 amplitude (A)a and phase lag 

(B)b  

(A) 

Station 

name 

Confidence 

interval mean 

Y  (mm) 

Mean 

B (mm) 

Cycle’s 

amplitude 

αN  (mm) 

Cycle’s 

phase 

φN' (deg) 

αN B⁄  

% 

RMS 

(mm) 

Percent of 

variance 

explained 

Cristobal 31 19 ±1 7 ±1 0 ±13 36.8 ±  6.1 3 72.9 

Cartagena 39 17 ±1 7 ±1 356 ±19 41.1 ±10.9 3 70.0 

Lime Tree 37 16 ±1 5 ±2 345 ±31 30.3 ±16.2 3 56.3 

Magueyes 34 15 ±1 5 ±1 359 ±21 34.5 ±  9.3 3 67.9 

P. Cortes 42 17 ±1 7 ±2 354 ±21 43.4 ±13.3 2 84.1 

a Expected from the tide-generating potential: ⁄ 41.4%; φN' 0°.  
 

(B) 

Station 

name 

Confidence 

interval mean 

Y  (deg) 

Mean 

B (deg) 

Cycle’s 

amplitude 

αN  (deg) 

Cycle’s 

phase 

φN' (deg) 

RMS 

(deg) 

Percent of 

variance 

explained 

Cristobal 111 358 ±  3 21.2 ±  3.9 275 ±12 11 64.1 

Cartagena c 166 358 ±  7 26.9 ±10.5 279 ±28 22 42.6 

Lime Tree 154 354 ±  5 26.5 ±  6.5 273 ±17 10 76.4 

Magueyes 145 354 ±  3 24.6 ±  4.5 276 ±11 9 77.9 

P. Cortes c 169 354 ±11 15.0 ±12.2 285 ±63 22 20.0 

b Expected from the tide-generating potential: 23.7°;  φN' 270°.  
c Long-term modulation was not well defined by the regression. 
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Table 4.6. Moon’s perigee cycle regression of the N
2
 amplitude (A)a and phase 

lag (B)b  

(A) 

Station 

name 

Confidence 

interval mean 

Y  (mm) 

Mean 

B (mm) 

Cycle’s 

amplitude 

α  (mm) 

Cycle’s 

phase 

φ  (deg) 

α B⁄  

% 

RMS 

(mm) 

Percent of 

variance 

explained 

Cristobal 3 26 ±1 3 ±1 124 ±10 9.9 ±  1.8 1 75.8 

Cartagena 3 26 ±1 2 ±1 110 ±22 7.2 ±  2.8 1 50.7 

Lime Tree c 4 2 ±1 1 ±1 129 ±113 20.6 ±25.1 1 10.5 

Magueyes c 5 4 ±1 1 ±1 101 ±60 24.3 ±18.3 1 19.5 

P. Cortes 3 23 ±1 2 ±1 87 ±17 9.1 ±  2.3 1 81.6 

a Expected from the tide-generating potential: ⁄ 2.6%; φ 90°.  
c Long-term modulation was not well defined by the regression. 
 

(B) 

Station 

name 

Confidence 

interval mean 

Y  (deg) 

Mean 

B (deg) 

Trend 

β (deg/cy) 

Cycle’s 

amplitude 

α  (deg) 

Cycle’s 

phase 

φ  (deg) 

RMS 

(deg) 

Percent of 

variance 

explained 

Cristobal 7 124 ±1  5.9 ±1.3 214 ±  13 3 67.9 

Cartagena 7 111 ±1  5.7 ±1.9 194 ±  20 4 54.8 

Lime Tree c 159 210 ±28  56.6 ±44.2 248 ±  67 66 27.5 

Magueyes c 88 99 ±8  11.6 ±9.4 196 ±173 27   8.7 

P. Cortes 6 70 ±3 21.1 ±15.8 5.3 ±1.6 169 ±  19 2 82.6 

b Expected from the tide-generating potential: 1.5°; φ 180°.  
c Long-term modulation was not well defined by the regression. 
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Table 4.7. Mean and trend of P
1
 amplitude and phase lag  

Station 

name 

Amplitude  Phase lag 

Confidence 

interval 

mean 

Y  (mm) 

Mean 

B (mm) 

Trend 

β  (mm/cy) 

RMS 

(mm)  

Confidence 

interval 

mean 

Y  (deg) 

Mean 

B (deg) 

Trend 

β  (deg/cy) 

RMS 

(deg) 

Cristobal 3 31 ±1 1.2 ±0.6 1    5 242 ±2 0. 4 ±1.9 a 2 

Cartagena 3 29 ±2 2.6 ±3.1 a 1    7 242 ±3 0. 4 ±5.2 a 2 

Lime Tree 2 26 ±2 1.6 ±6.2 a 1  5 238 ±3 -4. 1 ±11.2 a 2 

Magueyes 3 24 ±1 -0. 7 ±2.0 a 1    7 235 ±2 -0. 1 ±3.9 a 2 

P. Cortes 3 7 ±1 5.7 ±5.0 1  25 291 ±12 28.2 ±54.3 a 7 

a Insignificant trend 

 

Table 4.8. Mean and trend of S
2
 amplitude and phase lag 

Station 

name 

Amplitude  Phase lag 

Confidence 

interval 

mean 

Y  (mm) 

Mean 

B (mm) 

Trend 

β  (mm/cy) 

RMS 

(mm)  

Confidence 

interval 

mean 

Y  (deg) 

Mean 

B (deg) 

Trend 

β  (deg/cy) 

RMS 

(deg) 

Cristobal 3 14 ±1 2.3 ±0.5 1  13 356 ±3 2.2 ±3.0 a 3 

Cartagena 3 16 ±1 2.3 ±2.0 1  12 47 ±4 -1.9 ±7.9 a 4 

Lime Tree 5 7 ±2 8.8 ±7.0 1  41 9 ±20 4.7 ±69.3 a 13 

Magueyes 5 10 ±1 5.0 ±2.5 1  29 7 ±8 18.6 ±18.2 7 

P. Cortes 3 23 ±1 6.0 ±3.8 1  6 29 ±3 -6.7 ±12.3 a 2 

a Insignificant trend 
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Table 4.9. Impact of the long-term cycles in the tide a  

Range (HAT-LAT) Cristobal Cartagena Lime Tree Magueyes P.Cortes 

Mean (mm) 508 463 352 326 300 

Minimum (mm) 461 418 312 288 275 

Maximum (mm) 545 502 395 363 324 

Difference (mm) 84 84 83 75 50 

Relative difference (%) 16.5 18.0 23.5 23.1 16.5 

a Difference=Maximum-Minimum. Relative difference=Range/Mean. 
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Figure 4.1. Co-tidal and co-amplitude maps for seven tidal constituents and the 
form factor based on FES2004. At the left from top to bottom the diurnal K

1
, 

O
1
, P

1
 and fortnight M

f
. At the right from top to bottom the semidiurnal M

2
, N

2
, 

S
2
 and the form factor showing the Yucatan Channel and stations; stars when 

the length of record >20 years.  
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Figure 4.2. The nodal modulation of K
1
 (left) amplitude and (right) phase lag for 

the stations of (top to bottom) Cristobal, Cartagena, Magueyes and Puerto 
Cortes. The gray dots are the annual values calculated from the hourly data 
including the 95% error bar. The solid lines are the regression results for the 
period, and the dashed lines the residual between the regression and the 
annual values. The black ‘x’ indicates the years that were not used because of 
failure of the quality control analysis.  
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Figure 4.3. The nodal modulation of O
1
 (left) amplitude and (right) phase lag 

for the stations of (top to bottom) Cristobal, Cartagena, Magueyes and Puerto 
Cortes. The gray dots are the annual values calculated from the hourly data 
including the 95% error bar. The solid lines are the regression results for the 
period, and the dashed lines the residual between the regression and the 
annual values. The black ‘x’ indicates the years that were not used because of 
failure of the quality control analysis.  
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Figure 4.4. The nodal modulation of M
2
 (left) amplitude and (right) phase lag 

for the stations of (top to bottom) Cristobal, Cartagena, Magueyes and Puerto 
Cortes. The gray dots are the annual values calculated from the hourly data 
including the 95% error bar. The solid lines are the regression results for the 
period, and the dashed lines the residual between the regression and the 
annual values. The black ‘x’ indicates the years that were not used because of 
failure of the quality control analysis.  
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Figure 4.5. The nodal modulation of M
f
 (left) amplitude and (right) phase lag 

for the stations of (top to bottom) Cristobal, Cartagena, Magueyes and Puerto 
Cortes. The gray dots are the annual values calculated from the hourly data 
including the 95% error bar. The solid lines are the regression results for the 
period, and the dashed lines the residual between the regression and the 
annual values. The black ‘x’ indicates the years that were not used because of 
failure of the quality control analysis.  
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Figure 4.6. The Moons perigee cycle of N
2
 (left) amplitude and (right) phase lag 

for the stations of (top to bottom) Cristobal, Cartagena, Magueyes and Puerto 
Cortes. The gray dots are the annual values calculated from the hourly data 
including the 95% error bar. The solid lines are the regression results for the 
period, and the dashed lines the residual between the regression and the 
annual values. The black ‘x’ indicates the years that were not used because of 
failure of the quality control analysis.  
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Figure 4.7. P
1
 (left) amplitude and (right) phase lag for the stations of (top to 

bottom) Cristobal, Cartagena, Magueyes and Puerto Cortes. The gray dots are 
the annual values calculated from the hourly data including the 95% error bar. 
The solid lines are the regression results for the period, and the dashed lines 
the residual between the regression and the annual values. The black ‘x’ 
indicates the years that were not used because of failure of the quality control 
analysis.  
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Figure 4.8. S
2
 (left) amplitude and (right) phase lag for the stations of (top to 

bottom) Cristobal, Cartagena, Lime Tree, Magueyes and Puerto Cortes. The 
gray dots are the annual values calculated from the hourly data including the 
95% error bar. The solid lines are the regression results for the period, and the 
dashed lines the residual between the regression and the annual values. The 
black ‘x’ indicates the years that were not used because of failure of the quality 
control analysis.  
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Figure 4.9. The-long-term cycles of tidal (left) amplitude and (right) phase lag 
from 2010 to 2047 for the stations of (top to bottom) Cristobal, Cartagena, 
Lime Tree, Magueyes and Puerto Cortes. Lines: Solid, K

1
; short dashed, O

1
; 

solid with dots, M
2
; long dashed, M

f
; dash dotted, N

2
; in amplitude the bold line 

sum all the modulations.  
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Figure 4.10. S
2
 amplitude trends in the western North Atlantic down to the 

Caribbean as estimated by Ray (2009) and this work. Trends in mm/cy. Note 
the positive trends at the stations in the Caribbean. 
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5. SEASONAL SEA LEVEL CYCLE 

In this chapter the annual and semi-annual sea level seasonal cycle (  and  

in Equation 3.2) are assessed, including some considerations related to the 

long-term mean sea level (  in Equation 3.2). These results, obtained entirely 

while in candidature for this doctorate research degree, were published in the 

paper: 

Torres, R. R. & M. N. Tsimplis (2012), Seasonal sea level cycle in the Caribbean 

Sea. J. Geophys. Res., 117, C07011, doi: 10.1029/2012jc008159. 

5.1 Introduction and literature review 

The seasonal cycle accounts for a large part of the sea-level variability 

especially in regions where tidal amplitudes are small such as the Caribbean 

Sea (chapter 4). A part of the seasonal sea level cycle is due to changes in the 

gravitational potential which includes the annual (Sa) and semi-annual (Ssa) 

long-period harmonic tidal constituents. These variations are caused 

respectively by the varying distance between the Earth and the Sun over the 

year and the change in the solar declination. The gravitational component 

estimated on the basis of Pugh (1987) is very small in the Caribbean region (<7 

mm) and will not be discussed any further. Instead the observed seasonal sea 

level signal will be considered as primarily driven by changes in atmospheric 

pressure, wind effects and steric expansion (Gill and Niiler, 1973). Altimetric 

analysis shows the Caribbean as an eddy-rich region (Chelton et al., 2007) 

suggesting a noisy background over which the seasonal cycle needs to be 

assessed.  

Pattullo et al. (1955) presented the first global evaluation of the sea level 

mean seasonal cycle including short records from four stations in the 

Caribbean Sea. They found that high sea level occur during each hemisphere 

fall and that tide-gauge amplitudes vary few centimetres in the tropics while 
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few decimetres at higher latitudes. A complementary study was done by 

Tsimplis and Woodworth (1994). They presented global maps of the sea level 

seasonal harmonics including the Caribbean Sea based on tide-gauge data. 

They found large-scale features superimposed upon a complexity of regional 

spatial variability, related to local meteorological, oceanographic and 

hydrological forcing. Satellite altimetry has also been used to assess the global 

seasonal sea level cycle (see, e.g., Stammer, 1997). More recently, Vinogradov 

et al. (2008), using a near-global general circulation model over the period 

1992-2004 constrained by observations, including all the altimetric missions, 

assessed the regional seasonal sea level cycle. Surface wind stress and heat 

fluxes were confirmed as the primary drivers for seasonal sea level variations 

in the tropics and mid latitudes respectively. In addition they found that heat 

flux-driven effects in the tropics generally reduce the amplitude of the wind-

driven signals (Vinogradov et al., 2008). Regional analyses of the seasonal sea 

level cycle have been performed in various parts of the world (Plag and 

Tsimplis, 1999; Schouten et al., 2005; Marcos and Tsimplis, 2007). The annual 

cycle was described for the Eastern Caribbean (60ºW-75ºW) by Alvera-Azcarate 

et al. (2009) using complex EOF from 13 years of altimetry. However the 

seasonal sea level cycle in Caribbean Sea has not been comprehensively 

described either from tide-gauge or altimetric time series. 

The oceanic circulation, the atmospheric heat fluxes, atmospheric forcing 

and river outflow (as described for the Caribbean in chapter 2), all potentially 

affect sea-level variability. This chapter focuses on the seasonal component of 

the sea level spectrum. In particular it examines the annual and the semi-

annual components of mean sea level estimated from the analysis of altimetry 

and tide-gauge data in the Caribbean Sea. Altimetry provides estimates of the 

open ocean seasonal cycle while tide-gauges provide local estimates. This 

analysis of the seasonal signals reveals coherent behavior over sub-regions of 

the Caribbean Sea. In addition the chapter considers the mean seasonal sea 

level cycle and compares it with the corresponding cycle of the various forcing 

parameters. The analysis compares the regional patterns with similar patterns 

in forcing parameters in order to establish physical links. The stability of the 

sea level seasonal cycle in time is also examined and the contribution of the 

temporal variability of the various forcing parameters is also considered. This 

is important as the seasonal sea level cycle (amplitude and phase) is usually 

assumed be constant in time.  
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5.2 Methodology 

The annual and semi-annual harmonics were estimated by linear regression 

(Equation 3.6) fitted to the monthly time series. The measure of how well the 

regression model fitted the data was on the basis of the variance accounted for 

by the statistical model. This was calculated from the ratio of the residual 

variance over the variance of the original series after subtracting the mean and 

trend of the time series. The statistical significance of the explanatory variables 

was assessed at 1% level. 

Equation 3.6 was fitted to the observed tide-gauges and altimetry sea 

level time series, as well as to the various forcing parameters. The available 

tide-gauge records cover different periods of time and represent different parts 

of the region. Thus, to ensure consistency in the analysis the seasonal 

harmonics were computed for three periods. First, in order to identify the 

relationship between the seasonal cycle and the various contributing forcing 

parameters, at each tide-gauge it was considered beneficial to utilize the 

maximum period of overlap between each tide-gauge and the associated 

forcing, in particular the steric effects and the inverse barometric pressure 

effect. The forcing data cover the period is 1950-2009 thus the seasonal 

harmonic analysis was done for that period too. Second, in order to resolve the 

spatial variability of the seasonal signal the maximum common period for the 

available tide-gauges was selected. This was found to be the period 1950 to 

1974 during which 11 stations had over 17 years of data. Of course this 

restricts the analysis to the spatial distribution of the signal at the 11 stations 

over that period alone. Third, for completeness, the seasonal harmonics were 

also assessed to all the available data at each tide-gauge. Note that the tide-

gauge time series cover the different periods with different lengths, thus 

comparisons may be sensitive to the length-of-record, especially when using 

short series. 

To assess the sea level seasonal forcing, the mean seasonal cycle was 

computed for each of the time series by averaging the value for each calendar 

month over the corresponding period. All available data was used. For the 

atmospheric, steric and altimetry fields the mean seasonal cycle was estimated 

over three sub-regions: The “Cayman” sub region which includes the Cayman 

Sea and the Colombia Basin north of 15ºN with eastern limit at 71.5ºW; the 

“Venezuela” sub-region, which includes the Venezuela Basin (east of 71.5ºW) 
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and the Granada Basin; and finally the “South Colombia Basin” sub region 

which includes the Colombia Basin south of 15ºN and west of 71.5ºW (Figure 

3.1). Based on the distinct sea level signatures, the South Colombia Basin is 

further subdivided into the Panama-Colombia gyre (PCG), the Eastern South 

Colombian Basin (ESCB), and the North Coast of South America (NSA), which 

includes part of the southernmost Venezuela sub-region. The later subdivisions 

limits are presented in Figure 3.1. 

The variability in time of the seasonal harmonic as function of the length-

of-record was assessed using the five tide-gauge stations with the longest 

records after the barometric correction. The regression model of Equation 3.6 

was fitted to overlapping segments of the same length, each differing by one 

month from the previous. The harmonics were calculated for segments which 

had at least 50% of monthly data. The RMS from the resulting seasonal 

components for all segments was calculated. Segments from 2 to 30-year long 

were assessed, thus showing the time variability (RMS) as a function of the 

length-of-record (Figure 5.3-f).  

The change in time of the seasonal cycle computed from 5-year long 

segments was analyzed, as the literature suggests that this period minimizes 

the large variability of the annual and semi-annual cycle estimated from 

individual years giving reasonably stable amplitudes and phase lags (Tsimplis 

and Woodworth, 1994). This analysis was performed for two periods: first, on 

the complete observed time series (1908-2009) from Cristobal and 

Guantanamo to assess the variability of the seasonal cycle in the first half of 

the 20th century; second, on the barometrically-corrected tide-gauge data 

(1950-2009) and altimetry (1993-2010) from the nearest grid-point to each 

station. Results from statistically insignificant 5-year periods were flagged. The 

same analysis was performed on steric (top 185 m) sea level data and the 

zonal and the meridional surface wind components to search for the forcing of 

the seasonal cycle temporal variability in the period 1950-2009.  

To assess the forcing of the annual cycle the following multiple 

regression model was used:  

; 

 Equation 5.1 
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the change in time of the barometrically-corrected tide-gauge seasonal cycle 

annual amplitude (  in cm) was used as the dependent variable, while the 

change in time of the steric (  in cm), zonal and meridional wind seasonal 

cycle annual amplitudes (  and   in ms-1) were used as forcing parameters. 

A constant ( ) was included in the model. The mean was subtracted from each 

variable before fitting the regression and the values of the statistically 

insignificant 5-year periods were included in the independent variables to 

obtain a prediction without gaps. 

5.3 Results and Discussion 

5.3.1 Open Ocean Seasonal Sea Level Cycle from Altimetry 

The annual amplitude (  in Equation 3.6) has a mean value of 4.7 cm in the 

Caribbean Sea but exhibits large spatial variability (Figure 5.1-a). The larger 

amplitudes (~8 cm) are found at the northern coast of South America, around 

the Lesser Antilles, in the Cayman Sea along ~19ºN and over the Central 

America Rise. Amplitudes over 5 cm are also found in the South Colombia 

Basin along ~12ºN. The annual amplitude is not significant within the Colombia 

Basin in the area south of Jamaica.  

The annual cycle in the Caribbean peaks between August and October 

(210º-300º) except in the South Colombia Basin where the peak is between 

January and March (0º-90º) (Figure 5.1-b). The South Colombia Basin is the area 

where the Panama-Colombia gyre is the dominant feature. The seasonality of 

this gyre differs from the spatially homogeneous annual cycle observed in the 

rest of the basin, dominated probably by heat fluxes and which peaks in late 

summer - early autumn. To assess the magnitude of the annual cycle 

associated with the Panama-Colombia gyre the effect of the basin-wide annual 

cycle was removed by subtracting from each grid point a mean annual cycle 

(4.2 cm, phase lag of 291º) calculated from all the significant values in the 

South Colombia Basin peaking after August (240º). The resulting annual 

amplitude component (not shown) has a spatial distribution consistent with 

that of the annual phase (Figure 5.1-b) and has maximum amplitude of 9 cm at 

the centre of the gyre. 

The sea level semi-annual harmonic (Figure 5.1-c and Figure 5.1-d) has a 

basin average value of 1.8 cm and a maximum of 5 cm. In a large part of the 
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Caribbean Sea the semi-annual cycle is statistically insignificant. It is significant 

in the area north of Venezuela and around the Guajira Peninsula, where the 

amplitude exceeds 3 cm, extending to the west into the South Colombia Basin 

(~82ºW). In this area the phase lag (Φ  in Equation 3.6) is around 240º, thus 

the semi-annual cycle peaks at the beginning of May and November. At the 

northern part of the Caribbean Basin the semi-annual cycle peaks in February 

and August (60º-120º). 

The annual and semi-annual cycles together explain up to 77% of the 

Caribbean sea level variance. However there are areas where the total variance 

explained by the seasonal regression is very small (<10%) thus showing that 

the dominant energy is at different frequencies in such regions (Figure 5.1-e). 

The areas where most variance is accounted for are primarily: those close to 

the south and east parts of the basin; and in the Central America coasts in the 

Cayman Sea, including the shallow waters over the Central America Rise. The 

small percentage of explained variance by the use of harmonics in other areas 

indicates that the sea-level variability is dominated by eddies. This is observed 

in the time series in Figure 5.1-f and demonstrated in Figure 5.1-g where the 

power spectra of three selected points in the Caribbean are presented. The 

energy for the point in the Central America Rise is primarily found at the 

annual frequency; the energy at the point near the Guajira peninsula is found 

at both annual and semi-annual frequencies while the energy at the point in 

the central Colombia Basin is found at frequencies close to 4 months. The later 

is consistent with the suggested dominant character of eddies in the sea level 

signal (Richardson, 2005; Jouanno et al., 2008). The small percentage of the 

variance explained in the South Colombia Basin is caused by the co-existence 

of the underlying cycle peaking in the autumn with that of the Panama-

Colombia gyre peaking in late winter. When the underlying cycle is removed 

the variance explained in the region exceeds 50%.  

5.3.2 The Coastal Seasonal Sea Level Cycle from Tide-gauges 

5.3.2.1 Observed Seasonal Cycle 

The time series from 27 tide-gauge stations covering different periods between 

1950 and 2009 (Figure 3.3), show annual amplitudes that range between 

1.8±0.9 cm at P. Limon to 9.2±1.3 cm at Port of Spain, with a regional mean 

annual amplitude of 6.2 cm, all peaking between August and October (Table 
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5.1). The semi-annual cycle is insignificant at P. Limon and maximum at Amuay 

(5.9±1.0 cm), with a regional mean amplitude of 2.8 cm, with larger values in 

the northern coast of South America. The semi-annual phase lag peaks 

between 173º in Santo Tomas and 250º in Cristobal, thus most of the stations 

peak in April and October. The exceptions are Port Royal, North and South 

Sound, where phase lag ranges between 69º and 102º, thus peaking in 

February and August. The amplitude of the seasonal cycle shows significant 

spatial variability and on average explains 56% of the sea level total variability 

at the tide-gauges, with a range between 11% at P. Limon to 78% in Casilda. 

For completeness the seasonal harmonics were also estimated from all 

the available observed time series and for the 25-year common period (1950 to 

1974). Results are not shown as they are not statistically different to the 

results reported in Table 5.1. However the large spatial variability of the sea 

level seasonal cycle in the Caribbean Sea, found in the altimetry analysis, is 

confirmed by the harmonic results from the 11 stations that have more than 

17 years of data during the 25-year common period. 

5.3.2.2 Barometric Contribution to the Seasonal Cycle 

Table 5.1 includes the harmonics derived from tide-gauge records before and 

after the removal of the inverse barometer effect. The atmospheric pressure 

correction does not change, within the error bars, the amplitude or phase of 

the annual harmonic at any station except Magueyes where the resulting 

annual component is 1 cm lower after the atmospheric pressure correction is 

effected. At the stations in the northern boundary of the Caribbean Basin (P. 

Pitre to C. San Antonio in Table 5.1), the atmospheric pressure is responsible 

for ~1 cm of the sea level annual harmonic amplitude, causing small changes 

to the phase lag (< 9º). Thus, at the stations in the Antilles, the atmospheric 

pressure correction has a noticeable effect reducing the annual sea level 

amplitude on average 17%. This proportionally larger effect is due to the larger 

annual atmospheric pressure component at the north of the basin. 

The atmospheric pressure correction makes the semi-annual sea level 

harmonic insignificant at 8 stations in the northern Antilles and at Santo 

Tomas (Central America) indicating that the pressure variations are the main 

forcing of the semi-annual cycle at these stations. At all the other stations, the 

differences in the amplitude and phase of the semi-annual harmonic between 

the observed and the atmospherically corrected tide-gauge data are up to 1.2 
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cm and 21º respectively, in all cases within the error bars (Table 5.1). Note that 

4 out of the 12 stations in the Antilles between P. Pitre and C. San Antonio, 

show a significant semi-annual sea level harmonic after the inverse barometer 

correction. In Guantanamo, the inverse barometer correction reduces the semi-

annual amplitude by 1 cm, but in the other three stations, namely Port Royal, 

South and North Sound, after the barometric effect is removed, a stronger 

semi-annual sea-level cycle is produced with nearly opposite phase lag than 

that of the other stations that show a significant semi-annual signal. This 

suggests a different local forcing of the semi-annual harmonic at these three 

stations. 

5.3.2.3 Consistency of the Estimates of the Seasonal Cycle from Tide-

gauges and Coastal Altimetry 

The comparison of the seasonal harmonics calculated from tide-gauge and 

altimetry (Table 5.2), shows that there are not statistically significant 

differences in the amplitude or phase at any station. Thus in the Caribbean Sea 

the sea level seasonal harmonics computed from satellite altimetry near the 

coast are consistent with the same harmonics computed from barometrically 

corrected tide-gauge records. The maximum difference between the altimetry 

and the tide-gauge estimates are, for the amplitude of the annual cycle, 1.5 cm 

and for the amplitude of the semi-annual cycle 1.7 cm. Both maximum 

differences occur at La Guaira, the station with the shorter overlap (~5-years) 

with altimetry. Differences in the phase of the annual harmonic indicate that 

the altimetry cycle (compared to the tide-gauge) is delayed up to 24º at La 

Guaira and in the semi-annual harmonic up to 45º at Cristobal. 

5.3.3 The Forcing of the Seasonal Cycle 

The barometric contribution to the seasonal cycle was presented in Table 5.1. 

In this section, the steric and wind contributions to the barometrically 

corrected sea level time series are assessed. The harmonic analysis of the 

steric seasonal cycle is here performed above the seasonal thermocline (185 

m). Gill and Niiler (1973) found on the basis of general scaling arguments that 

the steric change above the seasonal thermocline is primarily driven by surface 

density fluxes. 
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5.3.3.1 Forcing of the Open Ocean Seasonal Sea Level 

In Figure 5.2 the seasonal harmonics of the steric signal above the seasonal 

thermocline are presented. The larger amplitudes (3 to 5 cm) for the annual 

harmonic are found in the Cayman and Granada Basins, while the smaller and 

insignificant amplitudes can be seen at the South Colombia Basin (Figure 5.2-a 

and Figure 5.2-b). The phase lag shows similar spatial pattern when compared 

to the annual phase lag from altimetry (Figure 5.1-b) including the out-of-phase 

Panama-Colombia gyre. For the semi-annual cycle (Figure 5.2c and Figure 5.2-

d), the larger amplitudes (>2 cm) are found in the Eastern South Colombia 

Basin, but it is mostly insignificant in the rest of the Caribbean Sea. The phase 

lag shows similar values south of 15ºN with what was found in the altimetry 

semi-annual cycle (Figure 5.1-d). The relatively large semi-annual amplitude of 

the steric signal in the Eastern South Colombia Basin is presumably forced by 

the outflow from the Atrato and Magdalena Rivers, as it is dominated by 

halosteric effects identifiable in the top 100 m of water (not shown). 

Differences between the seasonal cycles’ amplitudes from altimetry and the 

steric signal above the seasonal thermocline indicate that the wind forcing 

plays a substantial role in the seasonal variability of the sea level in the 

Caribbean Sea. 

The pattern of the mean seasonal cycle of the various forcings including 

the time when they peak may provide, on the basis of similarity with the sea 

level seasonal cycle, arguments for causal relationships between them.  

In the Cayman and the Venezuela sub-regions (Figure 3.1) the mean 

seasonal steric signal of the upper 185 m is consistent in phase with the mean 

seasonal sea level cycle observed by altimetry (Figure 5.3-a and Figure 5.3-b). 

This indicates that density change in the top 185 m is the main forcing 

parameter of the observed seasonal sea level cycle. However, the plotted 

values shown are normalized. The mean seasonal cycle from altimetry has a 

range larger by ~3 cm when compared to the estimate of the upper steric 

signal. The mean seasonal cycles of air temperature and precipitable water in 

both sub-regions precedes by about a month the mean seasonal cycles of the 

steric height and altimetry (Figure 5.3-a and Figure 5.3-b). The good agreement 

between the steric signal and the observed seasonal cycle from altimetry, 

together with the shape and timing of the seasonal cycle of air temperature 

and precipitable water content, indicate that the seasonal exchange of surface 
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density fluxes play a dominant role in the steric seasonal variability and in turn 

to the observed sea level cycle. Analysis of the steric components (not shown) 

indicates that the annual thermosteric changes prevail over the halosteric 

seasonality in these sub-regions. The delay in the peak is probably due to the 

fact that the steric signal expresses accumulation of heat. 

In the South Colombia Basin significant spatial variability is identified in 

three smaller areas which are separately analyzed. These are the Panama-

Colombia gyre, the Eastern South Colombia Basin and the North coast of South 

America (Figure 3.1).  

In Figure 5.3-c the (normalized) mean seasonal sea level cycle for the 

Panama-Colombia gyre is plotted. This is calculated by averaging the areas in 

Figure 5.1-b where the phase lag corresponds to late winter (Φ < 180º). The 

normalized and inversed mean seasonal cycle of the meridional difference of 

wind speed between the northern (Caribbean Low Level Jet) and southern part 

of the Colombian basin and the (inversed) wind stress curl are also plotted in 

Figure 5.3-c. The seasonal sea level signal appears lagging behind the wind 

difference and wind stress curl by one month up to August and then lags by 

two months. This is consistent with the suggestion by Andrade (2000) that the 

gyre is primarily driven by the wind. However here it is suggested that the 

seasonal variation in the gyre area is driven by the seasonality in the wind 

stress curl that forces seasonal changes in the water vorticity. 

The Panama-Colombia gyre is a permanent feature of the region driven by 

continuously during the year positive wind stress curl (and wind speed 

difference), south  of ~15ºN (Ruiz-Ochoa et al., 2012). The positive wind stress 

curl produces the cyclonic circulation that characterizes the Panama-Colombia 

gyre.  In July (Figure 5.3-c), the wind stress curl is at maximum and this leads 

to a spin up of the gyre which produces the lowest sea level after 

approximately a month. The delay is probably due to the time it takes to 

transfer momentum and energy from atmosphere to the ocean. Johns et al. 

(2002) studying stream-function anomalies from the annual mean estimated 

from a numerical model found that the gyre spins-up in August. As previously 

discussed (section 5.3.1) the amplitude of the wind-driven signal is reduced by 

the heat flux-driven seasonality. This reducing effect in the tropics has been 

described in the global scale by Vinogradov et al. (2008). 
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The second sub-region that shows distinct seasonality is the eastern part 

of the South Colombia Basin and corresponds to the area in Figure 5.2-c where 

the steric semi-annual amplitude (dominated by halosteric effects) is ≥ 2 cm 

(Figure 3.1). At this area the mean seasonal steric sea level cycle co-varies with 

the mean seasonal cycle of the outflow of the local rivers (Figure 5.3-d). The 

mean seasonal sea level signal from altimetry (computed for the same area as 

the steric signal), is also included in Figure 5.3-d, but it is not dominated by 

the steric forcing. 

The third sub-region where distinct seasonal characteristics are identified 

in sea level is the northern coasts of South America where the semi-annual sea 

level component is significant as it can be seen in the spatial distribution of the 

semi-annual harmonic (Figure 5.1-c). The mean seasonal cycle is estimated by 

averaging the areas in Figure 5.1-c where the semi-annual amplitude is ≥ 3 cm 

east of 75ºW (Figure 3.1). Note that this area partly overlaps with the South 

Colombia Basin and Venezuela sub-regions. The mean seasonal sea level cycle 

is different in this area from the other areas (Figure 5.3-e). Sea-level changes in 

a sinusoidal manner for the period August to December, however the first half 

of the year is almost flat with a secondary maximum in May. The mean 

seasonal sea level signal from altimetry compares well with the inverse local 

wind speed (12.5º N), which corresponds to the Caribbean Low Level Jet that 

appears to be the main forcing parameter. The large amplitude of the semi-

annual harmonic in this sub-region does not imply a realistic 6-month 

oscillation, but is the result of irregularities in the sea level annual cycle (Figure 

5.3-e) imposed by the irregularities in the Caribbean Low Level Jet annual cycle 

due to the mid-summer drought (Gamble and Curtis, 2008). 

The Caribbean Low Level Jet has been found to be related to upwelling 

that dominates this area (Gordon, 1967; Andrade and Barton, 2005). Thus it 

appears that the seasonal sea-level variability in this region is linked with the 

upwelling which is weaker between October and November (Andrade and 

Barton, 2005) when sea level is at its maximum (Figure 5.3-e). The inverse 

relation between sea level at the northern coast of South America and the 

westward wind jet is due to Ekman induced circulation, as stronger wind will 

force the water away from the coast creating a downward slope toward the 

seashore. Thus stronger wind leads to strong upwelling and also leads to 

decrease in sea level toward the South America coast. 
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5.3.3.2 Forcing Coastal Sea Level 

The harmonics of the observed sea level from selected tide-gauges are 

compared to the mean seasonal cycle of the mesoscale altimetry signal at each 

sub-region to investigate the consistency of the open ocean with the coastal 

seasonal signal. Furthermore, the seasonal harmonics of the steric signal 

above the seasonal thermocline (upper 185 m) at the grid point closest to each 

tide-gauge are calculated as well as the harmonics of the difference between 

the barometrically-corrected sea level from the tide-gauge records and the 

upper steric contribution. The upper steric signal is assumed to indicate 

primarily the contribution of surface fluxes to the seasonal sea level, while the 

residual signal indicates primarily the contribution of wind (Gill and Niiler, 

1973). 

The harmonic analysis results are presented in Table 5.3 for the 27 tide-

gauges. In the annual frequency, the upper steric contribution is always 

significant with an amplitude range of 1.4±0.9 cm in P. Limon to 4.8±0.9 cm in 

Carenero, and a coherent phase lag peaking during September and October. By 

contrast the residual contribution to the annual cycle is insignificant at four 

stations. However its maximum amplitude of 6.5±1.1 cm in P. Spain is higher 

than the maximum amplitude in the upper steric cycle. The phase lag ranges 

from 169±46º in P. Prince (late June) to 325±24º in Cristobal (late November), 

thus it show larger timing variability than the steric signal.  

In the semi-annual frequency, the upper steric contribution is insignificant 

at 9 stations, and has maximum amplitude of 2.4±0.5 cm at Cartagena. The 

steric phase lag shows nearly opposite peak time between the significant 

stations in the Cayman Sea (~114º late February/August) and stations in the 

rest of the Basin (~303º early June and December). The residual contribution to 

the semi-annual cycle is insignificant at 11 stations, and has maximum 

amplitude of 5.3±1.0 cm in Amuay, with larger variability in the phase lag than 

the upper steric contribution. When significant, the upper steric mean 

amplitude (~1.2 cm) is half of the residual mean amplitude (~2.6 cm). Note 

that at the four stations in the Antilles where after the barometric correction a 

significant semi-annual harmonic remain (Guantanamo, Port Royal, South and 

North Sound in Table 5.1), the wind contribution prevails. 

The results suggest that the surface fluxes contribution to the seasonal 

sea level cycle prevails at the northern part of the Basin (Antilles) between P. 
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Pitre and C. San Antonio, as the steric seasonal cycle is larger than the residual 

contribution at eight out of the 12 stations (Table 5.3). For these tide-gauges 

the seasonal signal is coherent with the open ocean signal from the Cayman 

and Venezuela sub-regions as it can be seen from the mean seasonal cycle at 

Guantanamo and Lime Tree included in Figure 5.3-a and Figure 5.3-b. At the 

other four stations, the wind contribution prevails at Port Royal, South and 

North Sound. At Casilda (Cuba), both contributions are important presumably 

because the configuration of the coast enhances the wind effect on local sea 

level. Note that at the four Central America stations in the Cayman Sea, the 

wind contribution also prevails (Table 5.3). 

At Port Royal, North and South Sound the corrected for the inverse 

barometer effect tide-gauge data indicate a stronger semi-annual sea level 

cycle with a nearly opposite phase than that of the other stations (Table 5.1). 

At the 12 stations in the Antilles, at the northern boundary of the basin, the 

seasonal harmonics explain the least of the sea level variance; the monthly 

time series variability (not shown) is the largest (RMS over 7 cm); and the wind 

contribution prevails over the steric contribution. The steric signal does not 

contribute to the semi-annual harmonic north of ~16ºN (Figure 5.2-c). These 

observations suggest that the forcing of the semi-annual harmonic is different 

from the rest of the basin. Topographic stress can also play a substantial role 

in the sea-level variability through a barotropic effect (Gill and Niiler, 1973) and 

this stress has been suggested to modify the circulation in this part of the 

Caribbean Sea (Sou et al., 1996). The seasonal sea level behavior at these three 

stations appears sensitive, at the middle of the basin, to topographic 

constrains. These could affect either the permanent East-West currents flow 

(see isobaths in Figure 2.1) or limit advected cyclones and anticyclones which 

stall and decay against topographic constrains (Andrade and Barton, 2000; 

Richardson, 2005). It is unclear which mechanism is the prevalent. 

The harmonics of the residual (observed minus steric) seasonal cycle are 

larger than the steric contribution (Table 5.3) in the South America’s stations, 

between Cartagena and Carupano, suggesting the dominance of the wind. This 

was also the conclusion for the altimetry data as can be seen from the mean 

seasonal cycle at Amuay in Figure 5.3-e. The exception where the wind 

contribution is insignificant is Carenero (Venezuela), probably because the 

coast configuration reduces the wind effect on local sea level. In P. Spain, 

although the annual wind contribution prevails, the semi-annual wind 
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contribution is insignificant, thus the mean annual signal differs from those 

stations in the Venezuela coast. 

Cartagena, located at the Magdalena’s River estuary, is the only station in 

the Eastern South Colombia Basin sub-region (Figure 3.1). Note that in this area 

the upper steric semi-annual cycle is about twice than at the other stations in 

South America, as a consequence of the variability induced by the Magdalena 

River outflow. However the mean seasonal sea level signal at Cartagena tide-

gauge (Figure 5.3-d) show more resemblance with the seasonal cycle of the 

local wind (inversed) as do the other stations in South America, than with the 

river outflow seasonality. This result is consistent with the analysis of the 

altimetry observations for the sub-regions. In addition, it is consistent with the 

estimated small effect (~10%) the river outflow has at the Cartagena bay sea 

level based on a local modeling study (Molares, 2011). 

For the two stations close to the area of influence of the Panama-

Colombia gyre (Figure 3.1) the wind contribution to the seasonal sea level cycle 

is insignificant in P. Limon, and is of similar magnitude to the surface fluxes 

contribution at Cristobal (Table 5.3).  The regional altimetry signal was found 

to be primarily forced by wind. Thus the mean seasonal cycle at these tide-

gauges differs from the mean seasonal cycle from altimetry shown in Figure 

Figure 5.3-c. 

5.3.4 Temporal Variation of the Seasonal Sea Level 

The seasonal cycle removed is usually assumed, to a first approximation, to be 

constant in time at each location. The longer of the tide-gauges provide 

information about the temporal variability of the seasonal cycle. 

5.3.4.1 Temporal Variability as Function of the Length-of-Record 

In order to compare the seasonal signal from tide-gauges records covering 

different periods of time and of different length an understanding of the 

sensitivity of the results to the temporal variations of the seasonal harmonics 

is needed. The variability of the seasonal harmonics as a function of the 

length-of-record is presented in Figure 5.3-f using the longest five tide-gauges 

and having corrected the time series for the inverse barometer effect. Note that 

5-year long records, although relatively stable, do show variability in time. A 

comparison between the error bar associated to the annual amplitude (Table 
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5.1) and the RMS in Figure 5.3-f, indicates that records less than ~20 years are 

not adequate to obtain a stable representation of the mean seasonal cycle in 

some cases. For example at La Guaira the time variability (RMS) computed from 

20-year long segments is 0.5, while the annual amplitude for the 

barometrically corrected time series (1953-1997) is 6.6±0.6 cm, thus the RMS 

is lower than the error bar. The same results are obtained from the other four 

tide-gauge series. Also it can be seen a different nature in the annual 

amplitude variability, with larger RMS at stations such as La Guaira and San 

Antonio when compare to the other stations.  

Ten out of the 27 stations span less than 20 years of data (Table 3.1), 

thus the seasonal cycle computed at these stations (Table 5.1) would include 

larger uncertainty. Figure 5.3-f also shows that the mean seasonal cycle 

calculation is strongly influenced by the length of record. Records with short 

lengths are less accurate to compute the mean seasonal cycle. Thus special 

care is advised in the interpretation of the mean seasonal cycle at the five 

stations with 10 or less years of data (Table 3.1).  

5.3.4.2 Temporal Variability of the Seasonal Harmonics 

The stability of the annual and semi-annual harmonics of barometrically-

corrected sea level in the Caribbean Sea, estimated on the basis of 5-year 

segments, is presented in Table 5.4 and shown in Figure 5.4-b and Figure 5.5-

b. As measures of stability the maximum amplitude of each component and its 

range is provided together with the percentage of the 5-year periods over 

which the component was insignificant. The range of each harmonic includes 

only periods over which the estimated harmonic is statistically significant. 

The annual sea level amplitude and phase change in time. In addition the 

temporal variability of the annual parameters differs between the various 

regions. The annual harmonic amplitude can vary over any 5-year period by a 

minimum of 0.8 cm at Casilda to a maximum of 5.8 cm at Port Royal 

corresponding to 13% and 64% of the maximum amplitude value at these two 

stations (Table 5.4). With the exception of P. Limon and Cristobal, the annual 

cycle is significant during all 5-year segments. By contrast the semi-annual 

cycle becomes insignificant in all tide-gauges for some 5-year periods except in 

Riohacha and Amuay where it remains significant at all times. The range of the 

amplitude of the semi-annual harmonic is up to 3.7 cm (at South Sound) and 

not registered at 9 stations (Table 5.4). The variability of the observed sea level 
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seasonal cycle at two stations with records available during the first half of the 

20th century (Figure 5.4-a and Figure 5.5-a), indicate that long-term trends are 

not evident and time variability is similar to the one found in the second half of 

the 20th century. The previous results correspond to the barometrically 

corrected time series. 

The temporal variability of the amplitude of the annual harmonic is 

coherent from Cristobal in the South Colombia Basin to Cumana in the north 

coast of South America (Figure 5.4-b). Magueyes, Lime Tree and P. Pitre at the 

north-eastern Antilles and North and South Sound at the Cayman Sea are two 

other groups of stations showing similar temporal variability within each 

group. The spatial coherency of the amplitude of the semi-annual harmonic 

resembles that of the annual harmonic, but it is less coherent (Figure 5.5-b). 

The temporal variability of the annual and semi-annual phases is also less 

coherent than that of the annual amplitude. The altimetry time series over their 

shorter period of coverage show temporal variability of the harmonic 

parameters which is similar to that derived from the tide-gauge records over 

the same period. 

5.3.4.3 Forcing of the Temporal Variation in the Annual Harmonic 

The variation in time of the harmonics of the steric sea level signal (upper 

185m), and the zonal and meridional surface wind components from the grid 

points nearest to each station were computed, in addition to the variation in 

time of the barometrically-corrected tide-gauge records. The amplitudes of the 

annual harmonic of all the time series assessed were found to have significant 

variability in time. Any single forcing factor could not be identified as 

responsible for the sea level time variability in the Caribbean Sea. It seems that 

the contribution of the various forcing factors to the variability of the sea level 

harmonics differ between the various stations. In addition at the same stations 

over different periods of time it appears that the changes in the annual and 

semi-annual harmonics are caused by different forcing factors. Thus, the 

dominant forcing of the mean seasonal cycle (Table 5.3) do not show 

coherency with the dominant forcing of the changes in time of the seasonal 

cycle. 

To illustrate the complexity of the situation, in Figure 5.6-a the amplitude 

changes in time of the normalized annual harmonics of the barometrically-

corrected tide-gauge sea level, as well as the various forcing parameters at five 
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stations located at the northern coast of South America are shown. These 

stations were selected as they show some regional coherence. In general, there 

is a good correspondence between the annual amplitude of sea level and the 

steric component. However for some periods the estimates changes can have 

opposing characteristics as, for example, in Cumana after 1975. At Amuay and 

Riohacha the temporal variability of the annual harmonic of sea level co-varies 

with that of the zonal wind. This agreement is evident at all five stations but 

only before 1963. The time variability of the annual amplitude of the 

meridional wind component does not show much correspondence with the 

temporal variability of the annual amplitude of sea level, except for short 

periods of time.   

The regression model in Equation 5.1 is performed to assess the 

prediction of the changes in time of the seasonal sea level cycle. The temporal 

variability of the steric height (top 185 m) and wind components annual 

amplitudes were used as forcing parameters. As the mean seasonal sea level 

cycle is forced mainly by steric and wind contributions (Gill and Niiler, 1973), it 

is reasonable to expect that these forcing parameters contribute to the 

variability in time of the seasonal sea level cycle. The observed tide-gauge 

annual amplitude temporal variability and its prediction are presented for five 

stations in Figure 5.6-b. The coefficients and the model explained variance are 

tabulated for the 27 stations in Table 5.5. For example at La Guaira, the steric 

height, zonal and meridional wind components, with coefficients of 0.9, 4.0 

and -0.7 respectively (all significant at 95% level) explain 72% of the sea level 

annual amplitude variance. By contrast, at C. San Antonio, regardless of the 

large time variability in the annual amplitude (range of 4.7 cm in Table 5.4), 

the explained variance is 11%, with the steric (-0.2) and zonal wind (-1.6) as 

significant parameters (Table 5.5). However, correspondence with the mean 

seasonal sea level cycle forcing could not be found. 

The low response to the regression model (Equation 5.1) at C. San 

Antonio may be an indication of other forcing causing the variations in 

seasonality. This station is located in the Yucatan Chanel which has a 2040 m 

sill. Exchange of water between the Cayman Sea and Gulf of Mexico below the 

seasonal thermocline has been observed (Sheinbaum et al., 2002). Thus the 

variability of the Yucatan current as expressed at level deeper than the 

seasonal thermocline at the seasonal scale may be relevant in explaining the 

changes in the seasonal sea level cycle. The regression in Equation 5.1 was 
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performed using the temporal variability of the steric height computed down to 

1162 m and the wind components as forcing parameters.  For Cartagena, the 

percentage of explained variance when the upper steric effect was replaced by 

the effects down to 1162m decreased from 58% to 33%. However at Cabo Cruz, 

the percentage of explained variance improved from not significant to 39%, 

indicating that the steric variability below the thermocline is also important. 

For San Antonio, the percentage of explained variance slightly improved from 

11% to 16%. Thus, deeper steric variability in San Antonio does not appear to 

be significant however limitations in the EN3 dataset may be the cause of this. 

5.3.5 The Effect of the Seasonal Cycle on Extremes 

The added annual and semi-annual harmonics (Table 5.6) indicate that the 

seasonal sea level cycle peaks during September and October at 23 stations. 

However at Port Royal, Santo Tomas, South and North Sound, the seasonal sea 

level cycle peaks in July and August. This is a consequence of the phase of the 

semi-annual cycle at these stations which is significantly different from that of 

the other parts of the basin (Table 5.1). The lowest sea level during the year 

occurs between January and March at all the stations, except for P. Limon 

(April), where the semi-annual cycle is insignificant and P. Royal (December), 

due to the semi-annual phase difference.  

Of course the maxima and the minima of sea level due to seasonality are 

affected by the variability with time of the annual and semi-annual harmonics. 

The maximum range and the highest/lowest sea level computed from the 

added annual and semi-annual harmonics using the 5-year periods are 

tabulated in Table 5.6. The occurrence of minima and maxima from the 5-year 

periods overall confirms the timing found using the harmonics computed from 

all the available data with differences up to one month, except for the minima 

at P. Limon and Barahona, where the difference is of 2 and 3 months 

respectively. The maximum range of the superimposed seasonal cycles for a 

particular 5-year period, reaches values of up to 29 cm in Amuay (period 

centered in August 1954), a large value when compared to the micro-tidal 

behavior in the region. Note also that at 10 stations the maximum 5-year 

period range is over 20 cm. The smallest range in the seasonal sea level 

variation was found at P. Limon and Cristobal in the South Colombia Basin. 

These are the only stations where the range of sea level is under 10 cm.  This 
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is caused by the small seasonal cycle due to the existence of the seasonality of 

the Panama-Colombia gyre. 

5.4 Conclusions 

The sea level seasonal cycle in the Caribbean Sea, investigated on the 

basis of 27 tide-gauge records and altimetry, shows significant spatial and 

temporal variability. The annual amplitude is between 2 and 9 cm and is, at all 

stations larger than the semi-annual amplitude. The semi-annual cycle reaches 

6 cm at places but it is not statistically significant in a large part of the 

Caribbean Sea. The large amplitude of the semi-annual sea level harmonic at 

the stations located at the southern coasts of the basin is caused by the 

influence of the annual occurrence of the mid-summer drought through, 

primarily, the wind effects (Gamble and Curtis, 2008). The atmospheric 

pressure contribution to the seasonal sea level cycle does not significantly 

change the annual harmonic. Its effect is larger toward the north of the basin 

but is not the dominant contribution to the sea level seasonality in the region, 

except at 9 stations where the entire semi-annual harmonic is caused by the 

atmospheric pressure contribution (Table 5.1). No statistically significant 

difference between the harmonics computed from tide-gauge and coastal 

altimetric series was found. 

The annual sea level cycle at the northern parts of the Caribbean basin 

(Antilles) is dominated by the steric annual contribution almost exclusively 

driven by the thermosteric effect. At the southern parts of the basin (South and 

Central America) the seasonal influence of the winds become dominant. 

However some tide-gauges, namely Port Royal, South and North Sound, 

Carenero and Casilda show localized behavior. It is likely that these are caused 

by barotropic effects induced by topographic constrains and interaction with 

local geomorphology but more work is needed to resolve the specific 

characteristics of each of these tide-gauges. 

In addition to the forcing parameters explored here, changes in the basin 

scale circulation (baroclinic or barotropic) and the associated currents may also 

be responsible for some of the observed seasonal sea-level change. Johns et al. 

(2002) assessed the seasonal transport in the Caribbean Sea passages and 

found a mixed annual/semi-annual character with a total range of ~4 Sv which 

corresponds to about 15% of the total transport. The seasonal transport 
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variability would correspond, on the basis of the mean sea level field gradient 

which is about 12 cm (not shown), to around 1.8 cm of sea-level change. This 

is a rough estimate of the magnitude of the effect the seasonality of the 

current will have at the tide-gauge stations located at the South American 

coasts. However, further research is needed in order to assess quantitatively 

the relationship between sea level seasonality and volume transport through 

each of the passages. 

The seasonal sea level cycle in the Caribbean Sea is found to be variable 

with time. At least 20 years of observations are required in order to obtain 

steady estimates of the annual and semi-annual harmonics. Altimetry 

approaches the 20 year margin thus getting to the point where the mean 

seasonal cycle will be well resolved. At shorter than 20 year time periods the 

variability of the seasonal cycle becomes evident. The temporal variations of 

the annual harmonic estimated on the basis of 5-year segments can reach in 

excess of about 40% of the mean annual amplitude (Table 5.1 and Table 5.4). 

However the temporal variability evident at the various tide-gauges shows large 

spatial variation (Table 5.4-b and Table 5.5-b). There is no basin-wide 

coherency in the temporal change of the sea level seasonal cycle. A result 

which probably derives by the dominance of different forcings in the various 

parts of the basin. 

The changes in the annual sea level amplitude must be caused by 

changes in the forcing parameters. The contribution of the changes in each 

parameter is assessed on the basis of multiple regression models. The 

different local response to forcing factors such as steric and wind components 

variability, suggest that the contribution of these and other parameters should 

be addressed separately for each station. The statistical modeling of the 

changes in the seasonal cycle accounts for up to 92% of the sea level annual 

amplitude variance at one of the stations, and more than 50% at 14 stations.  

Assuming that the statistical model remains valid the relationships established 

can be used to estimate seasonal sea level variations under climate change 

scenarios where wind and steric variations are expected.  

The comparison between the coastal sea level seasonal cycle amplitude 

(Table 5.1) with the amplitude of the six most important tidal constituents in 

the region at 12 stations (Table 4.1), show that in P. Cortes the annual cycle 

amplitude (7.0±0.7 cm) is larger than all the tidal constituents, while at other 5 

stations, the annual cycle amplitude is the second largest of all the 
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constituents. At P. Castilla the semi-annual amplitude (3.7±1.0 cm) is the third 

important harmonic following the M
2
 (7.6 cm) and the annual cycle (6.5±0.8 

cm). This general comparison indicates the importance of the seasonal sea 

level cycle in the Caribbean Sea when compared to the modulations forced by 

the gravitational potential. Thus seasonality and its variations must be taken 

into account when the vulnerability of coastal areas in the Caribbean is 

estimated. The changes in time of the tidal constituents, which are due to the 

modulation of the astronomical forcing, can be accurately predicted using the 

gravitational potential (chapter 4). However the temporal variability of the 

seasonal cycle is not easily resolved and would require detailed local studies 

and modeling of the region to be fully understood.  

The mean seasonal sea level cycle has a larger range than the range from 

either the annual or semi-annual components. It reaches values in excess of 20 

cm at various tide-gauges and can exceed even 29 cm when the variability over 

5 year periods is taken into account. Thus when the seasonal cycle peaks in 

late summer or early autumn, the probability of flooding driven by spring tides 

and storm surges during that time of the year increases (Table 5.6). At the 

northern coast of South America, the seasonal range is larger than in the rest 

of the Caribbean basin. Consequently these areas are likely to be more 

vulnerable to extreme sea levels between September and October. When the 

temporal change in the seasonal cycle is included, the timing at most stations 

will not differ more than one month, however larger sea level ranges are 

obtained. It is evident that any assessment of coastal vulnerability at the region 

has to take into account both the seasonal cycle and its temporal variability. 

The extent such changes can be estimated on the basis of climate models is 

presently unclear and further work is needed to resolve this point. 
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Table 5.1. Annual and semi-annual harmonics from observed tide-gauge sea level and after the inverse barometer correction a 

Station Name Months 

Tide-gauge 

 
 

Barometrically Corrected Tide-gauge 

Annual 
 
 

Semi-annual Explained 
Variance 

(%) 

Annual 
 
 

Semi-annual 

Amplitude 
(cm) 

Phase 
(deg) 

Amplitude 
(cm) 

Phase  
(deg) 

Amplitude 
(cm) 

Phase  
(deg) 

Amplitude 
(cm) 

Phase  
(deg) 

P. Limon 216 1.8±0.9 294 ± 28 
 

 
 

11 
 

1.6±0.9 302±32 
 

 
 

Cristobal 566 3.1±0.5 295 ± 9 
 

1.0 ±0.5 250±28 33 
 

2.9±0.5 300±10 
 

0.6±0.4 249±52 

Cartagena 463 5.3±0.5 260 ± 6  2.5±0.6 221±14 60  5.6±0.5 258±5  2.3±0.6 221±16 

Riohacha 273 7.3±1.2 259 ± 10  5.2±1.4 232±15 52  6.8±1.2 257±10  4.6±1.4 234±17 

Amuay 370 8.3±0.7 267 ± 5  5.9±1.0 226±10 69  7.8±0.7 266±5  5.1±1.0 227±11 

La Guaira 534 6.6±0.6 270 ± 6  4.7±0.8 226±10 58  6.6±0.6 266±5  3.8±0.8 228±12 

Carenero 81 5.7±2.0 283 ± 22 
 

4.2±2.2 246±29 46 
 

5.3±1.8 277±25 
 

3.3±2.0 252±44 

Cumana 333 7.6±0.8 276 ± 6 
 

4.6±1.0 234±13 63 
 

7.2±0.8 272±7 
 

3.7±1.0 236±16 

P. Piedras 181 7.0±0.9 274 ± 8  3.7±1.3 227±19 63  6.7±0.9 271±8  2.7±1.2 228±24 

Carupano 254 5.8±0.8 275 ± 8  3.3±1.0 225±18 56  5.4±0.7 270±9  2.4±1.0 225±23 

P. Spain 90 9.2±1.3 272 ±9  2.8±1.7 243±34 73  8.7±1.2 270±9  1.8±1.3 254±66 

P. Pitre 128 7.6±1.1 249±8  1.7±1.1 205±41 72  7.0±1.2 243±10    

Lime Tree 316 6.4±0.7 262±6 
 

1.4±0.8 218±31 61 
 

5.4±0.7 258±7 
 

 
 

Magueyes 635 6.2±0.4 264±4 
 

1.2±0.4 200±20 67 
 

5.2±0.4 261±4 
 

 
 

Barahona 123 4.8±0.9 272±12  1.7±1.1 206±36 55  3.8±0.9 268±17    

P. Prince 144 4.8±1.0 249±11  1.7±1.0 213±31 58  3.9±1.0 244±15    
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Guantanamo 258 6.0±0.7 257±7  2.3±0.7 195±17 66  4.8±0.7 256±8  1.3±0.6 174±38 

Port Royal 212 5.7±1.6 229±15  2.4±1.2 102±40 37  5.0±1.6 223±18  3.0±1.1 86±31 

Cabo Cruz 108 5.9±1.4 256±14  2.1±1.6 220±38 54  4.5±1.3 258±17    

Casilda 84 7.3±1.3 219±10 
 

2.2±1.2 209±30 78 
 

5.7±1.2 214±12 
 

 
 

South Sound 219 7.4±1.7 224±13 
 

2.2±1.4 69±46 43 
 

6.5±1.7 224±15 
 

3.4±1.6 59±26 

North Sound 296 6.4±1.4 241±13  1.5±0.9 83±69 34  5.4±1.4 243±15  2.6±1.4 63±29 

C. San Antonio 353 6.2±0.9 246±8  2.1±0.8 199±23 53  5.3±0.8 254±9    

Santo Tomas 205 5.9±1.3 239±13  1.7±0.9 173±53 44  5.6±1.3 245±13    

P. Cortes 224 7.1±0.7 256±6  2.8±0.8 204±15 76  6.9±0.7 261±5  1.9±0.7 201±22 

La Ceiba 108 5.5±1.0 277±10 
 

2.8 ± 1.2 214 ± 23 66 
 

5.4 ± 1.0 283 ± 10 
 

2.0±1.1 216±29 

P. Castilla 160 6.5±0.8 281±7 
 

3.7 ± 1.0 218 ± 15 74 
 

6.2 ± 0.9 287 ± 8 
 

2.9 ± 1.0 219 ± 19 

a Time series for the period 1950–2009. Amplitude in cm and phase lag in degrees with 95% error. The number of months with 
data and percent of explained variance are included for the observed sea level. Only values for statistically significant harmonics 
are shown.  
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Table 5.2. Comparison between barometrically-corrected tide-gauge and coastal altimetry seasonal cycle.a  

Station Name 
Number of 

Months 

Barometrically-Corrected Tide-gauge Altimetry 

Annual Semi-annual Annual Semi-annual 

Amp (cm) Phase (deg) 
 
 Amp (cm) Phase (deg) 

 
 Amp (cm) Phase (deg) 

 
 Amp (cm) Phase (deg) 

Cristobal 124 2.9 ±1.0 308 ±19 
 

1.0 ±0.8 245 ±62 
 

3.0 ±1.0 321 ±19 
 

2.1 ±0.9 289 ±25 

La Guaira 57 5.8 ±1.7 264 ±20 
 

4.1 ±2.2 219 ±28 
 

4.3 ±1.6 287 ±21 
 

2.4 ±1.6 248 ±44 

P. Piedras 60 6.9 ±1.5 264 ±14  2.7 ±1.9 215 ±36  5.6 ±1.3 279 ±15  2.8 ±1.5 248 ±32 

P. Pitre 105 7.0 ±1.3 242 ±11     5.8 ±0.9 253 ±9    

Lime Tree 201 5.8 ±0.9 254± 9     5.8 ±0.8 268± 9    

Magueyes 203 5.4 ±0.8 260 ±8     5.2 ±0.7 273 ±9    

Cabo Cruz 108 4.5 ±1.3 258 ±17 
 

 
  

4.8 ±1.4 255 ±17 
 

 
 

North Sound 105 5.7 ±2.3 253 ±25 
 

 
  

6.0 ±2.2 242 ±21 
 

 
 

C. San Antonio 120 5.4 ±1.1 259 ±12     5.7 ±1.3 252 ±13    
a Time series for the period 1993-2009. Amplitude in cm and phase lag in degrees with 95% error.  The altimetry harmonics were 
calculated from the nearest grid-point to each station, using only months where the tide-gauge had valid measurements. The 
number of months with data is included. Only values for statistically significant harmonics are shown. 
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Table 5.3. Annual and semi-annual harmonics from the steric and residual components of the tide-gauge sea level a 

Station Name 

Annual Cycle Semi-annual Cycle 

Amplitude (cm) Phase Lag (deg) Amplitude (cm) Phase Lag (deg) 

Upper Steric Residual 
 
 Upper Steric Residual 

 
 Upper Steric Residual 

 
 Upper Steric Residual 

P. Limon b 1.4 ± 0.9 
  

294 ± 41 
  

1.4 ± 0.6 
  

1 ± 37 
 

Cristobal 1.6 ± 0.5 1.6 ± 0.7 
 

274 ± 22 325 ± 24 
 

1.8 ± 0.6 1.5 ± 0.7 
 

304 ± 20 145 ± 26 

Cartagena 2.6 ± 0.5 3.4 ± 0.8  280 ± 12 240 ± 13  2.4 ± 0.5 2.3 ± 0.8  279 ± 12 156 ± 19 

Riohacha 3.9 ± 0.6 3.6 ± 1.4  282 ± 9 231 ± 21  1.1 ± 0.6 4.0 ± 1.4  286 ± 38 222 ± 19 

Amuay 3.5 ± 0.6 5.1 ± 0.9  297 ± 10 246 ± 10  1.0 ± 0.6 5.3 ± 1.0  322 ± 33 216 ± 10 

La Guaira 3.7 ± 0.6 3.9 ± 0.8  298 ± 9 236 ± 12  1.3 ± 0.5 3.5 ± 0.8  295 ± 24 209 ± 13 

Carenero 4.8 ± 0.9 
  

289 ± 11 
  

1.2 ± 0.8 
  

289 ± 57 
 

Cumana 4.0 ± 0.7 3.7 ± 1.1 
 

292 ± 10 251 ± 17 
 

1.1 ± 0.6 3.1 ± 1.2 
 

287 ± 40 220 ± 22 

P. Piedras 3.1 ± 0.9 3.9 ± 1.1  288 ± 18 257 ± 16  1.1 ± 0.9 2.5 ± 1.2  296 ± 64 204 ± 26 

Carupano 2.5 ± 0.6 2.9 ± 0.7  269 ± 18 271 ± 17  1.0 ± 0.6 2.0 ± 0.9  281 ± 54 200 ± 24 

P. Spain 2.5 ± 1.2 6.5 ± 1.1  250 ± 28 278 ± 11  1.4 ± 1.1   297 ± 63  

P. Pitre b 4.7 ± 0.6 2.3 ± 1.2  248 ± 7 234 ± 28  0.6 ± 0.5 1.3 ± 0.9  335 ± 45 164 ± 63 

Lime Tree b 4.3 ± 0.4 1.2 ± 0.5 
 

257 ± 5 261 ± 37 
 

 
  

 
 

Magueyes b 3.7 ± 0.3 1.5 ± 0.4 
 

265 ± 4 252 ± 16 
 

 
  

 
 

Barahona b 4.6 ± 0.7   272 ± 9        

P. Prince b 3.8 ± 0.5 1.6 ± 0.9  268 ± 9 169 ± 46       
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Guantanamo 3.6 ± 0.4 1.9 ± 0.8  276 ± 7 215 ± 23   0.8 ± 0.5   170 ± 68 

Port Royal 3.4 ± 0.5 3.8 ± 0.9  274 ± 9 180 ± 19   2.9 ± 1.1   77 ± 26 

Cabo Cruz b 4.2 ± 1.0   253 ± 14        

Casilda b 3.5 ± 1.1 3.6 ± 1.2 
 

252 ± 19 177 ± 28 
 

 
  

 
 

South Sound 3.4 ± 0.6 4.2 ± 1.5 
 

259 ± 10 196 ± 21 
 

0.7 ± 0.5 3.1 ± 1.8 
 

111 ± 67 49 ± 30 

North Sound 3.2 ± 0.5 2.4 ± 1.5  256 ± 10 227 ± 32  0.9 ± 0.6 2.1 ± 1.5  115 ± 36 42 ± 35 

C. San Antonio b 3.5 ± 0.8 1.8 ± 1.1  255 ± 14 252 ± 46       

Santo Tomas b 2.3 ± 0.6 3.6 ± 1.6  271 ± 19 228 ± 24  1.2 ± 0.8   119 ± 37  

P. Cortes 2.4 ± 0.5 4.5 ± 0.8  266 ± 14 258 ± 11  0.9 ± 0.7 1.9 ± 1.0  122 ± 38 229 ± 27 

La Ceiba 2.5 ± 0.7 3.0 ± 1.3 
 

270 ± 20 294 ± 24 
 

1.0 ± 0.6 2.6 ± 1.4 
 

100 ± 67 235 ± 28 

P. Castilla 2.7 ± 0.6 3.9 ± 1.1 
 

264 ± 16 302 ± 16 
 

1.0 ± 0.7 3.3 ± 1.1 
 

115 ± 54 236 ± 19 

a Time series for the period 1950–2009. Steric changes above the seasonal thermocline (top 185 m). “Upper Steric” values are from 
the nearest grid point to each station, and the residual obtained by subtracting the upper steric time series from the 
barometrically-corrected tide-gauge time series. Amplitude in cm and phase lag in degrees with 95% error. Only values for 
statistically significant harmonics are shown.  
b Stations where the barometrically-corrected sea level semi-annual cycle is statistically insignificant (Table 5.1). 
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Table 5.4. Temporal variability of seasonal harmonics a 

Station Name 

Annual 

 

Semi-annual 

Amplitude (cm)  Phase (deg) 

 

Insignificant 

5-Year 

Periods (%) 

Amplitude (cm) 

 

Phase (deg) 

 

Insignificant 

5-Year 

Periods (%) Gauge Altimetry Gauge 

Range 

Altimetry 

Range 

Gauge 

 

Altimetry Gauge 

Range 

Altimetry 

Range Max Range Max Range Gauge ADT Max Range Max Range Gauge ADT 

P. Limon 2.8 1.2 
 

2.8 1.3 
 

85 27 
 

37 67           100 93 

Cristobal 4.5 2.9 
 

3.7 1.6 
 

65 34 
 

3 0  1.5 0.5  3.3 2.0  121 40  90 15 

Cartagena 7.0 3.0 
 

5.3 2.4 
 

32 20 
 

0 0  3.6 2.1  3.0 2.0  64 31  17 23 

Riohacha 9.8 5.7 
 

8.3 2.6 
 

47 15 
 

0 0  6.3 3.1  5.8 3.1  41 17  0 0 

Amuay 10.0 4.7 
 

8.3 3.2 
 

27 22 
 

0 0  6.8 3.5  5.8 3.0  40 23  0 0 

La Guaira 9.0 5.4 
 

7.4 3.0 
 

27 19 
 

0 0  5.9 3.6  4.5 2.5  57 30  6 0 

Carenero 7.8 4.3 
 

8.3 3.1 
 

26 15 
 

0 0  4.3 1.1  4.6 2.3  24 21  12 0 

Cumana 10.1 5.3 
 

8.1 2.8 
 

19 16 
 

0 0  5.7 3.4  4.3 1.9  56 24  4 0 

P. Piedras 8.8 3.1 
 

7.9 2.5 
 

39 18 
 

0 0  4.0 1.9  3.9 1.7  50 20  6 0 

Carupano 6.9 3.0 
 

8.0 2.6 
 

37 17 
 

0 0  4.1 2.4  3.5 2.0  41 40  25 4 

P. Spain 10.5 3.7 
 

8.5 3.6 
 

26 14 
 

0 0       2.7 1.2    40  86 14 

P. Pitre 7.6 1.0 
 

6.8 1.3 
 

25 21 
 

0 0                 100 100 

Lime Tree 6.7 2.4 
 

6.9 2.2 
 

40 31 
 

0 0                 100 100 

Magueyes 6.4 2.7 
 

6.1 1.9 
 

42 37 
 

0 0  2.0 0.9       67    93 100 

Barahona 6.5 4.7 
 

6.9 3.6 
 

58 30 
 

0 0                 81 99 



 

 106

P. Prince 4.9 2.5 
 

5.6 2.3 
 

38 25 
 

0 0                 100 94 

Guantanamo 6.4 2.8 
 

6.3 3.2 
 

52 35 
 

0 0  3.0 1.7       63    32 100 

Port Royal 9.2 5.8 
 

6.9 4.3 
 

80 74 
 

0 8  4.8 2.2  3.9 1.4  79 55  24 31 

Cabo Cruz 5.6 3.2 
 

5.8 2.7 
 

25 32 
 

0 0                 93 99 

Casilda 6.4 0.8 
 

6.9 2.5 
 

16 22 
 

0 0                 89 100 

South Sound 9.2 5.0 
 

7.4 2.5 
 

44 44 
 

0 0  6.6 3.7  4.2 1.3  55 19  30 78 

North Sound 7.8 4.0 
 

7.4 2.5 
 

58 44 
 

0 0  5.3 2.6  4.2 1.3  66 19  48 78 

C. San Antonio 7.6 4.7 
 

6.9 3.0 
 

65 25 
 

0 0                 97 100 

Santo Tomas 7.4 3.4 
 

4.5 1.3 
 

53 15 
 

0 0  2.2 0.9  1.8 0.7  56 53  72 35 

P. Cortes 7.8 2.4 
 

5.2 1.4 
 

21 16 
 

0 0  3.1 1.6  2.3 1.1  61 79  11 12 

La Ceiba 6.1 1.3 
 

5.2 1.0 
 

35 21 
 

0 0  3.2 1.7  2.3 1.2  17 67  18 1 

P. Castilla 8.3 2.8 
 

5.2 0.9 
 

26 23 
 

0 0  4.2 2.1  2.1 0.9  39 69  6 0 

a Range (maximum-minimum) of the seasonal harmonics amplitude and phase lag computed from 5-year segments, using 
barometrically corrected tide-gauge time series for the period 1950-2009 and altimetry time series for the period 1993-2010. The 
amplitude includes the maximum 5-year value. Only stations with 24 or more significant amplitudes values obtained from the 5-
years segments are presented. The % of insignificant 5-year periods is included. 
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Table 5.5. Forcing of the tide-gauge annual amplitude temporal variability a  

Station Name  

Regression coefficients  Explained 
Variance 
Percent K (cm)  A (cm/cm)  B (cm(m/s)-1)  D (cm(m/s)-1) 

P. Limon  0.0  0.1  0.3     24 

Cristobal  0.0     -0.8  0.4  6 

Cartagena  -0.1  0.4     0.4  58 

Riohacha  -0.7  0.7  5.1  -4.4  63 

Amuay   -0.1  0.6  2.9  -0.8  59 

La Guaira  0.0  0.9  4.0  -0.7  72 

Carenero  0.3  -1.3  8.0  -1.4  92 

Cumana   0.4  0.7  6.2  -2.5  57 

P. Piedras  0.0     3.4  1.5  40 

Carupano  0.3  -0.5  2.1  3.8  52 

P. Spain  0.9  0.4     6.7  88 

P. Pitre                

Lime Tree  0.2     1.1  1.4  17 

Magueyes  0.0  0.4     -0.5  8 

Barahona  1.0     -8.5     30 

P. Prince  0.2  -0.7        23 

Guantanamo  0.0  0.1  0.3  -2.9  62 

Port Royal  0.9  -1.4  -1.2  6.6  63 

Cabo Cruz                

Casilda  -0.3  0.1  -0.4  2.5  36 

South Sound  -0.4  1.3  -4.5     64 

North Sound  -0.1  0.8  -1.5  -1.0  27 

C. San Antonio  -0.2  -0.2  -1.6     11 

Santo Tomas  0.4     5.1     55 

P. Cortes  0.2  0.7     2.4  52 

La Ceiba  -0.1     1.3     55 

P. Castilla  0.2  0.7     1.0  30 
a.Results from the regression model in Equation 5.1. Statistically insignificant 
parameters are omitted. Percent of explained variance of the significant 
components is included. 
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Table 5.6. The sea level seasonal cycle a 

Station Name 

Added Annual and Semi-annual Cycles 

 

Added Annual and Semi-annual Cycles From 5-Year Periods 

Highest Sea Level 

 

Lowest Sea Level Highest Sea Level 

 

Lowest Sea Level 

 

Max Range 

Month Centimetres Month Centimetres Month Centimetres Year Month Centimetres Year Centimetres Year 

P. Limon 10 1.9 
 

4 -1.9 
 

10 4.2 1954  6 -3.8 1954  7.8 1954 

Cristobal 10 4.0 
 

3 -2.7 
 

10 6.1 1991  2 -4.7 1992  10.8 1992 

Cartagena 9 7.2 
 

1 -5.9 
 

9 9.2 1963  2 -8.3 1949  17.4 1949 

Riohacha 10 10.7 
 

1 -10.0 
 

9 14.7 1956  1 -13.5 1957  28.1 1957 

Amuay 10 12.7 
 

1 -10.3 
 

10 16.6 1954  1 -12.9 1956  29.4 1954 

La Guaira 10 10.2 
 

1 -7.8 
 

10 13.5 1991  2 -10.4 1955  23.7 1955 

Carenero 10 9.8 
 

2 -6.8 
 

10 12.7 1956  2 -7.8 1956  20.5 1956 

Cumana 10 11.5 
 

2 -8.0 
 

10 14.2 1954  2 -10.7 1955  24.9 1954 

P. Piedras 10 9.9 
 

2 -6.9 
 

10 12.5 1976  1 -9.1 1978  20.5 1976 

Carupano 10 8.5 
 

1 -5.6 
 

10 10.8 1969  1 -7.9 1987  17.4 1971 

P. Spain 10 10.9 
 

2 -9.3 
 

10 13.6 1991  2 -11.0 1991  24.5 1991 

P. Pitre 9 8.7 
 

2 -7.4 
 

9 10.5 1998  2 -8.2 2005  18.6 1998 

Lime Tree 9 7.4 
 

2 -6.1 
 

9 8.5 1992  3 -7.6 2002  15.3 2002 

Magueyes 9 7.3 
 

2 -5.4 
 

9 9.2 1969  3 -7.5 2002  15.1 2002 

Barahona 9 6.3 
 

2 -3.9 
 

9 9.0 1969  5 -6.9 1969  15.8 1969 

P. Prince 9 6.3 
 

1 -5.6 
 

9 8.3 1950  2 -7.3 1950  15.4 1950 
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Guantanamo 9 7.8 
 

1 -5.7 
 

9 10.7 1960  2 -7.4 1947  16.4 1960 

Port Royal 8 7.9 
 

12 -4.3 
 

8 11.4 1954  12 -10.3 1954  21.7 1954 

Cabo Cruz 9 7.3 
 

1 -6.1 
 

9 8.8 2006  1 -7.1 2001  15.2 2006 

Casilda 9 6.5 
 

1 -9.0 
 

9 9.2 1949  1 -10.3 1955  19.3 1949 

South Sound 7 9.3 
 

3 -5.9 
 

7 13.2 1994  2 -9.9 1976  20.2 1994 

North Sound 8 7.6 
 

3 -5.8 
 

7 11.1 1992  2 -8.9 1979  18.1 1992 

C. San Antonio 9 7.6 
 

1 -6.7 
 

9 11.0 1988  1 -9.2 1990  18.8 1994 

Santo Tomas 8 6.9 
 

1 -5.8 
 

9 9.0 1975  2 -7.8 1965  16.3 1975 

P. Cortes 9 9.5 
 

1 -7.1 
 

9 10.9 1957  1 -9.2 1955  19.2 1955 

La Ceiba 9 7.7 
 

1 -4.6 
 

9 9.3 1964  1 -6.7 1965  15.8 1964 

P. Castilla 10 9.6 
 

1 -5.6 
 

9 12.3 1956  1 -8.8 1955  20.7 1955 

a The seasonal cycle is obtained by adding the annual and semi-annual harmonic computed from the full length of each tide-gauge 
(1908-2009), as well as from the 5-year overlapping segments. The highest and lowest monthly sea level of the seasonal cycle is 
presented. In the results of the overlapping segments, the column “Year” indicates the middle of the 5-year period when the event 
occur (month not included), and the “Max Range” indicates the maximum difference between the highest and lowest sea level in a 
particular 5-year period.   
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Figure 5.1. Altimetry seasonal harmonics for the period 1993-2010. Gray stippling where the harmonic is statistically insignificant. 
(a) Annual amplitude (cm). (b) Annual phase lag (degrees). (c) Semi-annual amplitude (cm). (d) Semi-annual phase lag (degrees). (e) 
Seasonal harmonics percent explained variance including 1000 m isobath in light grey and magenta circles to indicate time series 
location. (f) Time series at three grid-points. (g) Frequency spectrum of three time series where dash lines indicate from left to 
right periods of 12, 6 and 4 months.  
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Figure 5.2. Steric height seasonal harmonics from the top 185 m for the period 1993-2010. Gray stippling where the harmonic is 
statistically insignificant. (a) Annual amplitude (cm). (b) Annual phase lag (degrees). (c) Semi-annual amplitude (cm). (d) Semi-
annual phase lag (degrees). 
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Figure 5.3. (a) Cayman sub-region. The normalized mean seasonal cycle (1993-
2010) of altimetry, steric height (top 185 m), air temperature and precipitable 
water content, as well as from the barometrically corrected sea level at 
Guantanamo (1950-1971). (b) Venezuela sub-region. The normalized mean 
seasonal cycle (1993-2010) of altimetry, steric height (top 185 m), air 
temperature and precipitable water content, as well as from the barometrically-
corrected sea level at Lime Tree (1977-2009). (c) Panama-Colombia gyre sub-
region. The normalized mean seasonal cycle (1993-2010) of altimetry, the 
inverse meridional difference of wind speed, and the inversed wind stress curl 
(latitude 11.25ºN and longitude 81.25ºW).  (d) Eastern South Colombian Basin 
sub-region. The normalized mean seasonal cycle of altimetry (1993-2010), as 
well as the steric height (top 98 m), the barometrically-corrected sea level at 
Cartagena, the inverse wind speed (latitude 10ºN and longitude 75ºW) and the 
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added outflow from the Magdalena and Atrato rivers for the period1966-1990. 
(e) North coast of South America sub-region. The normalized mean seasonal 
cycle (1993-2010) of altimetry and the inverse of wind speed at 12.5ºN 
between 62.5ºW and 75ºW, as well as from the barometrically corrected sea 
level at Amuay (1953-1985). In panels (a) to (e) the standard deviation used for 
the normalization and its units are shown in parentheses. (f) Variability in time 
(RMS) of the annual amplitude calculation as function of the length-of-record at 
five tide-gauges with the longest records for the period 1950-2009. 
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Figure 5.4. (a) The temporal variability of the annual harmonic from the 
observed tide-gauges time series 5-year overlapping segments at Cristobal 
(black) and Guantanamo (blue). Top amplitude anomaly (in cm) and bottom 
phase lag anomaly (in degrees). (b) The temporal variability of annual sea level 
amplitude (left in cm) and phase lag (right in degrees). Barometrically-corrected 
tide-gauges (black) and altimetry (blue) time series of 5-year overlapping 
segments. The stations are grouped in three areas based on their similarities: 
top, northern coast of south America and Port of Spain; middle, Antilles north 
of 15ºN; bottom, coast of Central America and Cartagena. Time series are 
offset for comparison and relative to the amplitude (Amp) or phase lag (Pha) of 
the cycle calculated from the whole barometrically-corrected tide-gauge time 
series (Table 5.1). This value is included in the figure in black for tide-gauge 
and blue for altimetry. In both panels when the 5-year cycle is not statistically 
significant a bold point is included in the mean amplitude and phase lag. 
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Figure 5.5. (a) The temporal variability of the semi-annual harmonic from the 
observed tide-gauges time series 5-year overlapping segments at Cristobal 
(black) and Guantanamo (blue). Top amplitude anomaly (in cm) and bottom 
phase lag anomaly (in degrees). (b) The temporal variability of semi-annual sea 
level amplitude (left in cm) and phase lag (right in degrees). Barometrically-
corrected tide-gauges (black) and altimetry (blue) time series of 5-year 
overlapping segments. The stations are grouped in three areas based on their 
similarities: top, northern coast of south America and Port of Spain; middle, 
Antilles north of 15ºN; bottom, coast of Central America and Cartagena. Time 
series are offset for comparison and relative to the amplitude (Amp) or phase 
lag (Pha) of the cycle calculated from the whole barometrically-corrected tide-
gauge time series (Table 5.1). This value is included in the figure in black for 
tide-gauge and blue for altimetry. In both panels when the 5-year cycle is not 
statistically significant a bold point is included in the mean amplitude and 
phase lag. 
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Figure 5.6. (a) The temporal variability of the barometrically-corrected tide-gauge, steric height (top 185 m), zonal and meridional 
surface wind speed annual amplitudes are shown at five stations in the north coast of South America. Time series are normalized. 
Only statistically significant 5-year overlapping segments are shown. Offset between stations for comparison. (b) The temporal 
variability of the barometrically-corrected tide-gauge annual amplitude (cm) and the prediction of the sea level annual amplitude 
(cm) from the regression model (Equation 5.1) are shown, including the values of the statistically insignificant 5-year amplitudes. 
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6. SEA-LEVEL INTERANNUAL VARIABILITY 

AND TRENDS  

In this chapter low frequency changes such as sea level interannual variability 

and trends (  and  in Equation 3.2) are assessed. These results, obtained 

entirely while in candidature for this doctorate research degree, were published 

in the paper: 

Torres, R. R. & M. N. Tsimplis (2013), Sea-level trends and interannual 

variability in the Caribbean Sea. J. of Geophys. Res. Oceans, 118, 2934-2947, 

doi: 10.1002/jgrc.20229. 

6.1 Introduction and literature review 

Global mean sea-level rise between 1900 and 2010 has been estimated to be 

1.7±0.2 mm yr-1 and has been accompanied by considerable decadal and 

regional variability (Rhein et al., 2013). During the period 1993-2012 the 

global mean sea-level rose by 3.2±0.4 mm yr-1 (Church and White, 2011). Both 

values include the Global Isostatic Adjustment (GIA) correction. Global mean 

sea-level rise is a quantity of little value for coastal areas. 

Coastal sea level measurements are primarily obtained from tide-gauges, 

which must be capable of measuring sea level to centimeter accuracy (Bindoff 

et al., 2007). Tide-gauges measure sea-level change by reference to a 

benchmark located on land. Thus their measurements include land movements 

affecting the benchmark. Local land movements can be caused by a variety of 

reasons. The GIA describes the slow part of the response of the earth to the 

redistribution of mass following the last deglaciation. This has been modeled 

and values are available (Tamisiea and Mitrovica, 2011). Other land movements 

are local in character and can only be estimated from direct measurements. 

GPS sensors located, ideally at the tide-gauge location or as a compromise 
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sufficiently close to tide-gauges can be used to remove local land movements 

on the assumption that such land movements are linear and uniform over the 

last 100 years (Wöppelmann et al., 2007; 2009). 

Sea level is also inferred from satellites. Satellite altimetry estimates the 

height of the sea surface with respect to the centre of mass of the Earth. The 

GIA affects the estimates of sea level from altimetry because it modifies the 

shape of the ocean basins. This causes a significant contribution to the 

observed sea-level change (Peltier, 2009). The available GIA models do have 

significant differences between them (Chambers et al., 2010). Other land 

movements, for example plate tectonics are also likely to affect the estimate of 

sea level from satellites. No models directly applicable to altimetry 

observations exist for these.  

Several tide-gauges have been operating in the Caribbean Sea and 

altimetry covers this area of the world. Aubrey et al. (1988) studied sea-level 

change in South America and the Caribbean region, the latter from 11 tide-

gauge series with records over 10 years long and from different periods of 

time. They found varying trends and concluded that changes of land level 

dominate the coastal trends in the region. More recently, Jury (2011) studied 

the long-term variability and trends in the Caribbean Sea by analyzing the 

principal components of sea surface height, based on reanalysis of an ocean 

general circulation model with data assimilation. For the period 1958-2007 

covered by the model he found a linear sea surface height increase everywhere 

in the region at nearly-global rates, with higher values off Venezuela and 

around Cuba. Palanisamy et al. (2012) found that the Caribbean mean sea level 

rose ~1.8 mm yr-1 during 1950-2009 using the regional part of a sea level 

reconstruction. The rate of sea-level rise from altimetry and tide-gauges was 

also assessed in the latter. The Spanish scientific literature also includes sea-

level trends estimates from tide-gauge data in the Caribbean Sea (Torres et al., 

2006; Andrade, 2008). However, previous studies use different quality control 

process and they neither explore the totality of the available observations nor 

consider the forcing of the trends. 

In addition to trends, interannual variability modulates low frequency 

changes in the regional sea level. Extensive work has been published for the 

tropical Atlantic suggesting a connection to climate indices (Enfield and Mayer, 

1997; Andrew et al., 2006; Lohmann and Latif, 2007; Muñoz et al., 2010). The 

relationship between the Caribbean sea level and climate indices was partly 
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assessed by Palanisamy et al. (2012). However in this study the interannual 

sea-level variability and its relation to the climate modes by a different 

approach are explored. 

The scope of this chapter is to provide a comprehensive and up to date 

assessment of low frequency sea-level changes in the Caribbean Sea and their 

forcing. The study uses altimetry and tide-gauge time series from 19 stations 

and oceanographic and meteorological datasets. The results and discussion 

sections describes first coastal trends and its components; second open ocean 

sea-level trends and its components; third decadal variability on coastal trends 

and their forcing; and fourth interannual variability and its relation to principal 

climate indices. Summary and conclusions are presented at the end of the 

chapter. 

6.2 Methodology 

The trends were estimated by linear regression (Equation 3.6) fitted to the 

monthly time series. Trends error corresponds to the statistical uncertainty of 

a trend. To assess sea level acceleration, a quadratic term ( ) was included in 

the regression. The accuracy of the sea-level trends computed from Equation 

3.6 was compared with a regression using the first two independent variables 

and a linear robust fit as described by Marcos and Tsimplis (2008), using 

previously deseasonalized time series. In addition trends were computed from 

the two first independent variables in Equation 3.6 but using annual mean sea 

level values. No significant difference was found between the four methods. 

Besides, steric sea level values and trends were calculated fitting the 

regression in Equation 3.6 to steric height monthly time series computed from 

the EN3 dataset between the sea surface and a reference layer (Section 3.4). 

The contributions of salinity and temperature changes were separated by 

repeating the steric calculation but keeping the temperature and the salinity 

respectively constant. Steric trends were estimated for the full time series 

(1950-2010) and for the period 1993-2010 to compare with the altimetry data. 

To assess the steric component to tide-gauge trends, the closer EN3 grid-point 

to each tide-gauge was used. Trends were also calculated from the residual 

time series obtained by subtracting from the observed monthly sea level data 

the steric time series (reference layer of 800 m) at the nearest grid-point. 
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To assess the decadal variability, Equation 3.6 was fitted to the various 

monthly time series using running periods of 10 years shifting by one year 

each time. Trends were calculated only for 10-year segments that had at least 

96 months of data; these trends are referred as “decadal trends”. This analysis 

was performed on: the barometrically corrected tide-gauge series (1950-2009); 

the altimetry series at the nearest grid-points to each station (1993-2010); the 

steric trends (1950-2010); and on the zonal and the meridional surface wind 

components (1950-2010).  

To assess the forcing of the decadal variability, the following multiple 

regression was used: 

; Equation 6.1 

The deviation from the mean of the barometrically-corrected tide-gauge 

decadal trends (  in mm yr-1) was used as the dependent variable. The 

deviation from the mean of the steric decadal trends (  in mm yr-1) from top 

800 m and 185 m; zonal and meridional wind decadal trends (  and  in cm 

s-1 y-1) were used as forcing parameters. A constant ( ) was included in the 

model. The mean was subtracted from each variable before fitting the 

regression. The statistical significance of the explanatory variables was 

assessed at 95% level. 

The interannual variability for each variable was estimated after the 

seasonal cycle and the trend were removed using the regression in Equation 

3.6. Because the Caribbean Sea is an eddy-rich region (Chelton et al., 2007), a 

13 month moving average was used to remove intra-annual variability. 

Empirical Orthogonal Functions (EOFs) were estimated for all field variables to 

extract the spatially coherent variability. The EOFs were computed on the basis 

of the covariance matrix using only values inside the Caribbean Sea.  

The derived principal components as well as the atmospherically 

corrected tide-gauge time series with the interannual variability were also 

correlated with NAO and ENSO climatic indices. A 13 month running mean was 

applied to the indices to avoid high frequency variability. Lagged correlations 

between the climate indices and the principal components of the various fields 

were also performed. The significance of the correlations was computed by the 

bootstrap method at a 99.9% confidence level from 5000 iterations. 



 

125 

6.3 Results and Discussion 

6.3.1 Coastal Sea-Level Trends 

The estimated trends are shown in Table 6.1 and Figure 6.1. Fifteen stations 

show positive trends (1908-2009), three stations (Amuay, Port Royal and Cabo 

Cruz) have insignificant trends while Santo Tomas, shows a negative trend (-

2.0±1.3 mm yr-1). The Santo Tomas trend is dominated by a large negative 

decrease from 1976 to 1982 (-15.8±5.6 mm yr-1) also present, but significantly 

smaller at C. San Antonio (-2.6±5.0 mm yr-1). In Cartagena a quick rise can be 

seen over a short period (1970-1973) which is consistent with the time series 

in Cristobal and other stations in the coast of South America. Riohacha also 

shows a large trend from 1967 to 1969 that can also be seen in the records of 

Amuay and La Guaira. Three stations show trends larger than 5 mm yr-1. Thus 

temporal and spatial variability is present in the trends derived. 

At four stations a datum correction was applied. For completeness the 

trends without the shifted segment are reported. In Cristobal, the longest time 

series, the trend for the whole period 1908-2009 is 1.9±0.1 mm yr-1 (Table 

6.1), while for the period 1908-1996 the trend is 1.8±0.1 mm yr-1. At Riohacha 

the trend for the period 1953-1969 is 2.7±1.8 mm yr-1 smaller but not 

significantly different from trend over the whole length of record (4.8±1.1 mm 

yr-1). At C. San Antonio the trend for the period 1971-1999 is 1.1±0.6 mm yr-1, 

slightly larger but insignificantly different than for the period 1971-2009 

(0.8±0.5 mm yr-1). At North Sound the trend for the period 1976-1998 is 

2.6±1.2 mm yr-1, equal to the trend in the period 1976-2003 (2.7±0.9 mm yr-1) 

within the error bars. Trends from 8 of the 19 stations used in this study were 

reported by Palanisamy et al. (2012). For the same period, compared trends at 

all stations are insignificantly different, with the exception of C. San Antonio, 

where they reported a trend of 3.5±0.7 mm yr-1 (1971-2009). The difference is 

caused by the datum correction applied to the time series in this study. 

The dependence of trends to the length of record is assessed at Cristobal, 

Cartagena, Guaira, Magueyes and C. San Antonio, the five stations with the 

longest time series. Equation 3.6 was used to assess the trends in decadal 

periods from 10 to 80 years long. Trends for each decadal period were derived 

by sliding a window over the data set overlapping year by year. Large variation 

in the coastal trends are obtained when computed from 10-year periods. 
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However sea-level trends appear to be stable when 40 year or longer periods 

are used (Figure 6.2-a). At La Guaira the 40-year trends converge toward 1.6 

mm yr-1, while at Cartagena converge toward 5.3 mm yr-1, a larger value than at 

the other stations. At Magueyes, trends obtained from a 50 year running 

period converge to 1.2 mm yr-1. At Cristobal, trends obtained from a 50 year 

running period approach 1.5 mm yr-1, while the trend over the 80 year 

observation period changes from 1.6±0.1 mm yr-1 (1908-1987) to 2.0±0.1 mm 

yr-1 (1917-1996). Such behavior is due to an acceleration of 1.6±0.3 mm yr-1 c-1 

found for the period 1908-2009 at Cristobal with a corresponding trend of 

0.3±0.3 mm yr-1 (Figure 6.2-b). This result seems not to be artificially created 

by the datum link of the three different segments that compose this time 

series as not significant differences appear when the acceleration is partially 

assessed to the segments of the record. In all the cases, the inclusion of the 

quadratic term significantly (at the 99% level) improves the explained variance 

of the model. 

Cristobal monthly time series with the seasonal cycle removed and the 

fitted trend and quadratic term is shown in Figure 6.2-b, as well as three 

reconstructed time series, two global and one from the northwest Atlantic 

(Jevrejeva et al., 2006; Church and White, 2011). The reconstructed series are 

used to compare the global and regional sea level accelerations with the one 

found in Cristobal. For the period 1908-2009, the global time series of Church 

and White (2011) has a significantly lower acceleration of 0.5±0.1 mm yr-1 cy-1. 

For the period 1908-2002, the global series from Jevrejeva et al. (2006) has an 

insignificant acceleration, while the northwest Atlantic time series has a large 

tend (4.0±0.2 mm yr-1) and a negative acceleration of -1.1±0.2 mm yr-1 cy-1. This 

indicates that the acceleration found in Cristobal is larger than the global sea 

level acceleration found by reconstructed time series, and exhibits a different 

behavior when compared to the regionally reconstructed time series for the 

northwest Atlantic. 

6.3.2 Coastal Sea-Level Trend Components 

6.3.2.1 Vertical Land Movements 

Vertical land movements can be estimated from GPS techniques which 

presently have standard errors smaller than the estimated rates of global sea-

level rise provided several years of data are available (Wöppelmann et al., 



 

127 

2009). Recent estimation of high-accuracy GPS vertical velocities in a radius of 

15 km to tide-gauges were presented by Santamaría-Gómez et al. (2012) for 

the period 1995-2010. Three GPS stations are nearby the tide-gauges used in 

the present study: 8.5 years of data indicate a vertical land trend of -2.2±0.5 

mm yr-1 at a station 1.4 km from Cartagena’s tide-gauge. A GPS station placed 

at a distance of 2.9 km and 6.6 km from South and North Sound with 5.6 years 

of data has a trend of -2.4±0.2 mm yr-1. Finally a GPS station at 3.5 km from 

Lime Tree shows an insignificant vertical land trend of 0.6±0.6 mm yr-1 after 

4.3 years of data. 

Assuming that the vertical land movement at the tide-gauge is the same 

with that measured at the GPS antenna and that the land movements are linear 

at scales of 100 years (Wöppelmann et al., 2009), so that the shortness of 

record does not matter, then the tide-gauge trends shown in Table 6.1 can be 

corrected for land movements on the basis of GPS measurements. The 

resulting sea-level trends (1908-2009) corrected for land motions would be 

insignificantly different between Cartagena (3.1±0.8 mm yr-1) and Lime Tree 

(2.4±1.1 mm yr-1). In South and North Sound, the sea-level trends corrected for 

land motions are -0.7±1.7 mm yr-1 and 0.3±1.1 mm yr-1 respectively, thus not 

different from zero.  

The GIA rate-of-change at each tide-gauge from the ICE-5G (VM2) model is 

also included in Table 6.1. Negative values indicate land uplift (a convention 

opposite that for GPS correction). An upper bound to the error for the GIA in 

the Mediterranean Sea of ±0.5 mm yr-1, without including the uncertainty of the 

ice sheet history was proposed by Tsimplis et al. (2011). If we accept a similar 

uncertainty for the GIA model in the Caribbean Sea, the GIA estimates from -

0.3 mm yr-1 at Santo Tomas to 0.5 mm yr-1 at C. San Antonio, are not different 

from zero; nevertheless we apply the GIA correction to all stations (columns of 

Table 6.1 with superscript b). From the three stations with GPS data, only in 

Lime Tree is the GIA trend not statistically different from the GPS trend within 

the uncertainties of the GIA models. Thus at Lime Tree land movements are 

solely caused by the GIA. At Cartagena, North and South Sound, local land 

movements are not negligible. However the lack of GPS data at all stations 

prevents us from fully resolving the regional behavior. 
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6.3.2.2 Atmospheric Pressure and Steric Contribution 

The atmospheric pressure effect in the sea-level trends (1950-2009) is 

negligible, as trends estimated before and after the inverse barometer 

correction are the same within confidence limits (Table 6.1). In addition the 

atmospherically corrected trends are not significantly different from each other 

when assessed seasonally (not shown). There is no statistically significant 

difference between the trends at the seven tide-gauges that cover at least five 

years of the altimetry period (1993-2010) and the closest altimetric grid-point. 

Thus coastal and altimetry trends close to the coast are consistent. 

The steric trends for the 61 year period (1950-2010) are at all stations 

positive, with values ranging between 0.3±0.2 mm yr-1 in the South Colombian 

Basin to 1.2±0.5 mm yr-1 at the Yucatan Channel. Insignificant steric trends are 

found at 8 stations when the calculation is performed for the same time span 

as each tide-gauges record (1950-2009), as well as 7 significant negative 

trends (Table 6.1). Larger differences (up to 6.4±4.0 mm yr-1) between the 

steric estimate for the period 1950-2010 and the tide-gauge span period 

appear at those stations that have short observational records, namely Cabo 

Cruz and P. Castilla. Thus large temporal variability dominates the steric 

trends. 

The barometrically corrected coastal sea-level trends are compared to the 

trends from the steric contribution computed for the same time span as the 

tide-gauges records (“Gauge+IB” and “Steric” headers in Table 6.1). At 15 

stations the trends were significantly different; and at 12 stations the trends 

have opposite signs. This indicates that the observed coastal sea-level trends 

in the Caribbean Sea are not dominated by steric changes, when this 

contribution is assessed from a nearby grid-point placed in the open ocean 

(EN3 dataset). How local steric variability contributes to the tide-gauge sea 

level signal is an interesting topic that needs further research. 

6.3.2.3 Trends of the Corrected for Atmospheric Pressure, GIA, and 

Steric Change Residuals 

The residual trends (Table 6.1) include the contribution from oceanic mass 

addition and barotropic response to wind forcing. Local vertical earth 

movements such as sediment load or compaction, ground water extraction and 

tectonics can also be contributing to the tide-gauge’s residual trends where 
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there are no GPS estimates of vertical land motion and only the GIA 

contribution has been removed. The only insignificant residual trend is at C. 

San Antonio, where the steric and observed tide-gauge trends are also 

insignificant. Of course there is no reason why an insignificant residual trend 

cannot be the result of opposing strong trend components. The residual trends 

for the other stations range from 11.5±1.0 mm yr-1 at Puerto Cortes, to -

4.2±1.8 mm yr-1 at Santo Tomas, which is the only negative trend. 

A comparison between the two longest time series (1950-2009), Cristobal 

(60 yr) and Magueyes (55 yr), show that the observed trends, after the 

barometric and GIA correction (“Gauge+IB”), are significantly different (2.9±0.1 

mm yr-1 and 1.1±0.2 mm yr-1 respectively). The steric contribution is 

insignificant in Cristobal (0.1±0.2 mm yr-1), while responsible for most of the 

sea-level trend in Magueyes (0.8±0.2 mm yr-1). Consequently, the residual 

contribution is small in Magueyes (0.3±0.2 mm yr-1), while large in Cristobal 

(2.9±0.3 mm yr-1). Thus the weight between the contributing factors to the 

observed sea-level trends in the Caribbean changes from one station to 

another. 

In the case of Cartagena, the observed sea-level trend after the 

barometric correction is 5.6±0.3 mm yr-1. The steric contribution (1.0±0.4 mm 

yr-1) is smaller than the residual contribution (4.6±0.4 mm yr-1). As there is GPS 

data available (Section 6.3.2.1), the vertical land movement contribution (-

2.2±0.5 mm yr-1) to the residual trend can be separated. Thus mass addition 

and wind forcing contribute with a trend of 2.3±0.9 mm yr-1, comparable to 

Cristobal residual trend (2.9±0.3 mm yr-1). 

6.3.3 Sea-Level Trends from Altimetry and Its Components 

Altimetry sea level rates of change for the period 1993-2010 are presented in 

Figure 6.3-a. The average trend for the basin is 1.7±1.3 mm yr-1. Insignificant 

trends are found in the north of the Colombian Basin and Cayman Sea, around 

Cuba, where also negative trends appear (up to -1.7±1.7 mm yr-1). Positive 

trends (up to 5.2±1.0 mm yr-1) are found towards the southern part of the 

Caribbean basin, parallel to the coasts of South and Central America as well as 

in the Eastern Caribbean. 
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6.3.3.1 Glacial Isostatic Adjustment 

The GIA correction to altimetry data (DGeoid) is negative in the entire region 

with values in a meridional distribution that range from about -0.6 mm yr-1 (~8º 

N) to -1 mm yr-1 (~21º N) (not shown). An upper bound error of 0.5 mm yr-1 is 

used for the GIA uncertainty (Church et al., 2004). Figure 6.3-b shows the 

altimetry trends after the GIA effect is removed. On average, these are larger 

by about ~0.8 mm yr-1 due to GIA effect to altimetry data. The altimetry trend 

average for the Caribbean after the GIA correction is 2.5±1.3 mm yr-1, 

insignificantly different from 3.2±0.4 mm yr-1, the global altimetry trend for the 

period 1993-2009 after the GIA correction (Church and White, 2011). 

In Figure 6.3-b the larger sea-level trends observed toward the southern 

side of the basin overlap with the Caribbean Current and Panama-Colombia 

Gyre (Fig. 7 in Richardson, 2005). This north-south dipole in the trend behavior 

implies a reduction in the strength of the westward Caribbean Current over this 

period. Zonal surface geostrophic currents (Stewart, 2008) from the altimetry 

mean field (  in Equation 3.6) and from the surface slope that results from the 

north-south trend differences after 18 years are computed using all the 

transects in the box shown in Figure 6.3-b. The mean velocity of the surface 

geostrophic Caribbean Current is 18.6±1.5 cm s-1, while a zonal current 

variation of 4.1±0.5 cm s-1 is due to the change in the meridional sea level 

slope in 18 years. This suggests that the Caribbean Current has slowed down 

about 20% in this period, thus changes in ocean circulation play a substantial 

role in the Caribbean sea-level trends. A velocity reduction of ~6 cm s-1 was 

previously reported from reanalysis data in the Caribbean Current but for a 

different period (1958-2007) (Jury, 2011).  

The sea-level trends at the southern coasts of the Caribbean Sea are not 

representative of larger scale variations but are dominated, at least during the 

period 1993-2010, by the variations of the oceanic circulation. Consequently 

the longer term trends of the same area can be arguably dominated by the 

same process. This could explain the sudden changes in sea level evidenced in 

various stations although, as they do not all appear at the same time, veering 

of the current as well as uniform intensification or weakening cannot be 

excluded. If the assertion that the stations at the South American coasts are 

not representative of large scale sea-level rise is made, then it follows that 
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Magueyes is probably the typical station to be used for assessing large scale 

sea-level rise in the region and there the residual trend is very small. 

6.3.3.2 Steric Contribution 

Steric trends, as well as the thermosteric and halosteric trends for the period 

1950 to 2010 are presented in Figure 6.4-a. The steric sea level rate of change 

for the whole period is positive and significant in all of the Caribbean Basin, 

with values that range from 1.3±0.4 mm yr-1 in the Yucatan Channel to 0.2±0.2 

mm yr-1 in the South Colombia Basin, and with the basin mean of 0.6±0.2 mm 

yr-1. Most of the steric trend is caused by thermosteric expansion which has a 

basin average of 1.0±0.2 mm yr-1. Negative halosteric trends are found in most 

of the Caribbean Sea with a basin average of -0.3±0.1 mm yr-1, and the 

strongest negative values (-0.7±0.2 mm yr-1) in the Eastern Caribbean. Figure 

6.4-a compares well with the map of steric sea-level trends (1950-2009) from 

Palanisamy et al. (2012) save for the negative-positive trends in the Yucatan 

Basin shown in the latter; thus the steric trends appear sensitive to the 

database used. 

The steric sea-level trends for the period 1993-2010 and the thermosteric 

and halosteric components are presented in Figure 6.4-b. For the period 1993 

to 2010, the steric trends show large spatial variability. Negative trends, as 

large as -7.0±2.0 mm yr-1 can be found at the north of the Cayman Sea, while 

positive trends of up to 4.9±1.5 mm yr-1 dominate the Eastern Caribbean. The 

thermosteric signal dominates the steric trends. It shows ocean expansion due 

to warming (up to 4.0±1.0 mm yr-1) in the south east and ocean contraction 

due to cooling causing negative trends up to -5.6±2.8 mm yr-1 in the north west 

of the Caribbean Basin. The halosteric signal, although smaller also contributes 

significantly. 

Another mechanism that could contribute to sea-level trends is wind 

which has been found to drive seasonal sea-level variability in the Panama-

Colombia gyre and in the north coast of South America (Section 5.3.3.1). The 

GIA corrected altimetry trends (Figure 6.3-b) were compared with the trends 

from the wind stress curl computed from a monthly high resolution wind 

dataset (not shown). In the north coast of South America, where the sea-level 

trends are larger, a significant negative trend in the wind stress curl is also 

present. The sea level signal in this sub-region is dominated and inversely 

related to the Caribbean Low Level Jet, due to Ekman induced circulation 
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(Section 5.3.3.1). The mean wind stress curl in this part of the basin is positive. 

Thus a negative trend indicates that the positive vertical current component 

has slowed down, weakening the upwelling. As less cold and saltier water has 

been pumped up to the surface, the sea level has risen toward the South 

American coast. Thus we suggest that wind forced steric changes dominate the 

sea-level trends toward the South America coast during this 18 year period, 

and would contribute to the slowing down of the Caribbean Current reported in 

Section 6.3.3.1. 

6.3.3.3 Altimetry Trends of the Corrected GIA and Steric Change 

Residuals 

The residual trends are insignificantly different from zero in most of the basin 

(Figure 6.3-c) indicating that the cause of the observed sea-level trends is the 

steric signal. However two features with large positive residual trends are 

evident: the cyclonic western Panama-Colombia Gyre and the northern Cayman 

Sea, both with trends larger than 5 mm yr-1. These features are not sensitive to 

the selection of the GIA correction used and could be related to steric changes 

below 800 m not accounted for by our calculation or mass addition. 

6.3.4 Decadal Variability 

Sea-level trends estimated per decade from the atmospherically corrected tide-

gauge, altimetry and the steric component are presented in Figure 6.5 and 

summarized in Table 6.2. Decadal trends show large variability in time. During 

the 1993-2010 period, the altimetry trends showed most variability in the 

Cayman Sea (mean range of 10.5 mm yr-1 and RMS of 3.5 mm yr-1 between Port 

Royal and Puerto Castilla), while the smallest variability occurred at those 

stations in the northern South America’s coast (mean range of 3.8 mm yr-1 and 

RMS of 1.2 mm yr-1 between Riohacha and Cumana - Table 6.2). Thus temporal 

variability in decadal sea-level trends from altimetry is not spatially coherent in 

the Caribbean Sea.  

The tide-gauge decadal trend variability cannot be compared in the same 

way as the records refer to different periods of time. The maximum range (22 

mm yr-1) and RMS (8.2 mm yr-1) is at Santo Tomas, over twice the RMS from any 

altimetry decadal trends, regardless of the similar length of record (20 yr). 

However, the four stations with more than 25 computed decadal values, 
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Cristobal and Cartagena in the South Colombia Basin, La Guaira and Magueyes 

in the Eastern Caribbean, show a mean range of 12.5 mm yr-1 and mean RMS of 

3.3 mm yr-1, which seem to be representative values to indicate the decadal 

coastal trend variability in the Caribbean Sea for periods about 50 years long. 

The decadal trends of the steric component show larger variability than 

the tide-gauge or altimetry series at most stations. Regardless of the steric 

decadal trends regional coherence, there is still large spatial variability in the 

Caribbean Sea, as the 52 decadal trend values show a difference in the range 

of over 15 mm yr-1 between South Sound (31.3 mm yr-1) and Magueyes (15.8 

mm yr-1) (Table 6.2). 

6.3.5 Forcing of the Decadal Variability 

Results from the model (Equation 6.1) with steric and wind components as 

independent variables are presented in Table 6.3 for all stations except for P. 

Prince, Cabo Cruz and P. Castilla, where the tide-gauge records were too short, 

having less than ten (decadal) trend values (Table 6.2). The steric forcing from 

above 185 m and above 800 m were used as alternatives in the regression in 

order to separate the contribution of the upper waters to the low frequency 

variability. In Lime Tree the steric contribution from the top 185 m explains 

58% of the model variance; however the steric contribution to the model is 

insignificant if it is computed for the top 800 m. It is unclear whether the 

worse results obtained for the deeper layers reflect the large uncertainties in 

the water mass properties due to under-sampling.  

By contrast in Cristobal and Cartagena, the steric component computed 

from the top 800 m explains more of the variance than when the steric 

variability from above 185 m is used (Table 6.3). Note that in the Eastern 

Caribbean the meridional wind component ( ) does not contribute to the 

decadal variability of trends except at Puerto Limon. In Cristobal, Cartagena 

and Lime Tree, the wind forcing contribution to the decadal variability of the 

trends is insignificant. By contrast at Riohacha the zonal wind component ( ) 

is the only significant variable in the model and explains 84% of the variance. 

These results demonstrate the complexity of the forcing of low frequency sea-

level changes in the Caribbean Sea or the large uncertainty of the data used for 

the steric computation.  
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In Figure 6.6 the computed decadal trends from the northwest Atlantic 

(Jevrejeva et al., 2006) and global (Church and White, 2011) reconstructed time 

series are presented together with those calculated for the Caribbean. The low 

frequency variability in the Caribbean predicted sea-level trends (Figure 6.6-b) 

do not follow the variability from the northwest Atlantic or the global 

reconstructed time series. At the neighboring stations of P. Cortes and Santo 

Tomas, the estimated time series have a significant anticorrelation of -0.95, 

although both stations use data from the same EN3 and atmospheric database 

grid-point. This suggests that other local effects can play an important role in 

the coastal sea-level trends. The lack of regionally coherent decadal trend 

variability in the Caribbean Sea contrasts with the spatial coherence of sea-level 

variability at low frequency found through extended parts of the ocean (Bindoff 

et al., 2007) and also present in other marginal seas in the Atlantic Ocean such 

as in the Baltic (Douglas, 1992) or the Mediterranean Sea (Marcos and Tsimplis, 

2008). 

6.3.6 Sea-Level Interannual Variability and Relationship to Major 

Climate Indices 

The observed (total) sea-level variability (RMS) from altimetry (1993-2010) 

ranges between 3.3 cm to 12.2 cm, with a basin average of 6.9 cm (Figure 6.7-

a). The sea level interannual variability has a RMS range in the basin between 

1.0 cm and 3.8 cm, with a spatial average of 2.1 cm (Figure 6.7-b). On average 

the interannual variability is responsible for 30% of the total sea-level variability 

in the region with a range between 16% and 54%. Similarly, on average the 

coastal interannual variability is responsible for 34% of the total observed sea-

level variability at the atmospherically corrected tide-gauges (1950-2009) (not 

shown). Thus the sea level interannual variability contributes about one third of 

the total sea-level variability in the Caribbean Sea. 

The spatially coherent interannual variability is estimated by the use of 

EOFs. The first two altimetry EOFs corresponding to 53% and 13% of the 

variability are presented in Figure 6.8. They indicate a north-south dipole, 

suggesting a different sea level interannual mode of variability in the 

Caribbean Current and Panama-Colombia Gyre, when compared to the north of 

the basin. The correlation between the common periods of the different tide-

gauges interannual variability support this meridional dipole (not shown). 
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The derived EOFs were further compared to regional climatic indices. The 

NAO was not found to be correlated to either altimetry, tide gauges, steric or 

wind interannual variability in the Caribbean. The interannual sea level signal in 

the northern part of the Caribbean (Figure 6.8-a), has a correlation of 0.5 with 

the El Niño 3.4 with a 3 month lag (ENSO index occur first). Changes in the 

wind speed and direction seems to play a role in this relationship because of 

the large correlation (-0.6) between the first altimetry principal component and 

the wind curl second principal component after 3 months (Figure 6.8-d). The 

altimetry period is influenced by the strong 1997 El Niño event; however this 

relationship persists even when the 1997 event is removed. Significant positive 

correlations are found between the Nino 3.4 index and 4 tide-gauges placed in 

the Antilles with a 3 month time lag: Lime Tree, Magueyes, Cabo Cruz and 

North Sound with values from 0.3 to 0.7. Correlations between SST in the 

tropical Atlantic (including the Caribbean) and ENSO after 4-5 months were 

reported by Enfield and Mayer (1997), suggesting a reduction in the trade wind 

speed as its cause. The present study suggests that the sea level correlation 

with ENSO in the northern Caribbean after ~3 months is related to changes in 

wind curl. Note that the Caribbean Current and the Panama-Colombia gyre are 

uncorrelated to this variability mode.  

The southern part of the basin correlates best (r ~ 0.5) with the 

easternmost El Niño 1+2 index (Figure 6.8-b). It seems to be an immediate 

response of the sea level to changes in the meridional wind forcing, because 

the second altimetry principal component significantly correlates (-0.5) with the 

second principal component of the meridional wind (not shown). The later has 

a strong anticorrelation (-0.7) with El Niño 1+2. These correlations are the 

largest when the series are not shifted in time. The correlation between the 

altimetry second principal component and El Niño 1+2 disappears when the 

strong 1997 ENSO event is excluded. The north (+) / south (-) correlation 

between sea level and El Niño 1+2 at 0 lag shown in Figure 6.8-b, is supported 

by 8 tide-gauges placed north of 14º N with positive significant correlations 

with the same index, and 2 stations with negative significant correlations south 

of this latitude. The exception is Cristobal where a correlation of 0.3 is found.  

The most interesting and most difficult to explain correlation between 

ENSO and sea-level variability especially at the northern side of the basin 

occurs at 30-month time lag. The first principal component of altimetry anti-

correlates (-0.5 to -0.7) with all the El Niño indices after 27 to 31 months. 
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Coherent negative correlations (-0.2 to -0.8) are also found for all the stations 

in the Antilles with the same time lags, save for Port au Prince and C. San 

Antonio where the correlations are not significant (not shown). The first 

principal component of the steric sea level estimated for the top 800 m anti-

correlates (-0.5 to -0.8) after 30 months with all ENSO indices (save for El Niño 

1+2) (Figure 6.8-c). Thus it appears that there is a 30 month anticorrelation 

between sea level and ENSO, dominated by steric effects. How this delayed 

mechanism operates is unclear. Effects of ENSO at tropical Atlantic which then 

propagate may be the cause. 

6.4 Summary and Conclusions 

Sea level in the Caribbean Sea has been rising for the period 1993-2010 with a 

basin average of 1.7±1.3 mm yr-1. After the GIA correction, the basin average 

trend is 2.5±1.3 mm y-1 a value which is not statistically different from the 

global average of 3.2±0.4 mm y-1 (Church and White, 2011). However the basin 

average is misleading because within the basin large spatial variability in the 

trends is identified. Most of the observed altimetry trends and their spatial 

distribution are for the same period linked with steric sea-level change above 

800 m and with a further contribution (~0.8 mm y-1) by the GIA. Mass 

contribution to the basin is not assessed in this chapter and future analysis is 

recommended on the basis of GRACE data. 

The observed sea level rate of change and steric trends off the northern 

coast of South America are connected with the slowing down of the Caribbean 

current, driven by changes in the wind, which seem to dominate the trends in 

the southern part of the basin (Section 6.3.3). The westward Caribbean Current 

is the primary source of the Gulf Stream (Richardson, 2005) through the 

Yucatan Channel, Loop Current and Straits of Florida (Lin et al., 2010). 

Therefore, a 20% reduction in the surface flow during the last two decades in 

the Caribbean Current should be notable in the total outflow through the 

Yucatan Chanel, with implications for the Gulf Stream formation as it has been 

suggested that long-term variations in the Gulf Stream transport and the 

subtropical gyre circulation are related to the Yucatan Channel transport (Ezer 

et al., 2003; Lin et al., 2010). The long-term variability in the heat and mass 

transport from the tropical regions into high latitudes can have climatic 

consequences (e.g. Bryden et al., 2005) that deserve further study. 
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Sea-level trends from tide-gauges cover different periods than the 

altimetry record. Due to the large temporal variability, at least 40 years of data 

are needed in order to obtain stable coastal trends in the region (Section 

6.3.1). The tide-gauges’ trends support the large spatial variability found in the 

open ocean trends thus they cannot be used to derive a basin mean sea level. 

The few available GPS stations in the Caribbean show in general land 

subsidence (Santamaría-Gómez et al., 2012), while modeled GIA effect in tide-

gauges have a range between -0.3 and 0.5 mm yr-1, likely to be below the 

model uncertainty. Atmospheric pressure does not significantly affect coastal 

sea-level trends and seasonal differences are in general insignificant. The open 

ocean steric contribution does not dominate the coastal sea-level trends at 

most of the tide-gauges. Magueyes, located at the north east part of the basin, 

an “open ocean” site dominated by the steric contribution, suggests very little 

change over its 55 years of operation (1.3±0.2 mm yr-1). By contrast Cartagena, 

a world heritage site, shows a large trend of 5.3±0.3 mm yr-1 in a 44-year 

period, to which the steric contribution is 1.0±0.4 mm yr-1 and where the 

vertical land movement (with negligible GIA component) of -2.2±0.5 mm y-1 

appear to be a significant factor; however other contributions to this estuarine 

station cannot be neglected. The large land movement component is probably 

due to sediment compaction in the Castillogrande coastal spit (Molina et al., 

1996), which has been massively urbanized since the second half of the last 

century (Nicolae, 2008). However further work is needed to resolve whether 

these land movements are restricted to Castillogrande or extend further to the 

protected old city. 

The large time and spatial variability found in decadal trends of coastal 

and altimetry sea level can be accounted for in most stations on the basis of 

low frequency changes in the steric and wind components. However, the 

description of the low frequency sea-level changes in the Caribbean Sea 

through basin average values should be avoided due to the lack of regional 

coherency. 

The interannual variability in both altimetry and tide-gauges accounts for 

over 30% of the total sea-level variability in the Caribbean Sea. The first two 

EOFs extracted from altimetry account for 66% of the total variability. They 

show a dominant north-south structure which is supported by a correlation 

analysis between tide-gauges interannual signal. The meridional dipole seems 

to separate the wind driven Caribbean Current and Panama-Colombia Gyre 
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interannual mode of variability toward the south from the rest of the basin. 

The interannual sea-level variability is correlated with ENSO at different time 

and spatial scales. The interannual sea-level variability at the northern part of 

the basin better correlates with the El Niño 3.4 with a 3 month time lag. The 

wind curl variation caused by ENSO seems to be the main forcing factor. Sea 

level interannual variability appears also to be connected with ENSO with a time 

lag of 30 months. The correlation is found in altimetry, coastal time series and 

the steric component. As the time lag is quite significant the drivers of such 

relationship must be linked with propagating effects from ENSO probably at 

the tropical Atlantic. More work is needed for this relationship to be resolved. 

No correlation between the sea level inter-annual variability and the NAO was 

found, a result consistent with that of Andrew et al. (2006) for the Tropical 

Atlantic.  

Overall the Caribbean Sea appears as dominated by sub-basin and local 

processes in respect of coastal sea-level trends. Thus global and even regional 

estimates of sea-level change are not sufficient to provide coastal planning and 

protection guidance nor for the estimation of coastal vulnerability. Interannual 

variability by contrast is to a large extent coherent and can partly be explained 

by the influence of ENSO. 
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Table 6.1. Tide-gauges sea-level trends a 

Station Name 

1908-2009 b    1950 to 2009  1950-2010 
Trend (mm yr-1)  GIA  Number of  Trend (mm yr-1)  Trend (mm yr-1) 

Gauge  (mm yr-1)  Months  Gauge c Gauge+IB c Steric Residual c  Steric 61y 
P. Limon 1.7±0.8  -0.2  216  2.1±0.9 2.4±0.9 -1.8±1.0 4.3±1.3  0.3±0.2 
Cristobal 1.9±0.1  -0.1  566  2.8±0.2 2.9±0.1 0.1±0.2 2.9±0.3  0.3±0.2 
Cartagena 5.3±0.3  -0.1  463  5.4±0.3 5.6±0.3 1.0±0.4 4.6±0.4  0.4±0.2 
Riohacha 4.8±1.1  -0.1  273  4.8±1.1 5.1±1.0 -0.4±0.8 5.5±1.1  0.5±0.2 
Amuay 0.2±0.5  0.0  370  0.2±0.5 0.4±0.5 -0.4±0.5 0.8±0.6  0.4±0.2 
La Guaira 1.4±0.3  -0.1  534  1.5±0.3 1.6±0.3 -0.2±0.3 1.9±0.4  0.4±0.2 
Cumana 0.9±0.5  -0.1  331  0.7±0.6 1.1±0.6 -1.1±0.7 2.2±0.8  0.5±0.2 
Lime Tree 1.8±0.5  0.3  316  1.5±0.5 1.4±0.5 0.2±0.6 1.2±0.6  0.7±0.2 
Magueyes 1.3±0.2  0.3  635  1.0±0.2 1.1±0.2 0.8±0.2 0.3±0.2  0.9±0.2 
P. Prince 10.7±1.5  0.2  144  12.2±1.5 13.1±1.6 2.7±1.6 10.5±2.0  0.9±0.2 
Guantanamo 1.7±0.4  0.2  258  2.5±0.6 3.0±0.6 -0.8±0.7 3.9±0.8  0.9±0.2 
Port Royal 1.6±1.6  0.3  212  1.3±1.6 1.6±1.6 -0.6±1.1 2.3±1.5  0.9±0.2 
Cabo Cruz 2.2±2.8  0.2  108  2.1±2.8 1.4±2.6 -5.6±3.8 7.1±3.1  0.8±0.2 
South Sound 1.7±1.5  0.5  219  1.2±1.5 1.4±1.5 -3.1±1.6 4.5±2.1  0.7±0.3 
North Sound 2.7±0.9  0.5  296  2.2±0.9 2.3±0.9 0.2±1.0 2.1±1.3  0.7±0.3 
C. San Antonio 0.8±0.5  0.5  353  0.3±0.5 0.3±0.4 0.1±1.3 0.2±1.4  1.2±0.5 
Santo Tomas -2.0±1.3  -0.3  205  -1.7±1.3 -1.4±1.3 2.9±1.2 -4.2±1.8  0.6±0.2 
P. Cortes 8.6±0.6  -0.2  224  8.8±0.7 8.9±0.7 -2.6±0.8 11.5±1.0  0.6±0.2 
P. Castilla 3.1±1.3  -0.1  160  3.2±1.3 3.4±1.3 -5.5±1.5 8.9±1.8  0.5±0.2 
a Trends with the 95% error from tide-gauges (Gauge), barometrically corrected tide-gauge (Gauge+IB), steric component using only 
months where the tide-gauge had valid measurements (steric), steric component for the period 1950-2010 (Steric 61y), and the 
residual obtained by subtracting from the observed monthly tide-gauge series the steric time series. Steric trends computed from 
the nearest grid-point to each station from the top 800m. For the period 1950-2009 the number of months with tide-gauge 
available data is included. 
b Computed form the available time series at each station during this period. 
c Includes the GIA correction.  
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Table 6.2. Decadal trends a 

 Tide-gauges  Altimetry  Steric 

 Number of Values  Trends (mm yr-1)  Number of Values  Trends (mm yr-1)  Number of Values  Trends (mm yr-1) 

Station Name Total Sign.  Min. Range RMS  Total Sign.  Min. Range RMS  Total Sign.  Min. Range RMS 
P. Limon 12 7  -1.2 6.1 2.2  9 6  -0.8 7.8 2.6  52 30  -8.1 17.6 4.5 

Cristobal 27 20  -2.8 13.9 4.1  9 5  -0.4 5.7 2.3  52 35  -7.9 18.1 5.1 

Cartagena 32 27  0.1 12.1 3.1  9 5  0.1 6.1 2.3  52 27  -11.2 25.6 5.8 

Riohacha 17 12  -4.0 17.1 5.2  9 6  1.1 3.5 1.1  52 26  -9.6 24.6 5.0 

Amuay 22 10  -5.5 11.4 3.3  9 9  3.0 3.9 1.3  52 35  -8.8 17.3 4.6 

La Guaira 39 18  -6.0 12.6 3.3  9 9  2.8 4.2 1.4  52 35  -10.0 19.6 5.2 

Cumana 21 8  -4.9 10.8 2.9  9 9  2.7 3.7 1.2  52 39  -13.1 24.2 5.8 

Lime Tree 18 11  -3.8 11.8 2.9  9 6  -1.1 7.5 2.5  52 32  -7.5 19.1 4.7 

Magueyes 47 27  -4.5 11.6 2.7  9 8  -2.0 7.8 2.4  52 35  -5.6 15.8 4.3 

P. Prince 5 5  12.2 2.2 1.0  9 4  -5.4 8.6 2.8  52 35  -10.0 23.7 5.6 

Guantanamo 15 9  -2.7 12.8 4.4  9 5  -3.1 7.7 2.5  52 30  -11.5 25.0 5.8 

Port Royal 11 6  -4.5 12.8 4.6  9 4  -5.8 12.1 3.8  52 32  -13.9 28.5 6.0 

Cabo Cruz 2 0  1.6 0.5 0.4  9 4  -5.8 10.9 3.7  52 30  -8.9 24.2 5.7 

South Sound 12 2  0.9 4.6 1.3  9 3  -6.0 12.3 3.6  52 26  -17.0 31.3 6.5 

North Sound 18 4  -1.4 6.2 1.8  9 3  -6.0 12.3 3.6  52 26  -17.0 31.3 6.5 

C. San Antonio 21 10  -7.3 11.4 3.3  9 4  -4.1 9.3 3.1  52 28  -16.3 29.9 8.1 

Santo Tomas 10 8  -14.2 22.0 8.2  9 7  -3.1 8.9 3.4  52 28  -7.4 15.9 4.3 

P. Cortes 12 11  0.7 13.0 4.8  9 6  -3.6 10.0 3.8  52 28  -7.4 15.9 4.3 

P. Castilla 8 6  0.6 5.0 1.7  9 5  -2.5 8.1 2.8  52 27  -7.7 16.5 4.5 
a Total and significant (Sign.) number of decadal trends (Number of Values) from the barometrically corrected tide-gauges (1950-
2009), altimetry (1993-2010) and steric (1950-2010) time series. The minimum (Min.), range (maximum-minimum) and RMS of the 
decadal trends are included in mm yr-1. Altimetry and steric trends computed from the nearest grid-point to each station. The 
steric component is computed from the top 800 m.  
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Table 6.3. Forcing decadal trends a 

 Regression coefficients (800 m) Percent Regression coefficients (185 m) Percent 

 K A B D Explained K A B D Explained 

  mm yr-1 / mm yr-1 / mm yr-1 / Variance  mm yr-1 / mm yr-1 / mm yr-1 / Variance 

Station Name mm yr-1 mm yr-1 cm s-1 yr-1 cm s-1 yr-1 800 m mm yr-1 mm yr-1 cm s-1 yr-1 cm s-1 yr-1 185 m 
P. Limon 0.2 -0.4 0.2 -0.3 73 0.2 -0.5 0.2 -0.3 76 

Cristobal 0.3 0.6     47 0.4 0.9     34 

Cartagena -0.5 0.6     61 -0.9 1.0     55 

Riohacha 2.5   0.7   84 2.5   0.7   84 

Amuay -0.9   -0.2   52 -0.5 0.6 -0.2   79 

La Guaira 0.0   -0.3   43 0.1 0.1 -0.2   45 

Cumana -0.3 -0.1 -0.4   75 0.2 0.4     60 

Lime Tree 0.0       0 -0.5 1.4     58 

Magueyes 0.2 0.2 0.1   34 0.2 1.3     66 

Guantanamo 0.0       0 0.0       0 

Port Royal 3.6 0.9 -0.7 0.7 80 3.0 1.6 -0.6 0.6 78 

South Sound 1.1 0.2 -0.2 0.3 25 1.1 0.6 -0.1 0.4 34 

North Sound 0.0       0 0.0       0 

C. San Antonio 0.0       0 0.0       0 

Santo Tomas -2.9 -0.2 -0.2 0.9 94 -4.1 0.4 -0.3 1.0 94 

P. Cortes 4.4 0.9 0.4 -1.3 82 4.3 1.0 0.5 -1.4 76 

Forcing of the tide-gauge decadal trend variability for stations with at least 10 values (Table 6.2). Results from the regression 
model in Equation 6.1, using the steric component from above 800 m and 185 m. Statistically insignificant parameters are 
omitted. Percent of explained variance of the significant components is included. 
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Figure 6.1. Tide-gauge observed sea-level trends computed from all available 
data (Table 6.1). Monthly time series after the removal of the seasonal cycle 
(gray), the linear trend (blue), and the annual series (red) are also shown. 
Offset between stations for comparison. The trends (and 95% error) in mm yr-1. 
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Figure 6.2. (a) Dependence of sea-level trends to the length of record in 5 tide-
gauge stations with long records. (b) Sea level acceleration in Cristobal from 
the observed time series.  A comparison to North West Atlantic (Jevrejeva et al., 
2006) and global (Church and White, 2011) reconstructed time series are 
included. 
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Figure 6.3. Sea-level trends (mm yr-1) for the period 1993-2010 from (a) 
altimetry, (b) altimetry after the application of the GIA correction and (c) 
altimetry after the steric component and the GIA correction are removed. Gray 
stippling indicates the areas where the trends are statistically insignificant. The 
box limits in (b) are: 12.5º N-14.5º N and 70º W-75º W. 
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Figure 6.4. Steric (left), thermosteric (center) and halosteric (right) trends (mm yr-1) from above 800 m depth for the period (a) 
1950-2010 and (b) 1993-2010. Gray stippling indicates areas where the trends are statistically insignificant. 
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Figure 6.5. Decadal trend anomalies (mm yr-1) for atmospherically corrected tide-gauges (black); altimetry (blue); and steric 
variability above 800 m depth (red). Anomalies relative to the trend calculated for all the available data during the period 1950-
2010. These reference values are also shown in mm yr-1. Insignificant sea-level trends (trend<95% error) are marked with a green 
star in the figure. (left) The continental stations in Central and South America and (right) the island stations in the Antilles. 
Stations have been offset by 20 mm yr-1 between each other. 
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Figure 6.6. (a) North West Atlantic (Jevrejeva et al., 2006)(continuous line) and 
global (Church and White, 2011)(dotted line) normalized decadal trends from 
reconstructed time series. (b) Predicted (from the regression) sea level decadal 
trend anomaly in mm yr-1 as function of the steric and wind components 
(Equation 6.1), using the steric trends computed from either the top 800 m 
(continuous red line) and 185 m (dotted red line). The barometrically corrected 
tide-gauge decadal trend anomaly (black line) is also included. The 10 stations 
with over 50% of explained variance (Table 6.3) are shown. Stations have been 
offset by 20 mm yr-1 between each other.  
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Figure 6.7. (a) RMS of sea-level variability (cm); the 1000 m isobath is shown in 
gray. (b) RMS of interannual sea-level variability (cm); the contours indicate the 
RMS ratio of the interannual variability over the total variability. Results for the 
period 1993-2010. 
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Figure 6.8. Correlation maps of the EOFs and the corresponding principal 
component time series for (a) altimetry first mode, (b) altimetry second mode, 
(c) steric first mode, and (d) wind curl second mode of interannual variability. 
On the right-hand side, time series and (a) El Niño 3.4, (b) El Niño 1+2, (c) El 
Niño 4, and (d) the altimetry first mode of variability are included with the 
correlation (Corr), the lower (LL) and upper (UL) correlation limits, and time lag 
(lag) in months. 
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7. SEA LEVEL EXTREMES 

In this chapter sea level extremes and their contributors in the Caribbean Sea 

are assessed. Sea level extremes result from the combination of the 

meteorological surge and tidal signal as well as from the contribution of other 

lower frequencies (Equation 3.1 and Equation 3.2) which include the mean sea-

level trends, interannual variability, seasonal cycle and intra-annual variations. 

7.1 Introduction and literature review 

Sea level extremes can cause flooding over large areas producing significant 

economical losses and threatening human welfare. In addition they can further 

enhance erosion and cause changes to coastal morphodynamics (e.g. beaches 

or coastal lagoons). When large storm surges coincide with the seasonal 

expansion in sea level and spring tides, extreme sea levels occurs. Moreover, 

coastal flooding will probably increase in the future as a consequence of sea-

level rise together with changes in storminess (Meehl et al., 2007). Thus it is 

important to understand the sea level components at different frequencies as 

well as their changes.  

Observed sea level combines three terms: the mean sea level, the tide and 

the meteorological surge (Equation 3.1). The non-tidal residual  

is defined as the part of the observed sea level that is not due to tidal forces 

(Section 3.4). The nontidal residual is mostly driven by meteorological effects 

on sea level such as those from storm surges, where extreme weather 

conditions produce a large change in sea level, but can include other effects 

(e.g. tsunamis). The source of the meteorological forcing of surges is 

important as they produce sea level extremes of different intensity and 

duration, with diverse effects on the coast (Zhang et al., 2000).  

Wherever hurricanes prevail they are the primary cause of storm surges 

(Grinsted et al., 2012). This is the case in the Caribbean Sea, however hurricane 
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risk varies significantly (Pielke et al., 2003), because tropical storm activity has 

a large spatial and temporal variability (Klotzbach, 2010). Besides, it has been 

suggested that global warming will rise storm surge threat in the tropical 

Atlantic, because surges produced by the most extreme hurricanes will became 

more frequent (Grinsted et al., 2013). Other synoptic-scale events that 

influence the region are the cold-front passages in the winter season (Mooers 

and Maul, 1998). The fronts increase and shift to the north / northwest the 

surface winds. When the cold fronts are stationary the winds generate large 

steady waves that can produce storm surges in the coast (Lerma et al., 2008). 

There is no reference to extra-tropical cyclones that affect the Caribbean Sea. 

Only a few studies on extreme sea levels have been published for the 

Caribbean Sea. Return periods of Cartagena and two other sites in the 

Colombian coast were calculated by Torres et al. (2008). Their study analyzed 

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 in Cartagena. Andrade et al. (2013) assessed the 

flooding hazard in Cartagena related to swell events as they did not find the 

risk of flooding directly related to local meteorological conditions. However a 

comprehensive description of the sea level extremes in the Caribbean Sea is 

unknown. Moreover, the temporal variability of the sea level extremes in the 

Caribbean Sea has not been assessed. This lack of information contrasts with 

the good knowledge achieved at other basins such as the Mediterranean Sea 

(e.g. Marcos et al., 2009) or the English Channel (e.g. Haigh et al., 2010a). In 

this chapter the sea level extremes in the Caribbean Sea are assessed from 13 

stations with hourly records available in the Caribbean Sea (Figure 3.1).  

The Caribbean Sea is located in the tropical region, where classical 

extremes value theory is inadequate to calculate return levels (Pugh, 1987), 

because probabilities of extreme water levels caused by hurricanes cannot be 

estimated solely using tide-gauge records as there are typically only a few large 

hurricane-induced surges during the available observational period and often 

such surges are significantly higher than any other recorded level (McInnes et 

al., 2009; Haigh et al., 2013). Nevertheless, as hurricanes development 

requires the Coriolis force, which is zero at the Equator and increases toward 

the poles, the Caribbean region south of 10º N has less than 1% chance of a 

hurricane strike per year (Pielke et al., 2003). Also due to the Coriolis force, 

hurricanes passing toward the south of the basin are in general weak, thus 
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hurricane-induced storm surges might not be significantly higher than other 

extremes. Therefore the conventional extreme value analysis method is used in 

the basin to assess its spatial performance.  

In this chapter the still water sea level extremes are analyzed. Thus, the 

interaction between waves and storm surge is not assessed, although in 

hurricane-induced surges, such interaction increases the coastal sea level 

(Huang et al., 2010). The chapter serves three purposes. First, the spatial 

distribution of sea level extremes in the Caribbean Sea is described based on 

the observed values and projected return levels using classical extremes value 

theory. Second, the temporal variation of the sea level and nontidal extremes is 

explored. The third purpose is to assess the different components of sea level 

extremes in the region. 

7.2 Methodology 

Quality control tests on the hourly observed sea level data were conducted. 

Due to datum errors the following years were removed: Cristobal (1997); 

Cartagena (1970, 1993). The hourly inspection of the data was also used to 

identify the tropical storms (http://weather.unisys.com/hurricane/atlantic/) 

associated to larger extremes at each station, and to compare the sea level 

extremes at neighbour stations forced by the same storm.  

The observed sea level results from the combination of the mean sea level 

(which slowly varies in time), the tide and the storm surge (Equation 3.1). 

Where indicated, the observed sea level data is pre-processed by removing the 

annual mean sea level computed from calendar years. The tidal component 

was estimated on the basis of the t_tide software package (Pawlowicz et al., 

2002). The hourly nontidal residual is then calculated by subtracting the tidal 

component from the observed sea level. 

 In order to get a consistent tidal component, the most important tidal 

constituents were assessed at each station, so the same harmonics were used 

every year. First, the tidal constituents with a SNR>1 were selected in each 

calendar year. Using the results from all the available years at each station, the 

main constituents were selected if they fulfilled three conditions: mean 

amplitude >2 mm; mean SNR>1.2; and a SNR>1 in at least in 80% of the years. 

These conditions were selected as they gave consistent results at the 13 

stations. The least number of main constituents was found in Lime Tree (13), 
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and the most number of main constituents was found in Puerto Limon (27). Q
1
, 

O
1
, P

1
, K

1
, M

2
 and S

2
 are the only main constituents that appear in the 13 

stations. The fortnight M
f
 constituent was selected as a main constituent at 

four stations; however, it was used for the tidal prediction at the 13 stations 

due to the consistent results presented in chapter 4. The Sa annual and the Ssa 

semi-annual constituents were omitted for the tidal prediction as they have a 

major meteorological forcing, thus the seasonal variability was left in the 

nontidal component. 

To assess the seasonal cycle effect in the nontidal annual maxima 

extremes distribution, the mean annual and semi-annual cycles as described in 

chapter 5 were removed from the hourly nontidal residual. This was performed 

at all stations except Le Robert, where the seasonal cycle was not assessed due 

to the short record. The Sa and Ssa constituents were not used to assess the 

seasonal cycle, as they are not consistent from one year to the other at most of 

the stations. 

There is not a universally accepted method for estimating probabilities of 

extreme still water levels. Two approaches were used in this study, the R-

Largest direct Method (RLM) and the Revised Joint Probability indirect Method 

(RJPM). The RLM (Smith, 1986) is an extension of the classical Annual Maxima 

Method (AMM) for extreme value theory (Gumbel, 1958). It uses the r-largest 

values (extremes) per year from the observed sea level data to estimate the 

parameters of the Generalized Extreme Value (GEV) distribution. The maximum 

likelihood statistical technique was used to obtain these parameters. The 

return level  with probability  can be obtained from (Tawn, 1988): 

1 1  Equation 7.1 

where ,  and  are the location, scale and shape GEV parameters 

respectively. This theory requires the observations within the year to be 

independent. To ensure that r-larger values are produced by different storms 

(independent values); a storm length of 72 hours was used. This storm length 

was selected after the sea level time series inspection during the quality 

control process. 

The RJPM (Tawn and Vassie, 1989) is an indirect method as it separates 

the tidal from the nontidal component to infer the sea level extremes. To apply 

the RJPM the Dixon and Tawn (1994) approach was used to estimate: the 
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‘extremal’ sea level ( ) and surge ( ) indices; the parameters of the GEV 

distribution ( ,  and ) fitted to the r-largest nontidal residual values per 

year; and 18.61 years of hourly tidal predictions ( ), where  is the number of 

hours in the nodal tidal cycle. The return level  can be obtained from (Tawn, 

1992): 

log 1 ∑ 1   Equation 7.2 

RLM is robust to temporal and spatial variability and easy to use, however 

it underestimates the long period return levels when the tidal variations are 

about twice that of the nontidal variation; the RJPM performs best as it is not 

sensitive to data frequency, stable to historical outliers, produces the most 

accurate estimates from relatively short dataset and is not sensitive to the ratio 

of tidal to non-tidal variability at a given site (Haigh et al., 2010b). 

To assess the tide-surge interaction in the Caribbean Sea the method 

proposed by Dixon and Tawn (1994) was followed. The tidal range was divided 

into five bands of equal probability. The nontidal observations were distributed 

at each of the tidal bands depending on the tidal level at the moment of each 

observation. If there is no interaction, the nontidal observations will be equally 

distributed in the tidal bands. The  statistical test was used to determine if 

the observed frequencies are equal to the expected frequencies, in which case 

0. The test is defined as: 

∑   Equation 7.3 

where  is the number of events per band, and  is the expected number of 

events for a flat distribution (Dixon and Tawn, 1994). The test was performed 

in the 95% significance level, thus , . 9.5. 

Percentiles were computed by ranking the hourly data 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 at the 13 

stations assessed in this study using all the available data. The three time 

series at each station were of the same length and used only the data where 

hourly sea level values were available. Furthermore, annual percentiles from 

the observed sea level and nontidal residual were estimated in the 5 stations 

with over 20 years of data to assess the temporal variability and trends in the 
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extremes. Only years with over 50% of data were used; however the estimation 

of the upper percentiles can be affected by gaps in the time series. The 90th, 

95th, 99th and 99.9th percentiles were computed with and without removing the 

annual mean sea level from the observed sea level time series. The 50th 

percentile was also computed when the annual mean sea level was not 

removed.  

The extremes interannual variability, represented by the nontidal 

percentiles after the annual mean sea level removal, was correlated with 

selected climate indices (Section 3.3). The significance of the correlations was 

computed by the bootstrap method at a 99.9% confidence level from 5000 

iterations. 

7.3 Results and Discussion 

7.3.1 Spatial Distribution of Sea Level Extremes 

7.3.1.1 Maximum Extremes 

Maximum observed sea levels from each station are presented in Figure 7.1-a; 

spatial comparison is difficult, as the maximum values include the tides, the 

nontidal residual and the mean sea level variations, which in the Caribbean Sea 

have significant trends with large spatial and temporal variability (chapter 6); 

therefore, maximum observed sea level values are affected by the mean sea-

level trends and depend on the span of the record, which varies from 5 years in 

Le Robert to 103 years in Cristobal (Table 7.1). 

After the annual mean is removed, the extreme values found (Figure 7.1-

b) range between 36 cm 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 7.1) which is larger at the boundaries between the 

Caribbean and Atlantic (chapter 4). Note that in Cartagena, when the mean sea-

level trend is included (Figure 7.1-a), the maximum observed sea level in a 49-

year period is 20 cm larger than when the mean sea level contribution is 

removed (Figure 7.1-b). 

Maximum nontidal residuals are presented in Figure 7.1-c, which shows 

the extremes caused by storm surges and other nontidal contributors (see 

Section 7.3.3). The nontidal residual extremes are more spatially coherent. The 

largest nontidal residual is 76 cm in Magueyes, and it is larger than the largest 
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observed sea level extreme after the removal of the mean sea-level trend in 

that station (71 cm), because the maximum event occurred during low tide. 

This extreme was forced in 1979 by the category 5 Hurricane David which 

passed south of Magueyes. The second largest nontidal extreme is in Lime 

Tree (60 cm) and it was forced in 1989 by hurricane Hugo (category 4). The 

third largest nontidal extreme is in P. Spain (43 cm); however, it is not 

associated to a hurricane. Note that the extreme nontidal residuals in the other 

stations are about half the extremes in Magueyes and Lime Tree. P. Pitre is the 

only other station where the nontidal maximum (32 cm) is also forced by a 

hurricane (category 1 Marilyn in 1995).  

Hurricane-induced surges have the following characteristics. First, the 

strength of the hurricane-induced surges is variable; it depends on the 

hurricane path, intensity and propagation speed, as well as on topographic 

parameters at each particular location (Zhong et al., 2010). Second, the surges’ 

impact is spatially limited, as the greatest effects are confined to within a few 

tens of kilometres of the point at which the hurricane makes the landfall (Pugh, 

1987; Church et al., 2006). Third, the Caribbean hurricane annual activity, 

which includes the cyclones number, strength and duration, has significant 

temporal variability with years without named storms and a year with up to 15 

named storms through the basin (Klotzbach, 2010). Fourth, hurricanes 

describe different paths, although hurricanes in the Caribbean have favoured 

tracks which have been suggested to change in time (Reading, 1990). These 

characteristics explain why regardless of about 300 years of sea level data 

from 13 stations in the Caribbean Sea, where hurricanes transit almost every 

year, only large nontidal extremes are found in Lime Tree and Magueyes. 

The following example illustrates the first two hurricane-induced surges 

characteristics in the Caribbean Sea. In September of 1989, hurricane Hugo 

forced a nontidal extreme of 60 cm at Lime Tree as it passed over it. At that 

time it was classed as a category 4 hurricane. The same hurricane passed 143 

km away from Magueyes as a category 3 hurricane and caused a signal of 35 

cm at Magueyes 21 hours later. The distance between Lime Tree and Magueyes 

is 246 km. At Cristobal and Guaira, the other stations where data is available in 

September of 1989, no evidence of a storm surge is found. Thus, even 

powerful hurricanes do not produce basin-wide storm surges. 

Note that Guantanamo, Port Royal, P. Pitre and Le Robert are in the 

favoured hurricanes path in the basin (Reading, 1990). However they have 
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smaller maximum nontidal residuals than those from Magueyes and Lime Tree 

(Figure 7.1-c), probably due to their short length-of-record (Table 7.1). 

Guantanamo (Cuba) and Port Royal (Jamaica), in particular are known to have a 

larger probability to be affected by hurricanes than Magueyes (Puerto Rico) 

(Klotzbach, 2010). Therefore, distribution of extremes (Figure 7.1-c) is very 

sensitive to the length and completeness of the data (Figure 3.2). In a short 

incomplete record the chances of missing large storm surges generated by a 

powerful hurricane are large. 

Contrary, Cristobal and Cartagena have long records composed by 94 and 

46 years respectively (Table 7.2). However, nontidal extremes are about half of 

those at Magueyes. This is due to the fact that they are outside the paths of 

hurricanes (Reading, 1990; Pielke et al., 2003), thus hurricane-induced surges 

are not large at the southern boundary of the Colombian Basin (Figure 2.1).  

In addition, the completeness of the sea level records remains an 

important issue. For example the 18th of October 1988, hurricane Joan passed 

close to Cartagena. The record shows a maximum nontidal residual of 24.3 cm 

at 10:00 GMT when the hurricane was category 1. Unfortunately the record has 

a gap between 12:00 GMT of October 18th and 20:00 GMT on the 21st; during 

this period, the hurricane became upgraded to category 2 the 19th (00:00 GMT) 

at a distance of 196 km from Cartagena, and further to category 3 twelve 

hours later at a distance of 315 km from the station, maintaining winds of 

more than 100 knots for over twelve hours. It is likely that the largest surge 

was missed in the record. 

In Puerto Cortes there are 21 years of data. The maximum nontidal 

residual (32.2 cm) was in 1962 but it is not linked to a hurricane. Contrary, in 

1961 a nontidal residual of 31.7 cm was forced by the category 5 Hurricane 

Hattie that passed less than 2º north from the station parallel to the coastline. 

This suggests that over the available sea level recorded period, surges 

generated by hurricanes were about the same order of magnitude than the 

surges produced by other meteorological forcing. This is likely due to the east 

to west coastline direction, which reduces the surges generated by hurricanes 

as most of them passed north of the station and parallel to the coast 

(http://www.nhc.noaa.gov/climo/). However, hurricanes can make landfall 

perpendicular to the east to west oriented coastlines, as Hurricane Mitch which 

in 1998 made landfall in Honduras (no sea level record available), producing 



 

159 

over 10000 deaths predominately from rain-induced flooding  (Pielke et al., 

2003).  

7.3.1.2 Sea-Level Return Periods 

To assess the sea-level return periods, the sea level observations were pre-

processed by subtracting the mean sea-level trend, as it is the most 

appropriated method to handle the trends to estimate return levels at sites 

with less than 50 years of data (Haigh et al., 2010b). In the Caribbean only 

Cristobal has records longer than 50 years (Table 7.1). As return levels are 

used to determine coastal structures design levels, mean sea-level trends can 

be included at the design stage. Sea-level trends in the Caribbean Sea are 

described in chapter 6. 

Probabilities of extremes still water levels were computed using the R-

Largest Method (RLM) to assess its accuracy at different stations. Return levels 

were computed for r=10, r=5, r=2 and r=1 extremes per year. In Table 7.2 

results for the Annual Maxima Method (r=1) are presented. In this case, the 

mean difference between the maximum observed sea level value and the 

predicted return level for the same period was 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 Cristobal 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 7.2). However if r=5 is used, the 94-year return level is 47±4 cm, 

significantly different from 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 extremes per year are used, 

the data samples contain non-extreme values. Results were not sensitive to 

small changes in the storm length. 

To assess the fit of the extremes to the GEV model, quantile plots with 

r=1 are shown in Figure 7.2 for all stations save for Le Robert, as results from 

this short time series are very similar to those in P. Pitre. The quantile plot 

assesses the model goodness-of-fit for large values of sea level. Departures 

from linearity indicate model failure (Coles, 2001). This seems to be the case in 

Magueyes and Lime Tree, the two stations where large hurricane-induced 
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surges were recorded, as the quantile plots have the largest differences 

between the model and empirical values (16 cm and 8 cm respectively). 

P. Castilla, P. Cortes, P. Spain and La Guaira show a better fit (Figure 7.2); 

however return levels from the GEV model computed with the available data 

should be treated with care as in the available time series large hurricane-

induced surges were not recorded at these stations; regardless that these sub-

regions are affected by hurricanes although with low frequency (Reading, 

1990). In the northern side of the Caribbean basin, the frequency of hurricanes 

is larger than toward the south (Reading, 1990), thus at all the other stations 

north of La Guaira, the chance of experiencing a large hurricane-induced 

extreme is larger than at this station. However, as not large hurricane surges 

were recorded in Guantanamo, P. Royal, P. Pitre or Le Robert time series, 

modelled sea level return levels will be bias downward as they do not account 

for the hurricane-induced extremes, regardless of the good fit shown in the 

quantile plot (Figure 7.2). 

The quantile plot of Cartagena and Cristobal show a good model fit 

(Figure 7.2). These stations use a large number of years (94 and 46 used years 

respectively) and are located in the South Colombian Basin, where hurricanes 

are not frequent (Ortiz, 2007); thus GEV model seems to give adequate results. 

Puerto Limon, with 10 years of data, has a good model fit; due to the location 

of the station, GEV approach is likely to give reasonable sea-level return 

periods. 

In Figure 7.3-a return sea level estimates in Cristobal and Cartagena with 

the AMM (r=1) are shown. 50 and 100 year return levels are shown in Table 

7.2. Note the lower slope in the return level estimates in Cartagena when 

compared to Cristobal (Figure 7.3-a). For example, the difference between the 

100 year and the 50 year return level in Cartagena is 0.7 cm, while the 

difference between these two return levels in Cristobal is of 2.3 cm (Table 7.2). 

Torres et al. (2008) using a different methodology found for Cartagena’s 50 

and 100 year return level 49.1 cm and 49.8 cm, values higher than the values 

found here but within the 95% error. Still, the difference between the 50 and 

100 year periods is 0.7 cm, thus confirming the low slope in the return level 

estimates in Cartagena. This lower slope in Cartagena when compared to 

Cristobal is probably related to two facts: first, missing extreme sea level 

values in Cartagena’s time series due to the incompleteness of the data as 

described in Section 7.3.1.1; Second, the tide-gauge location sheltered inside 
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the bay, what has been suggested by Andrade et al. (2013) to underestimate 

the wind setup phenomenon; however underestimation of the wave run-up is 

more likely as it can be inferred from their Figure 7. In their study, a 50 year 

return level of 34.2 cm is reported in Cartagena, which is too low when 

compared to the observed value shown in Table 7.2 (45.6 cm). Their reported 

return level corresponds to extremes computed from the nontidal residual 

(personal communication). 

Furthermore, we assess the sensitivity of the return sea levels to span of 

data and the number of extremes per year used in the RLM, estimating 100-

year return levels. Overlapping 10, 20, 30 and 40-year segments are used. 

Results for Cristobal and Magueyes are presented in Figure 7.3-b and Table 

7.3. Cristobal represents the RLM behaviour in the South Colombian Basin, 

while Magueyes shows the performance in the Antilles, where hurricane-

induced surges are more intense and frequent (Section 7.3.1.1).  

In Cristobal, the 100-year return sea levels assessed from the AMM (red 

line in Figure 7.3-b) with less than 30-years of data show large uncertainty, as 

the range of the values is 31.5 cm with 20-year overlapping segments (Table 

7.3). Thus, return sea levels are sensitive to the span of data and to the 

temporal variation of the annual extremes. When 30-year segments are used 

the range is 18.2 cm (Table 7.3), as a consequence of a trend in the 100-year 

return levels. This trend will be discussed in Section 7.3.2. When the RLM is 

used (black line in Figure 7.3-b), the range reduces when compared to AMM, 

but the return levels are underestimated by about 8 cm; for example, mean 

RLM 100-year return levels from any segment (~46 cm in Table 7.3) when 

compared to Cristobal’s maximum observed sea level value in 94 years (54.1 

cm in Table 7.2). Therefore, in the South Colombian Basin, to assess return 

levels with the AMM, at least 30-years of data are needed. If shorter time series 

are available, the RLM (r=5) should be used with caution, as return levels will 

be underestimated. 

In Magueyes, the RLM has a small range but significantly underestimates 

the return levels regardless of the length of the segment. The maximum RLM 

100-year return level is 47 cm (Table 7.3) when a 10-year segment is used; 

however over a 44-year period the maximum observed sea level is 71.2 cm 

(Table 7.2). By contrast, the AMM shows large uncertainty to estimate 100-year 

return sea levels when data is less than 40 years long, thus it is very sensitive 

to the temporal variation of the annual extremes (Figure 7.3-b). For example, 
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when the data length is 30 years, the range of the 100-year return level is 24 

cm (Table 7.3). In Caribbean stations such as Magueyes, where large hurricane-

induced surges are frequent, at least 40 years of annual maximum extremes 

are needed to assess return sea levels by the AMM. However this approach is 

still sensitive to the occurrence of large hurricane-induced extremes during the 

available time series.  

In addition to the RLM, the RJPM is also assessed in the Caribbean. The 

surge and sea level ‘extremal’ indices were calculated; the GEV parameters 

were estimated from the distribution of the r-largest nontidal residual values; 

and hourly tidal values were computed for a nodal period. However return 

levels could not be estimated at 8 stations where a term in Equation 7.2 

convened the following condition: 

 1  0.  

Return sea levels at the 5 stations where the RJPM could be used, were 

coherent with the ones found with the RLM for different number of extremes 

used per year. In addition, when the GEV model was fitted to the nontidal 

residual extremes at all stations, as in the RLM (using observed sea level data), 

the quantile plot indicates large differences between the empirical and 

modelled values (not shown). Due to these problems, the return levels in the 

Caribbean Sea computed from the RJPM are not further discussed in the 

chapter. 

7.3.1.3 Sea-Level Non-Stationarities 

Non-stationarities might be important to assess sea level return levels. In this 

section the structure of the sea-level process related to the non-stationarities in 

the Caribbean Sea is assessed for completeness. There are four sources of non-

stationarities in the sea-level process (Dixon and Tawn, 1999): long-term 

changes in mean sea level (linear trend) which is handled in the pre-processing 

of the data by the removal of the annual mean sea level as described in the 

beginning of Section 7.3.1.2; the tide with known periodic variations at 

different frequencies that includes long-term variations with periods up to 

18.61 years (nodal cycle); the sea level seasonal cycle that induces a surge 

seasonality; and the tide-surge interaction, which accounts for the change in 

the distribution of the surge as function of the tidal level.  
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Tidal non-stationarity 

The Caribbean Sea has a micro-tidal environment, however changes in the 

long-term tidal modulations account for changes in the tidal range of up to 8.4 

cm (chapter 4). Such variations are included in the RJPM as the tide PDF is 

computed for a period of 18.61 years, but it is not included in the direct 

methods such as RLM. Using UK sea level time series, Dixon and Tawn (1999) 

found that when the tidal variations are large relative to the surge variations, 

direct methods underestimate the long period return levels probably due to the 

tidal non-stationarity. Insignificant differences between direct and indirect 

methods are found in the UK sites when the ratio of the tidal to non-tidal 

component is less than two (Haigh et al., 2010b). Following the mentioned 

studies, the 98% percentile of the time series is used to assess the ratio of the 

tidal to nontidal sea level component in the Caribbean Sea. Results are 

presented in Table 7.1. The maximum ratio is 2.1 in Le Robert, however at 

most stations the ratio is nearly one. Assuming that results from Haigh et al. 

(2010b) can be generalized, the tide non-stationarities are expected not to 

significantly change the return level probabilities when direct methods are 

used in the Caribbean Sea.  

 

Surge seasonality 

Figure 7.4 shows the annual maxima nontidal distribution through the year 

(black bars), which includes the seasonal variability in the different stations. 

Clearly the nontidal residual series are not stationary as most of the extremes 

occur in the last semester of the year. The seasonality effect is to 

underestimate the level of a given return period; however it can be ignored as 

for a two-season year it has only a second order effect on return level 

estimates for return periods longer than a year (Tawn and Vassie, 1989). This 

is because the year could be divided into a storm and calm period; within each 

period the process is stationary; if it is assumed that all the extreme values 

occurred in the storm period then the bias is negligible (Dixon and Tawn, 

1994). This assumption is not completely accurate as the seasonal cycle in the 

Caribbean is unsteady in time (Section 5.3.4), however modelling the extremes 

with a distribution which depends on the time of the year is difficult and errors 

may lead to significant bias in return level estimates (Dixon and Tawn, 1994). 

 

Tide-surge nonlinear interaction  
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To estimate probabilities of extreme still water levels using indirect methods, it 

is important to know if there is a tide-surge nonlinear interaction in order to 

accurately separate the sea level components. The tide-surge nonlinear 

interaction in the Caribbean Sea has not been previously assessed, so 

preliminary observations about this subject are presented in this section. 

Nontidal residuals referenced to the annual mean sea level are used, thus 

extremes are mainly due to storm surges. 

The tide-surge nonlinear interaction is first assessed using all the nontidal 

residuals which exceed the 99.75% percentile against the associated tidal level 

as proposed by Dixon and Tawn (1994) using UK sea level time series. This 

percentile is used to assure that the nontidal residuals are extremes. The tide-

surge  statistical test is used to assess such interaction. As the test is 

proportional to the length of the time series (Dixon and Tawn, 1994), at those 

stations with over 10 years of data, only the first 10 years were used, thus 

allowing the comparison among stations. The tide-surge  statistical test 

results are presented in Table 7.4. The statistical test shows significant tide-

surge interaction ( 9.5) in all the stations save for P. Castilla, P. Cortes, Le 

Robert, La Guaira and Cartagena. The largest interaction is found in Magueyes 

(  = 28). However this approach shows the interaction between the tide and 

surge during clusters of extreme events and not from independent extremes. 

For example in Magueyes, most of the 99.75% percentile nontidal residuals are 

clustered in the largest hurricane-forced surge events. In the case of Hurricane 

David (1979), 40 continue hourly values are above the percentile threshold 

(Figure 7.9). To illustrate the tide-surge distribution into the 5 equi-probable 

tidal bands, results from the 99.75% percentile are presented in Figure 7.5-a 

for five representative stations. For example, in Magueyes, most nontidal 

observations are clustered in the 4th tidal band (66 observations), while the 

least are in the second tidal band (23 observations). 

To assess the tide-surge interaction using independent extremes 

(separated by at least 72 hours), the annual maxima as well as the 5 maximum 

independent nontidal residuals per year were used. Again, at those stations 

with over 10 years of data, only the first 10 years were used to allow 

comparison amongst stations. When the annual maxima is used, only P. Royal 

and P. Pitre fail to exhibit a flat distribution ( 9.5), thus showing significant 

tide-surge interaction at these stations (Table 7.4). For example, at P. Royal, 5 

of the 7 annual maxima occurred during the highest tidal band (red star at P. 



 

165 

Royal in Figure 7.5-b). Results are very similar when the 5 largest annual events 

are used. There is significant tide-surge interaction in P. Royal and P. Spain. 

E.g. in P. Spain, 19 of the 40 events shown, when the 5 largest extremes per 

year are used, occurred during the second tidal band (all observations at P. 

Spain in Figure 7.5-b). 

10 year overlapping segments are used to assess the temporal variability 

in the tide-surge nonlinear interaction. The 5 maximum independent nontidal 

residual extremes per year are used from the 5 stations with the longer time 

series. Results are presented in Figure 7.6. Temporal variability in the tide-

surge interaction is present in all the stations. L. Tree is the only station where 

all segments show no significant interaction. In Cristobal, only 5 segments 

show significant interaction. Cartagena has the largest interaction in a 

particular 10-year segment ( =26.6), and shows a positive trend with 

significant tide-surge interaction after the mid 70’s. By contrast, Haigh et al. 

(2010a) did not find evidence of long-term changes in the distribution of the 

tide-surge interaction in the English Channel. 

Results indicate that tide-surge interaction from independent nontidal 

extremes varies in time and can be significant during some periods of time at 

most of the stations in the region. Although the chi-square ( ) statistical test 

(at the 5% confidence level) indicates significant tide-surge interaction at some 

stations and periods, it is not clear where the energy comes from as the 

Caribbean is a micro-tidal environment where the nontidal residual extremes 

have the same order of magnitude as the tides (Table 7.1 and Figure 7.5); 

though, it can be the come across of two energy-equivalent signals what 

causes the reported non lineal interaction. However, assessing the form of the 

tide-surge interaction and the forcing of its changes in time is out of the scope 

of the chapter and further research is deserved. 

7.3.2 Sea Level Extremes Temporal Variability 

Temporal variability of the extremes is assessed in Magueyes, Lime Tree, P. 

Cortes, Cartagena and Cristobal, the 5 stations with over 20 years of sea level 

data. The 50th, 90th, 95th, 99th and 99.9th percentiles from the sea level and 

nontidal residual, referenced to the first year of the time series annual mean 

sea level, are presented in Figure 7.7. For this assessment, the 1994-2000 

segment in Cartagena was removed due to a lack of datum continuity with the 
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rest of the time series. The median value (50th percentile) roughly corresponds 

to the annual mean sea level. Interannual variations of the upper percentiles 

are well correlated with mean sea-level changes, except the 99.9th percentile in 

Magueyes and Lime Tree, due to the presence of large hurricane-induced 

extremes. For example, in Lime Tree the 99.9th sea level percentile has an 

opposite behaviour than the other percentiles in 1999. In addition, the 99.9th 

percentile shows larger variability than the lower percentiles. This behaviour is 

amplified in Magueyes and Lime Tree, due to the hurricane-induced extremes. 

Linear trends of the percentiles shown in Figure 7.7 are presented in 

Table 7.5. Sea level and nontidal residual trends are insignificantly different, 

thus the tidal signal in the Caribbean does not influence the extremes or any 

other percentile linear trend. In addition, trends among the 5 percentiles 

assessed are insignificantly different, thus trends in the extremes (99.9th 

percentile) and the other percentiles are driven by mean sea-level changes (50th 

percentile). Therefore, in the Caribbean, secular changes in observed sea level 

extremes are similar to those in mean sea level which is a common behaviour 

(Bindoff et al., 2007). 

Sea level linear trends of the 50th percentile vary between 1.3 ±0.5 mm yr-1 

in Magueyes and 8.5 ±1.3 mm yr-1 in P. Cortes (Table 7.5.), and in all cases, are 

insignificantly different from the mean sea-level trends found in Section 6.3.1. 

Differences in the trends among the stations are due to the different time 

periods covered by the records and the large spatial and temporal variability in 

the Caribbean mean sea-level trends (chapter 6).  

Significant positive trends (up to 9.9±2.2 mm yr-1) are found in the sea 

level extremes (99.9th percentile) at the 5 stations; however the trends in the 

nontidal residual 99.9th percentile in Magueyes and Lime Tree are insignificant, 

probably because the large hurricane-induced extremes (Figure 7.7) increase 

the 95% error and obscure the mean sea level signal, which forces significant 

trends in all the other percentiles. 

Percentiles in Figure 7.7 include the mean sea-level variability, whose 

trends and interannual variability are described in chapter 6. To remove this 

signal that has been already assessed, the annual mean sea level is subtracted 

from each calendar year of the observed sea level time series before computing 

the nontidal residual and the different percentiles. In Figure 7.8 the 90th, 95th, 

99th and 99.9th percentiles from the sea level and nontidal residual, relative to 

the annual mean sea level are shown. Cartagena’s entire record (Figure 3.2) is 
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used as the lack of datum continuity is not a problem since the annual mean 

sea level is removed. 

Sea level and nontidal extremes without the annual mean sea level show 

large interannual variability. In general, sea level percentiles are higher than 

the nontidal percentiles as the former includes the tidal signal (Figure 7.8). The 

exception is the hurricane-induced extremes (99.9th percentile), where the 

nontidal residual is higher than the sea level 99.9th percentile because the peak 

of the observed extreme occurred at low tide. Note the influence of the tidal 

nodal cycle in the Cristobal’s 90th to 99th sea level percentiles, which does not 

appear in the nontidal percentiles as the tidal signal has been removed. 

Linear trends have been estimated from the sea level and nontidal 

residual upper percentiles to assess secular changes in extremes not related to 

mean sea-level rise (Table 7.5). 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 in Section 5.3.4.2. Significant trends in the extremes are not 

found at any station regardless of the percentile used. However, Figure 7.8 

shows a negative nontidal trend in Cristobal for the period 1925-1995. When 

the trend is assessed only for this period, a significant negative trend of -0.7 

±0.4 mm yr-1 is found in the 99.9th nontidal percentile. Smaller significant 

negative trends are also found in the 95th and 99th nontidal percentiles. This 

indicates a significant reduction in the nontidal extremes over a 71-year period 

in Cristobal during the last century. Such reduction in the nontidal extremes 

can explain the negative trend found in Cristobal’s 100-year return levels 

computed from overlapping segments with different length (Figure 7.3-b). If 

the annual mean sea level is not removed in Cristobal for this 71-year period, 

the upper nontidal residual percentiles show significant positive trends, thus 

the mean sea level positive trend prevails over the negative trend in the 

nontidal residual. 

ENSO is the primary driver of interannual variability in the hurricane 

activity in the Caribbean basin (Klotzbach, 2010), thus this climatic oscillation 

can influence the sea level extremes interannual variability. The nontidal 

residual 99.9th percentile (Figure 7.8) from the 5 stations is correlated with 

climatic indices to assess the relation between the extremes and climate 

variability. The correlation is assessed with the nontidal residual percentiles as 

the tidal signal is not affected by climate variability. A non significant 

correlation is found with the NAO. A significant correlation (~ -0.5) is found in 
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Lime Tree with Niño3 and Niño3.4 (Figure 7.8). A significant correlation (-0.3) 

is found in Cartagena with Niño4; however if the 99th percentile is used, 

significant correlation (~ -0.4) is found with all ENSO indices. In Section 6.3.6 a 

positive correlation between mean sea level interannual variability and ENSO 

with a time lag of up to 3 months is found. Thus a positive phase of ENSO 

relates to an increase in the mean sea level but to a decrease in the extremes 

in the Caribbean Sea. Negative correlation between the ENSO index and the 

cyclone activity has been reported by Klotzbach (2010). 

In addition, there is a negative correlation between all ENSO indices and 

mean sea level after 27-31 months time lag (Section 6.3.6). To assess such 

lagged correlation but with the nontidal residual extremes, the ENSO indices 

were shifted 2 years forward and correlated with the 99.9th percentile. 

Significant positive correlations (up to 0.5) are found in Magueyes, Lime Tree 

and Cartagena (Figure 7.8), the later with a 0.4 significant correlation with 

Niño3. Note again that ENSO relationship with mean sea level is opposite to the 

nontidal residual extremes. Thus a positive phase of ENSO seems to be related 

after 2 years to a decrease in the mean sea level but to an increase in the 

nontidal residual extremes. 

7.3.3 Sea Level Extremes Contributors 

Sea level extremes can be discomposed in different contributors which can be 

separately assessed to understand the regional behaviour and the processes 

that contribute to them, what is useful to estimate future impacts. In Section 

7.3.2  it is shown that the extremes secular changes are due to the mean sea-

level trends, thus this is a main contributor which will continue to make sea 

level extremes more frequent in time, as mean sea level is projected to 

continue rising due to climate change (Bindoff et al., 2007). Trends and 

interannual variability in the Caribbean Sea are assessed in chapter 6. 

After the annual mean sea level is removed, extreme sea levels result 

from the combination of tides and nontidal residual. The time-averaged sea 

level annual maxima and its standard deviation are presented in Table 7.1, and 

range from 29.6 cm in Magueyes to 68.9 cm in P. Spain. Annual maximum 

water levels are small in the Caribbean Sea when compared with other stations 

in the globe (Merrifield et al., 2013), partially because tidal amplitudes are 

small in the Caribbean Sea (chapter 4). However, the tidal contribution to 
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extreme sea levels is both in the high frequency (spring tides) and low 

frequency (tidal range nodal modulation shown in Section 4.3.9). 

After the annual mean and tidal signal are removed from the observed 

sea level, the nontidal residual is left. The tidal and nontidal residual 98% 

percentiles are the same order of magnitude in the Caribbean Sea (Table 7.1). 

The time-averaged nontidal residuals annual maxima and its standard 

deviation are shown in Table 7.1, and range from 16.9 cm in Le Robert to 31.2 

cm in P. Spain. 

Nontidal residuals results from the combination of different components: 

(i) the sea level seasonal cycle; (ii) meteorological or storm surges due to 

atmospheric pressure and wind effects on sea level; (iii) oceanographic 

phenomena such as eddies; and (iv) others such as tsunamis or seiches, which 

will not be discussed any further in the chapter. The contribution of the first 

three components to sea level extremes in the Caribbean Sea is assessed in the 

following paragraphs. 

7.3.3.1 Sea level seasonal cycle  

The sea level mean seasonal cycle in the Caribbean has a range from 3.8 cm in 

P. Limon to 20.2 cm in P. Spain, and peaks in the second half of the year 

especially during September and October (chapter 5). The nontidal annual 

maxima extremes distribution through the year, after removing the mean 

seasonal cycle, is shown at 12 stations in Figure 7.4 (light ochre bars). The 

difference between the distributions of the two series at stations such as 

Cartagena or P. Cortes (Figure 7.4) indicates the significance of the seasonal 

cycle in the annual extremes distribution through the year. Thus, the seasonal 

cycle contributes to the largest occurrence of annual maxima sea level 

extremes events from August to November in the Caribbean Sea. 

Besides, after the seasonal cycle removal, the maximum nontidal residual 

(Figure 7.1-c) reduces at 10 stations (not shown). The largest reduction is of 

8.5 cm in P. Pitre. For example in Cartagena, after the mean seasonal cycle is 

removed, the mean from the 46 annual nontidal extremes reduces from 19.9 

cm (Table 7.1) to 16.6 cm, and the extremes distribution concentrates in 

January and February (light ochre bars) and not from September to November 

(black bars in Figure 7.4). Thus, the mean seasonal cycle contribution to the 

nontidal extremes in the Caribbean is not dominant but is important when it 

coincides with other contributing factors to extremes. Moreover, the 
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contribution from the seasonal cycle to extreme sea levels varies as it is not 

steady in time (Section 5.3.4). 

7.3.3.2 Storm surges  

Storm surges in the Caribbean can be forced by hurricanes (Pielke et al., 2003). 

Hurricane-induced storm surges produce the most extreme sea levels in the 

Caribbean (Section 7.3.1.1). When a powerful hurricane crosses nearby a 

station, it will generate a large sea level extreme distinguishable from any 

other extremes in the tide-gauge record (e.g. Magueyes or Lime Tree in Figure 

7.8), however such a large surge is not a frequent event registered at a 

particular station as explained in Section 7.3.1.1. 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. This is due to factors affecting 

the severity of the storm surge such as the distance between the hurricane and 

the station, the hurricane characteristics and topographic conditions.  

Stationary cold-fronts can produce storm surges large enough to cause 

sea flooding and affect the coastal morphology in the south-western Caribbean 

(Lerma et al., 2008; Andrade et al., 2013). The way cold fronts induce storm 

surges, the spatial influence in the region, as well as the surge characteristics 

and consequences (flooding and erosion) are not well understood and further 

research is suggested. Cold-fronts intrude the basin from October to March; 

however especially from January to March, fronts decelerate in their 

penetration southward becoming stationary in the Caribbean basin (DiMego et 

al., 1976), thus enhancing the probability to produce storm surges in these 

months. Contrary, the hurricane season goes from June to November, with a 

peak from mid August to late October (National Hurricane Center - 

http://www.nhc.noaa.gov/climo/), which coincides with the peak of the 

seasonal cycle (September-October). As a first approach, due to the different 

months of occurrence, the distribution through the year of the nontidal 

residual annual extremes, after removing the seasonal cycle, can give 

information about the type of storm forcing the surge at the different stations.  

At stations such as Magueyes and Lime Tree, after the seasonal 

correction, the mode of the distribution of the annual nontidal extremes is 

September (ochre bars in Figure 7.4), indicating the prevalence of hurricanes in 

the formation of annual nontidal extremes. By contrast, in Puerto Cortes and 
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Cartagena, annual nontidal extremes from January to March become more 

frequent after removing the seasonal cycle, indicating a large contribution of 

surges induced by cold-fronts during boreal winter at these stations. However, 

these cold-front surges are not likely to produce annual sea level extremes 

during the beginning of the year, as they coincide with the seasonal cycle 

trough. Nontidal extremes that occur in October and November can be forced 

by both, hurricanes or cold-fronts. In this case, to separate the forcing, sea 

level hourly data and meteorological records have to be inspected. 

In Figure 7.9 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 31st of August forced the largest 

nontidal residual (76 cm in Figure 7.1-c) recorded in the time series used in 

this chapter. Note the steep rise and drop of the large nontidal residual. By 

contrast, the maximum nontidal residual in the 94 years assessed in Cristobal 

(32.1 cm) took place the 22nd of November of 2008, and it is not linked to a 

hurricane 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 7.9); it 

was located in the boundary between the low pressure (observed cloudiness) in 

the Western Caribbean (Figure 2.1) and the cloud-free area in the Cayman Sea. 

7.3.3.3 Eddies  

Mesoscale eddies have been reported to be a main contributor to sea level 

extremes events at places where sea level variations are small (Firing and 

Merrifield, 2004). Observed sea-level variability in all the stations assessed 

(98% observed sea level percentile in Table 7.1) is smaller than 1 meter except 

for P. Spain (126 cm). Besides, the Caribbean is an eddy-rich region (Chelton et 

al., 2007) where eddies and meanders can generate sea level anomalies in the 

order of few decimetres (Andrade and Barton, 2000; Alvera-Azcarate et al., 

2009). Mesoscale eddies are turbulent structures random in time with different 

diameter (~200 km), frequencies (~3 months) and translating speed 

(Richardson, 2005; Jouanno et al., 2008), whose production and growth have 

been proposed to be mainly due to the instability of the main Caribbean 

currents (Jouanno et al., 2009). 

Figure 7.10 shows the eddy-related sea-level variability at two stations: 

Point Pitre in the Lesser Antilles and Magueyes in the Greater Antilles (Figure 



 

 172

2.1). The positive (red) or negative (blue) Sea Surface Height-SSH variations in 

the Hovmoller diagrams (Figure 7.10-a2/b2) and regional view (Figure 7.10-

a3/b3) are mainly due to anticyclonic-cyclonic eddies respectively, as the trend 

and seasonal cycle have been removed from the weekly altimetry time series. 

At Point Pitre’s longitude (61.3º W), a homogeneous range and RMS in 

latitude are found (Figure 7.10-a4). The RMS indicates regular variations in sea 

level between ±4 cm with a range of about 30 cm; the range is the difference 

between the maximum and minimum weekly SSH recorded in the time series. 

Contrary at the Magueyes’ longitude (67º W) there is large variability in the 

range and RMS (Figure 7.10-b4). At Magueyes’ latitude (18º N) as well as in La 

Guaira’s latitude (10.6º N) the RMS and range are similar to those observed in 

Figure 7.10-a4. However at 14º N the regular variations in sea level are of ±9 

cm with a range of over 60 cm. At these coordinates such large eddy-related 

variation is not affecting the coast. The eddy-related variability was also 

calculated near to Port Royal (not shown), sub-region where the sea-level 

variability is dominated by eddies (Section 5.3.1). The RMS and range found are 

±6.4 cm and 40 cm respectively.  

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 7.1); 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 

contribution at intra-annual scales varies from offshore to the coast and from 

one station to the other (Figure 7.10).  

Figure 7.10-a1/b1 shows the comparison of the sea level time series from 

the nearest altimetry point (blue) and the tide-gauge after a 72 hour moving 

average filter (red) from (a) Point Pitre and (b) Magueyes; the altimetry time 

series correspond to the black line in the Hovmoller diagram (Figure 7.10-

a2/b2); the good correlation between the time series indicates that the 

mesoscale eddies observed in the open ocean altimetry signal, are able to 

modulate the coastal sea level. In Figure 7.10-a3/b3, a SSH regional view 

shows the spatial eddy-variability for (a) Sep-3-1997, and (b) Aug-5-2003. The 

black arrow in Figure 7.10-a1/b1 indicates the week of the regional view; note 

that a positive SSH anomaly (altimetry) is also distinguishable in the tide-gauge 

records. In 1997 the annual maxima nontidal residual in Point Pitre was the 6 

of September. It is likely that the positive sea level anomaly (~20 cm) of the 
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anticyclonic eddy observed east of the station (Figure 7.10-a3) (which later 

entered the basin), superimpose the seasonal and surge sea level signals to 

create this annual nontidal maxima.  

7.4 Summary and Conclusions 

For the first time a basin wide assessment on sea level extremes is done in the 

Caribbean Sea. Extremes are affected by the mean sea level variation, the tidal 

signal and the nontidal residual. Besides, accurate prediction of the total water 

level needs to include the tide-surge interaction (Horsburgh and Wilson, 2007), 

what is preliminary assessed in Section 7.3.1.3 for the Caribbean Sea.  

Sea level extremes (99.9th percentile) have increased during the last 

century in the 5 stations with long records assessed by a rate between 1.5 ±1.0 

mm yr-1 in Magueyes to 9.9 ±2.2 mm yr-1 in P. Cortes (Table 7.5), mostly 

explained by the mean sea-level trend. In the basin, the mean sea level has 

trends and significant interannual variability which change in time and space 

(chapter 6). The large trend in P. Cortes is due to the large temporal variability 

in the mean sea-level trends when assessed from time series shorter than 40 

years (Section 6.3.1). In Cartagena the sea level extremes secular trend is 5.8 

±0.8 mm yr-1 (Table 7.5), what indicates that in a century, the maximum 

observed sea level extreme (46 cm in Figure 7.1-b) can double its height as a 

consequence of mean sea-level rise. 

Sea level extremes, after the removal of annual mean sea level, range 

from 79 cm in P. Spain to 36 cm in P. Cortes (Figure 7.1-b). The largest value in 

P. Spain is because at this station the tides nearly double the tidal signal in the 

other stations because of its location in the boundary between the Caribbean 

Sea and the Atlantic Ocean (Figure 3.1). If the annual mean sea level and tidal 

signal are removed from the time series, nontidal extremes range from 76 cm 

in Magueyes to 20 cm in Le Robert. The largest value in Magueyes is due to 

large storm surge forced by hurricane class 5 David in 1979. Besides, most sea 

level extremes in the Caribbean occur from September to November (Figure 

7.4). This seems to be the consequence of the Atlantic hurricane season (peak 

from August to October) combined with the peak of the seasonal cycle mainly 

in September and October (chapter 5). This behaviour contrasts with the 

occurrence of most extremes during the winter season outside the tropics (e.g. 

Marcos et al., 2009; Haigh et al., 2010b). 
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The astronomic tides are small and have long-term modulations which 

can be accurately predicted (chapter 4), thus it is the best known contributor to 

the sea level extremes. The nontidal residual variation in the Caribbean Sea 

includes the contribution of the seasonal sea level cycle, storm surges and 

mesoscale eddies. Estimating the contributions to sea level extremes from 

each signal is challenging. The mean seasonal sea level cycle has a range up to 

23 cm and peaks mostly during September and October; however it is unsteady 

in time and has large spatial variability (chapter 5). Storm surges in the basin 

are due to hurricanes and stationary cold-fronts that enter the basin. Such 

meteorological events cannot be accurately forecasted for more than a couple 

of days, thus operational meteorology and oceanography in the region play a 

major role to manage the risk associated to sea flooding and other hazards 

related to these events. Similarly, mesoscale eddies contribution to extremes is 

difficult to assess as these ocean structures are random in time and how they 

affect coastal sea level in the region is not well understood. 

However, large sea level extreme events in the Caribbean Sea are 

dominated by hurricane-induced storm surges. Whenever an energetic 

hurricane runs nearby a tide-gauge station, a large surge will be produced. 

Although hurricanes are frequent in the basin (Klotzbach, 2010), these large 

surges are not frequent events recorded in the time series as discussed in 

Section 7.3.1.1. Therefore, in nearly 300 years of analyzed sea level data from 

13 time series together (Figure 3.2), only three nontidal extremes associated to 

hurricanes larger than 40 cm were recorded (Figure 7.8). Although the 

maximum nontidal extreme recorded is smaller than 80 cm, larger storm 

surges could occur in the region. In the Central American coasts with a north-

south orientation, the perpendicular approximation of a hurricane interacting 

with the wide and shallow continental shelf could produce larger storm surges. 

A crude estimate of the sea level raise as function of the square wind stress, 

blowing distance and depth (Pugh, 1987) at the coast of Nicaragua, where at 

14º N the continental shelf for about 146 km has depths shallower than 30 m 

(Figure 2.1), a category 2 hurricane approaching to the coast with wind speed 

of 46 m s-1, would produce an elevated water level of ~2 m at the shore. A 

category 3 hurricane with wind speed of 55 m s-1 would rise the water level in 

~2.9 m. Unfortunately there is no hourly sea level records available to assess 

such behaviour at this part of the coast, thus numerical modelling studies are 

suggested for the future. 
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 Significant trends in the nontidal extremes without the mean sea level 

were not found, except for a 71 year period in Cristobal, thus there is no 

evidence of regional changes in the storm activity. In addition, the significant 

negative correlation between the nontidal upper percentiles and ENSO supports 

the reduction of the hurricane activity in the Caribbean Sea during a positive 

ENSO event as suggested by Klotzbach (2010). 

It is shown that conventional extreme value methods have limited use to 

estimate extreme still water return levels in the Caribbean Sea due to the 

undersampling of hurricane-induced surges in the available sea level records. 

The few tide-gauges with long enough records located in the region are an 

additional problem. Only Cristobal and Cartagena yield adequate results using 

the annual maxima method because of their length of record (at least 30 years 

of data) and location in the southern boundary of the basin. In the north of the 

Caribbean basin, where large hurricane-induced storm surges are likely, at 

least 40 years of data are needed. An alternative approach to estimate extreme 

return levels is to model the storm surges from all the hurricanes in a data 

base, at least a hundred year-long, that passed at a given distance to a tide-

gauge with a given minimum strength; the modelled hurricane extremes will 

then be used to assess return levels at the station. Another approach develops 

a hurricane model used to generate a large synthetic event set (McInnes et al., 

2003; Church et al., 2006; Haigh et al., 2013). Such assessments are beyond 

the scope of this chapter. 

At stations where hurricane-induced extremes are probable, assessing the 

annual maxima sea level from time series not registering a large surge, will 

give information about high-probability extremes events, thus extreme events 

associated with 5 to 10 year return periods. This information is important as 

flooding defences would be extremely expensive if planed to survive a large 

hurricane-induced surge that strikes 1 every 10, 20 or more years. Particular 

communities with limited resources could find more efficient to respond to sea 

level extremes by protecting against flooding for ~10 year return periods, so 

defences would work against most of the extremes, reducing costs. 

Complementary measurements such as setting evacuation plans integrated 

with early warning systems can be implemented for the rare large hurricane-

induced surges. In all cases, mean sea-level rise should be taken into account. 

Coastal communities in the Caribbean Sea are especially vulnerable to 

hurricane-induced surges for three reasons: first, coastal morphology and 
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infrastructure are adapted for small sea level variations (mean 98% sea level 

percentile of 69 cm - Table 7.1); second, large hurricane-induced surges are 

not frequent (but probable) at a particular location; third, the presence of small 

islands and developing countries in the basin, which are known to have 

constraints on adaptive capacity (Nicholls et al., 2007). As a consequence, 

coastal protection against sea flooding is in general inexistent. Besides, in the 

future countries in the Caribbean will increase their vulnerability to storm 

surges due to population growth (Pielke et al., 2003), and because of an 

increase in the storm impact on the shore as a consequence of sea-level rise 

(Nicholls et al., 1999; Zhang et al., 2000). Therefore, assessment of sea level 

extremes in the Caribbean Sea as the one presented in this chapter is aimed to 

raise awareness of actual and future hazards for the coastal environment, and 

contributes toward planning adaptation responses in the region to minimize 

vulnerability. 
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Table 7.1. Tide-gauge stations used in the sea level extremes assessment a 

Station 
Span 
Years 

Percent 
of Data 

Tide 
98% 

Observed Sea Level Nontidal Residual 98% 
Tide/Res 98% Mean Std 98% Mean Std 

Guantanamo 12 72.1% 51.9 73.5 39.8 3.0  36.3 19.6 2.4 1.4 

Magueyes 44 97.0% 34.1 55.7 29.6 9.6  41.5 23.3 12.7 0.8 

P. Royal 7 98.7% 35.6 57.9 35.9 4.7  40.4 19.7 3.4 0.9 

Lime Tree 26 93.7% 37.7 54.6 32.8 11.2  33.3 26.1 13.7 1.1 

P. Pitre 8 95.6% 47.5 63.8 33.4 5.0  36.5 22.6 6.4 1.3 

P. Castilla 11 80.9% 33.4 57.9 35.9 4.1  40.0 27.2 4.5 0.8 

P. Cortes 21 98.7% 29.9 59.3 29.9 3.8  40.5 23.5 3.6 0.7 

Le Robert 5 84.4% 68.2 82.4 40.1 1.7  32.0 16.9 2.6 2.1 

P. Spain 9 74.7% 111.5 126.3 68.9 5.6  57.6 31.2 6.9 1.9 

La Guaira 10 96.9% 46.1 67.1 41.8 5.6  48.8 26.9 3.6 0.9 

Cartagena 49 84.0% 44.1 67.6 38.2 3.4  46.9 19.9 3.4 0.9 

P. Limon 11 66.2% 49.2 61.1 38.4 3.8  44.5 19.8 1.7 1.1 

Cristobal 103 89.8% 49.8 63.4 38.1 4.2  40.7 18.6 3.8 1.2 
a Span years of the record and percent of the available data. The tide 98% 
percentile (Tide 98%). For the observed sea level and nontidal residual after 
removing the annual mean sea level: the 98% percentile, time-averaged annual 
maxima (Mean) and its standard deviation (Std). Values in cm. The 98% 
percentile ratio between the tide and nontidal residual is included (98% 
Tide/Res). 
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Table 7.2. GEV parameters for Annual Maxima Method (r=1). Maximum 

observed extremes and predicted return levels a  

Station 

GEV Parameters Observed Sea Level 
50 yr 

Return 
Level 

100 Yr 
Return 
Level Shape Scale Location Yr  

Maximum 
Extreme 

Return 
Level Diff 

Guantanamo 0.07 2.4 38.5 10 45.9 43.6 2.3 46.9 48.2 

Magueyes -0.33 3.9 25.4 44 71.2 54.4 16.8 56.2 67.1 

P. Royal -0.28 2.6 33.5 7 45.4 40.0 5.4 52.1 58.2 

Lime Tree -0.49 4.4 27.0 26 65.6 62.1 3.5 79.0 103.8 

P. Pitre 0.59 5.3 32.4 8 40.2 38.6 1.5 40.5 40.8 

P. Castilla 0.19 3.6 34.4 10 42.4 40.9 1.4 44.2 45.4 

P. Cortes 0.44 4.0 28.8 21 36.4 35.5 0.9 36.2 36.6 

Le Robert 0.47 1.6 39.7 5 42.3 41.4 0.8 42.5 42.7 

P. Spain -0.28 3.4 65.9 8 79.4 75.1 4.2 90.0 97.8 

La Guaira 0.15 4.8 39.6 10 53.4 48.9 4.5 54.0 55.8 

Cartagena 0.26 3.3 37.0 46 45.6 44.9 0.7 45.0 45.7 

P. Limon 0.56 4.0 37.6 10 43.9 42.7 1.1 44.0 44.2 

Cristobal -0.01 3.2 36.2 94 54.1 51.2 2.9 49.1 51.4 
a 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. 
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Table 7.3. Cristobal and Magueyes 100-year return sea level sensitivity test a  

Segment  (Yr) 

Cristobal 

AMM  RLM (r=5) 

10 20 30 40  10 20 30 40 

Max (cm) 144.2 73.0 60.1 54.5  63.7 55.5 50.3 49.7 

Mean (cm) 54.9 50.9 50.5 50.5  46.5 46.7 46.0 46.1 

Range (cm) 106.4 31.5 18.2 9.2  27.3 15.2 10.3 7.5 

Segment  (Yr) 

Magueyes 

AMM  RLM (r=5) 

10 20 30 40  10 20 30 40 

Max (cm) 979.5 154.2 88.2 71.6  47.0 45.4 41.6 40.1 

Mean (cm) 138.5 80.2 78.8 70.1  40.2 40.0 40.2 39.5 

Range (cm) 943.5 92.4 24.0 2.5  15.1 7.8 3.3 0.9 
a Maximum, mean and range in 100-year return sea levels estimated using 
overlapping 10, 20, 30 and 40-year segments using the Annual Maxima 
Method (AMM) and R-Largest Method (RML). 
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Table 7.4. Tide-surge interaction a  

Station 99.75% Annual Extreme 5 extremes per year 

Guantanamo 13.8 2.0 2.6 

Magueyes 28.0 2.0 4.0 

P. Royal 14.5 12.3 14.6 

Lime Tree 13.9 2.0 3.4 

P. Pitre 11.1 15.8 7.0 

P. Castilla 0.7 1.0 2.4 

P. Cortes 4.3 5.0 7.2 

Le Robert 4.7 6.0 4.8 

P. Spain 13.4 3.3 21.8 

La Guaira 6.0 6.0 1.2 

Cartagena 2.1 4.0 2.2 

P. Limon 13.2 7.0 4.8 

Cristobal 18.8 4.0 5.0 
a Interaction from the  statistical test using: the nontidal extremes above the 
99.75 percentile (99.75%); the annual extreme; and the 5 largest extremes per 
year. At those stations with more than 10 years of data, only the first 10 years 
are used. 
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Table 7.5 Linear trends and 95% error of the 50th, 90th, 95th, 99th and 99.9th percentiles from the 5 stations with over 20 years of 

data.  

Station 

Sea-level trends (mm yr-1) Nontidal Residual Trends (mm yr-1) 

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

Magueyes a 1.3±0.5 1.5±0.6 1.4±0.6 1.3±0.6 1.5±1.0 1.4±0.6 1.4±0.6 1.5±0.6 1.7±0.6 1.3±1.6 

Lime Tree a 2.1±1.6 2.9±1.5 2.9±1.5 2.9±1.5 2.6±2.1 2.6±1.6 3.0±1.6 3.1±1.6 3.2±1.4 2.7±3.7 

P.Cortes a 8.5±1.3 8.9±1.7 8.5±1.8 8.4±1.8 9.9±2.2 8.4±1.3 8.5±1.7 8.6±1.9 9.0±1.9 9.1±2.3 

Cartagena a 5.6±0.6 5.7±0.5 5.8±0.5 5.8±0.5 5.8±0.8 5.7±0.6 5.4±0.6 5.4±0.7 5.5±0.7 5.6±0.9 

Cristobal a 2.0±0.2 2.0±0.2 2.0±0.2 2.0±0.2 1.9±0.3 2.0±0.2 2.0±0.2 2.0±0.2 1.9±0.2 1.9±0.3 

Station 

Sea-level trends (mm yr-1) Nontidal Residual Trends (mm yr-1) 

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

Magueyes b 0.1±0.3 0.0±0.4 0.0±0.4 0.2±1.0 0.1±0.4 0.1±0.4 0.3±0.4 0.0±1.6 

Lime Tree b 0.7±0.7 0.7±0.8 0.6±1.0 0.3±2.8 0.7±0.9 0.8±1.1 1.0±1.2 0.4±4.4 

P.Cortes b 0.4±1.0 0.0±1.0 -0.1±1.2 1.4±1.9 0.0±0.8 0.1±0.9 0.4±1.1 0.6±1.5 

Cartagena b -0.1±0.2 -0.1±0.3 -0.1±0.4 -0.1±0.6 -0.1±0.3 -0.2±0.4 -0.1±0.5 0.0±0.6 

Cristobal b 0.0±0.1 0.0±0.1 -0.1±0.1 -0.2±0.2 0.0±0.1 0.0±0.1 -0.1±0.2 -0.1±0.2 
a Computed from the observed sea level and nontidal residual time series with annual mean sea level. 
b Computed from the observed sea level and nontidal residual time series without annual mean sea level. 
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Figure 7.1. a) Maximum sea level observations referenced to the mean sea level 
of the first year of the time series; b) Maximum sea level observations after 
removing the annual mean sea level; c) Maximum nontidal residual after 
removing the annual mean sea level. Values in cm.  
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Figure 7.2. Quantile plot for GEV fit to the annual maxima sea-level data at 12 
stations. 
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Figure 7.3. a) Cristobal and Cartagena return level estimates from AMM with 
95% confidence limits. b) 100-year return levels estimated using all overlapping 
10, 20, 30 and 40-year periods for Cristobal and Magueyes using AMM (red) 
and RLM (black) with r=5 extremes per year. Results have been offset by 100 
cm. 
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Figure 7.4. 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. 
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Figure 7.5. Tide-surge non linear interaction for Magueyes, P. Royal, P. Spain, 
Cartagena and Cristobal from top to bottom. Blue lines indicate five equi-
probable tidal bands. Left column (a) shows nontidal residual extremes above 
the 99.75 percentile. Right column (b) shows the 5 largest nontidal residual 
extremes per year. Red star for the annual maxima. Total number of events in 
the top of each plot; number of nontidal residual extremes per tidal band in 
the right side of each plot. Tides and surges in cm.  



 

187 

 
 

Figure 7.6. Tide-surge interaction temporal variability assessed from 10 year 
overlapping segments at 5 stations using the  statistical test. Above the 
dotted line, non linear interaction is significant. 
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Figure 7.7. The 50th, 90th, 95th, 99th and 99.9th percentiles from bottom to top in 
each plot, computed with observations (left) and nontidal residuals (right) in 
Magueyes, Lime Tree, P. Cortes, Cartagena and Cristobal. Percentiles 
referenced to the first year annual mean sea level.  
  



 

189 

 
 

Figure 7.8. The 90th, 95th, 99th and 99.9th percentiles from bottom to top in each 
plot, computed with observations (left) and nontidal residuals (right) in 
Magueyes, Lime Tree, P. Cortes, Cartagena and Cristobal. Percentiles 
referenced to the annual mean sea level. Red dash line in Lime Tree nontidal 
residual corresponds to Niño3.4 times (-10) and 30 cm offset. Red dash line in 
Cartagena nontidal residual corresponds to Niño3 times 5, 20 cm offset and +2 
year lag. 
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Figure 7.9. Nontidal residual time series referenced to the annual mean sea 
level from Magueyes (red) in 1979 (Aug-16 to Sep-14); and Cristobal (black) in 
2008 (Nov-7 to Dic-6). Section of the GOES-12 IRWVP (5.72-7.34 μm) image 
from Nov-21-2008 at 17:45 UTC is included. 
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Figure 7.10. Eddy related sea-level variability at Point Pitre (a) and Magueyes (b). All time series without the mean, trend and 
seasonal cycle. The hourly tide-gauge time series after a 72 hours 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. 
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8. SYNTHESIS 

This study has investigated the sea level behaviour in the Caribbean Sea and 

the processes underlying the observed spatial and temporal variability. 

Understanding the forcing of sea level at various frequencies is the first step 

towards the preparation of risk assessments against present and future sea-

level hazards that will face coastal communities. Future research on the sea 

level variability and related hazards in the Caribbean basin are expected to 

follow this study. Ocean dynamics studies in the Caribbean will also find this 

work useful as a close relation with the sea level signal has been shown at 

different frequencies. Furthermore, sea level variability, including secular 

changes, can be used to assess organisms’ life cycles and impacts related to 

climate change; thus environmental studies could also find information in this 

investigation valuable. 

8.1 Conclusions 

The sea level signal in the Caribbean has been found to be complex with large 

spatial and temporal variability. The contribution of the forcing also varies 

considerably in time and space. The main findings from the different sea level 

components addressed in this research are presented in the next paragraphs. 

These paragraphs make reference to Figure 8.1, where the sea level 

contributors to the tide-gauge’s longest time series are summarized for 

comparison purposes.  

Observed sea level contributors are shown in Equation 3.1 and Equation 

3.2. In Figure 8.1, the observed sea level ( ) results from adding the tidal 

( ) and nontidal ( ) contribution; the later includes the storm 

surge, seasonal (  and ) and intra-annual ( ) variations. For the 

observed sea level, tides and nontidal residual terms, rectangles in Figure 8.1 

show the lowest 98% variability (Table 7.1); for example, in Cristobal observed 
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sea level, the top of the rectangle is 26.4 cm, thus 98% of the time the sea level 

is below this height (referenced to mean sea level); the other 2% corresponds 

to the highest extremes; the upper limit of the error-bar is the maximum value 

as shown in Figure 7.1-b for the observed sea level and Figure 7.1-c for the 

nontidal residual.  

The small tides in the Caribbean Sea have significant long-term 

modulations. The 18.61 year nodal modulation is clearly identifiable in almost 

all the examined constituents of lunar origin. The net effect of the low 

frequency cycles in the Caribbean can change the maximum tidal range from 

16.5% to 23.5% in a nodal cycle. Although the Caribbean is a micro-tidal 

environment this still results in changes in the range of up to 8.4 cm (chapter 

4). All stations in Figure 8.1 include at least one nodal cycle, thus the highest 

tidal ( ) variations (upper limit of the error-bar) correspond to the peak of 

the tidal amplitude due to the long term modulations (Figure 4.9).   

The tidal and nontidal residual contributions to sea level are of the same 

order of magnitude in the Caribbean Sea (  and  in Figure 8.1). 

The tidal contribution can be accurately predicted. In contrast, the nontidal 

residual contribution is difficult to predict as it includes the seasonal cycle (  

and ), storm surge and intra-annual variability ( ), all with large temporal 

and spatial variability only predictable in operational time scales.  

Storm surges in the Caribbean are forced by tropical storms and 

stationary cold-fronts intruding the basin. The largest storm surges in the 

region are forced by hurricanes. The water level at the shore will depend on the 

hurricane characteristics and local coastal morphology. The largest nontidal 

residual registered in nearly 300 years of analyzed records from 13 stations 

together is 76 cm, forced by a category 5 hurricane in Magueyes (  

upper error-bar in Figure 8.1). However, larger storm surges can occur in the 

region (chapter 7).  

The nontidal residual (  includes intra-annual weather effects 

( ) mainly due to eddies (chapter 7). To assess this frequency, time series 

such as the ones shown in Figure 7.10-(a1/b1) were computed. In Figure 8.1 

the rectangle indicate ±2 RMS, thus ~ 95% of the regular sea level variability at 

this frequency. The error-bar limits are the maximum and minimum weekly 

values in the time series, therefore giving an indication of extreme 

contributions. Regular variations contribution is about ±8 cm (Figure 8.1). Note 
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that extreme contributions (error-bar) are less than twice the regular variations 

(rectangles).  

The nontidal residual (  in Figure 8.1) also includes the 

seasonal cycle (  and ). The seasonal sea level cycle is characterized by large 

spatial variability. The coastal seasonal sea level cycle contributes significantly 

in most areas to sea-level variability and can explain up to 78% of the sea level 

variance. The seasonal sea level cycle in the Caribbean Sea is unsteady in time, 

with large variations in amplitude and phase lag at most of the stations 

(chapter 5). In Figure 8.1 the rectangles in the semi-annual and annual cycles 

show the range from the tide-gauge mean cycles (Table 5.1). The error-bar 

shows the maximum and minimum 5-year amplitude (Table 5.4). The sea level 

seasonal cycle ( ) results from the interaction of the annual and semi-annual 

contributors, where regular and extreme variability (Figure 8.1) corresponds to 

values presented in Table 5.6 for the interaction of the mean cycles and the 5-

year cycles respectively. Regular contribution from the seasonal sea level cycle 

is about ±7 cm (Figure 8.1), except for Cristobal, where contribution is halved. 

Extreme seasonal contribution (error-bar) can increase regular variations 

between 20% (Lime Tree) and 60% (Cristobal).  

In Figure 8.1, sea-level variability ( ) does not include interannual 

weather effects ( ) or secular trends ( ). Interannual variability is 

computed as indicated in Section 6.2. Rectangles corresponds to ±2 RMS, thus 

~95% of the regular interannual variations, while the limits of the error-bars 

correspond to the maximum and minimum monthly values of the time series. 

Interannual variability for the stations shown in Figure 8.1 contribute 95% of 

the time about ±4 cm, however extreme contribution ranges can exceed 10 

cm.  

To compute secular trends, at least 40 years of data are needed in the 

Caribbean Sea. Significant spatial variability of the trends is found. The longest 

time series (102 yr) of Cristobal shows a trend of 1.9±0.1 mm yr-1, 

insignificantly different from the global mean sea-level rise for the 20th century. 

By contrast Cartagena, a world heritage site, has a large trend (5.3±0.3 mm yr-

1) significantly affected by local vertical land movements. Stations dominated 

by the steric contribution such as Magueyes have smaller trends (~1.3±0.2 mm 

yr-1) (chapter 6). In Figure 8.1 the mean sea level rise after 50 years of secular 

trends (Table 6.1) is shown with the gray arrows in the  component; Puerto 

Cortes trend is not included due to the short time series. On top of the mean 
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sea level rise, the sea-level variability ( ) is reproduced, as the most notable 

effect of the trends is to shift upward . For example, it is found that sea 

level extremes in the Caribbean have increased during the last century due to 

the mean sea-level rise and not due to secular changes in storm activity 

(chapter 7). Note in Figure 8.1 that after 50 years, as a result of the trends 

difference, the maximum sea level extreme in Cartagena will be close to the 

maximum value in Magueyes, regardless that the later is produced by a 

category 5 hurricane while the former is not related to a tropical storm.  

None of the sea level ( ) contributors dominate the sea level signal in 

the region because of the similar order of magnitude in all the components 

and their large temporal variability. However, mean sea level rise imposes the 

major future risk in the Caribbean Sea, as it will continue to rise beyond the 

year 2100 especially due to thermal expansion (Church et al., 2013); the mean 

sea level rise is large when compared to the regular sea level variability in the 

basin (Figure 8.1); and it will increase the frequency of flooding events (chapter 

7). 

In addition to the assessment of the sea level components in the 

Caribbean, the forcing parameters at the different sea level frequencies have 

been described in this study: 

 The barometric effect on the coastal sea level seasonal cycles is 

insignificant in the annual component but dominant at 9 stations in the 

semi-annual cycle.  

 The seasonal sea level cycle from altimetry shows some dominant sea 

level forcing parameters in the annual and semi-annual frequencies such 

as the Panama-Colombia gyre driven by the wind stress curl and the 

Caribbean Low Level Jet modulating the sea level in the northern coast of 

South America and linked to the local upwelling.  

 Interannual sea-level variability can be partly explained by the influence of 

El Niño-Southern Oscillation (ENSO) at different time and spatial scales 

forced by steric and wind changes.  

 ENSO variability correlates with the nontidal extremes, indicating a 

reduction of the storm activity during positive ENSO events.  

 No correlation with the North Atlantic Oscillation (NAO) is found at any 

frequency.  
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 The steric variability above 800 m combined with the Global Isostatic 

Adjustment explains the observed trends for the altimetry period in most 

of the basin. Besides, wind forcing changes causes the trends in the 

southern part of the basin, modulating the sea level through changes in 

the ocean circulation.  

 Decadal sea level variability can partly be explained by steric and wind 

variability.  

Therefore, the complex sea level signal observed in the Caribbean is 

forced by several parameters, where wind and steric changes play a dominant 

role. Projections of different climate change scenarios indicate that by the end 

of the 21st century, sea level change will have a strong regional pattern, where 

changes in wind and buoyancy forcing (heat and freshwater) will affect regional 

sea level through changes in the dynamical ocean circulation (Church et al., 

2013). Thus it is likely that sea level signal in the Caribbean basin will continue 

to change in the years to come mainly as a consequence of changes in the 

wind and steric forcing in response to climate change.   

Finally, as commented in Section 1.3, this thesis seeks to provide useful 

information to implement coastal adaptation responses to sea-level hazards in 

the Caribbean basin. Information to evaluate these hazards is provided in this 

thesis. Due to the large spatial variability in both the sea-level hazards and the 

countries vulnerability, local rather than regional risk assessments need to be 

done. However some basin wide characteristics can be pointed out: 

 Slow changes in the tidal range modulate spring tide amplitudes and 

contribute to the sea flooding hazard of coastal areas when coupled with 

extremes in other sea level components. 

 The seasonal cycle is of the same order of magnitude as tidal 

modulations, thus the seasonal signal and its variations in time, which are 

difficult to predict, must be taken into account when assessing sea 

flooding hazards of coastal areas.  

 The seasonal sea level cycle peaks about October, enhancing the 

probability of coastal impacts, especially in the northern coast of South 

America where the range is larger.  

 Largest meteorological surges from August to October occur due to the 

peak of the Atlantic hurricane season affecting the region.  
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 Due to the seasonal cycle and surges timing, the largest sea flooding 

probability in the Caribbean coasts is around October, when the different 

sea level contributors’ maximums interact.  

 Sea flooding events are going to became more frequent in the future due 

to the secular mean sea-level rise affecting the basin.  

8.2 Future work 

Coastal communities in the Caribbean basin are at risk from sea level related 

hazards. Understanding sea level in the basin and the spatial and temporal 

variability in the Caribbean Sea demonstrates that each nation or small Island 

in the region will experience sea level related hazards with different severity 

and probability. Therefore any adaptation measures will need to be tailor made 

to the needs of every such state. Presently, responses to sea level related 

hazards in the Caribbean counties are non-existent or insufficient. This is 

partly due to constraints in the adaptive capacity of the developing countries of 

the region. It is hoped that scientific evidence, like those provided in this 

thesis, will enhance and guide public debates on the increasing sea level 

hazards in the region, and lead to national and regional coastal adaptation 

responses. This should include the development of coastal management plans 

based on the particular geo-physical, social and economic characteristics of 

each nation. Therefore, a multidisciplinary approach is needed, including 

hazard assessment as well as a social, economic, engineering, management 

and environmental perspectives to improve the understanding of vulnerability.  

 Climate is changing, thus observed sea level behaviour during the last 

century is likely to change following variations of the forcing parameters at the 

different frequencies. As a consequence, it is necessary to improve regional 

ocean and atmosphere observing systems, including a better temporal and 

spatial coverage, as well as real time accessibility to allow permanent 

monitoring. These should include tide-gauges with GPS stations to monitor 

vertical land motion. Regional Atmosphere-Ocean General Circulation Models 

(AOGCMs) to assess sea level changes in the Caribbean under different climate 

change scenarios should also be improved. As regional patterns of mean sea 

level rise still have considerable differences among models (Church et al., 

2013), further research is recommended in order to assess ocean models’ 

capacities to represent realistic mean sea-level trends in the Caribbean Sea, so 
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they can be use to accurately simulate future sea-level rise under different 

future climate scenarios. 

  Modeling experiments were performed as part of this research. Sea 

Surface Height – SSH was obtained from the experiment ORCA025-N206 run by 

the DRAKKAR group using the Nucleus for European Modelling of the Ocean -

NEMO (Madec, 2008); a primitive equation model adapted to ocean circulation 

problems. The ORCA025 is a global model with 1/4º at the equator and 46 

vertical levels using a tripolar grid. The SSH was calculated by the model using 

the linear free surface formulation (Roullet and Madec, 2000). The simulation 

was run from 1958 to 2007 using a interannually varying forcing 

(CORE2_IAF_05APR2010) (Large and Yeager, 2009). NEMO output (not shown) 

resembles broadly the sea level mean field and seasonal cycle as computed by 

altimetry in the period 1993-2007. However, the modelled SSH computed using 

the linear free surface formulation produce an unrealistic global trend caused 

by limitations in the freshwater surface fluxes calculations (Lombard et al., 

2009). For the period 1993-2007 the unrealistic global trend (3.6 cm yr-1) was 

subtracted from the time series at all grid-points. Still, the model fails to 

reproduce the altimetry observed sea-level trends in the Caribbean Sea. This 

suggests complex dynamic processes in the basin forcing the mean sea level 

that are likely to restrain the capacity of pure hydrodynamic global ocean 

model like NEMO to reproduce observed sea-level trends in the region. Global 

models with better resolution and data assimilation might improve the results.  

The knowledge of the sea level components in the Caribbean Sea should 

continue to improve. In the short term, the plan is to finalize and publish the 

sea level extremes chapter, as well as to assess the impact of sea level change 

in the Caribbean based on a case study. Future work is recommended in order 

to address some unanswered questions raised in this work, which are 

synthesized as follows: 

Tidal currents are important near the coast and at the various passages, 

especially those that connect the Caribbean Sea to the Atlantic Ocean and Gulf 

of Mexico due to the different tidal type. As these currents are coupled with 

the tidal signal, it is likely that long-term modulations in the tidal component 

affect them and therefore force changes in the dynamics at straits. The 

magnitude of these effects is unknown. Besides, mean sea-level rise may affect 

tides, however due to the micro-tidal amplitude, significant consequences are 

not expected.  
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A significant land subsidence is found in an 8.5-year long GPS time series 

in Cartagena that partially explains the large relative sea-level trend in the tide-

gauge record. The cause of such vertical land movement is unknown as is 

whether it affects the entire city. These are interesting topics in order to assess 

the risk to sea-level rise in this world heritage city. Due to the lack of sea level 

time series and the importance of the longest ones, tide gauges with long 

records should be preserved. Stations with old records that at present are not 

operational should be recovered taking special care with the vertical datum 

continuity. In addition, installation of GPS to monitor vertical land movement 

should be done especially in stations with long records. 

A ~20% reduction in the Caribbean Current surface flow is found during 

the last two decades. How this variability in the main Caribbean current affects 

the outflow through the Yucatan Channel is unknown. Further studies are 

recommended as changes in the mass and heat transport from the Caribbean 

into high latitudes are likely to affect the Gulf Stream transport which might 

have climatic consequences. 

It is known that stationary cold-fronts produce sea flooding in the south-

western Caribbean; however its spatial influence and the surge’s precise 

causes (e.g. wind setup, wave run-up), characteristics and consequences 

deserve further studies based on sea level, wave and atmospheric time series 

recorded during these events. Moreover, the contribution of mesoscale eddies 

to coastal sea level signal in the Caribbean is not well understood. Altimetry 

time series from grid points approaching to the coast can be compared with 

tide-gauge time series isolating frequencies near to 4 months to complete this 

task. 

There are few hourly sea level records available in the region. Besides, 

large storm surge records forced by hurricanes are not frequent. Still, 

hurricane-induced surges impose an important threat to all countries in the 

Caribbean. It is unknown the sea level response at the principal coastal cities in 

the basin to the forcing of hurricanes with different intensities or paths. The 

wave run-up contribution to extremes is also not well understood. Further 

studies based on storm surge and wave-projection models should address 

these issues.  

Finally and probably most importantly the results of this and other similar 

studies must find their way to the public and to the decision making bodies for 

the various states that border the Caribbean. This process is not yet fully 
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developed in the area and scientific developments take a very long time to be 

understood and acted upon by local and central governments. Developing a 

continuing engagement between research centres in the Caribbean countries 

and those in the UK/Europe/World to exchange knowledge and develop jointly 

the relevant skills will assist local adaptation issues and turn scientific 

knowledge into valuable actions for the Caribbean countries. 
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Figure 8.1. Contribution from sea level components at different frequencies to 

tide-gauges’ longest time series in the Caribbean. The rectangles and error-

bars show the mean and extreme contribution respectively. The observed sea 

level ( ) results from adding the tidal ( ) and nontidal residual 

. The later includes the intra-annual variability (W
intra

); the seasonal cycle (C) 

which has a semi-annual (C
2
) and annual (C

1
) contribution; and the storm surge 

which separated contribution is not shown. In addition to the sea level 

variability ( ) shown, mean sea level is modulated by interannual weather 

effects (W
inter

) and secular sea level trends (a(t)), which contribution is shown 

separately. After 50 years of mean sea level rise due to the trends (gray vertical 

arrows) the observed sea level variability ( ) is shifted upwards. 
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