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Abstract 
     This paper aimed at analyzing non-regular sea level variations of meteorological origin under 
the influence of six major tropical cyclones that affected Cuba, from sea level hourly height 
series in twelve coastal localities. As a result, it was obtained a characterization of the 
magnitude and timing of extreme sea level variations under the influence of intense tropical 
cyclones.  

Resumen 
     El presente trabajo tuvo como objetivo analizar las variaciones aperiódicas del nivel del mar 
de origen meteorológico bajo la influencia de seis de los principales ciclones tropicales que han 
afectado a Cuba, a partir de series de alturas horarias del nivel del mar de doce localidades 
costeras. Como resultado, se obtuvo una caracterización de la magnitud y momentos de 
ocurrencia de las variaciones extremas del nivel del mar bajo la influencia de ciclones tropicales 
intensos. 
 
Keywords: sea level, tropical cyclone, hurricane. 
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INTRODUCTION  
     Variations of the non-regular sea level component (hereinafter NR-SLC) in the 
synoptic scale of frequencies respond to the behavior of hydrometeorological events, 
and to the geographical characteristics of the coastal localities in which they occur 
(Guerman & Levikov, 1988). 
     The international literature reports a rapid increase in research on non-regular sea 
level variations since the 1960's. The bibliography review shows that most of the 
published papers worldwide have focused on regions of high and middle latitudes and, 
in comparison, there are few papers on tropical areas.  
     In Cuba, the first studies on sea level variations associated to synoptic-scale events 
by direct measurements began in the 1970's. Moreno & Salas (1976) conducted a 
descriptive analysis of water height behavior under the influence of some intense 
hurricanes occurred until that date. It was not until the 1990's that other results on the 
subject were published (Victoria et al., 1990; Moreno et al., 1997).  
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     This paper aimed at characterizing non-regular sea level variations recorded under 
the influence of several major hurricanes that have affected the country. Data records 
used in this paper were obtained from the National Tide Gauge Network. 

MATERIALS AND METHODS  

 Characteristics of the study area.  
     Cuba is located in the American Mediterranean, between 19o 49’ 36” and 23o 17’ 
09” N latitude, and 74o 07’ 52” and 84o 54’ 57” W longitude (Centella et al., 2001). Its 
territory is positioned between the Gulf of Mexico, Florida Straits, and St. Nicholas and 
Old Bahamas channels to the north; western Caribbean Sea and Columbus Straits to 
the south, and the Windward Passage and Yucatan Channel to the east and west, 
respectively. Cuban archipelago is composed of the Island of Cuba, the Isle of Youth 
and over 1 600 small islands, islets and cays for a total surface area of 110 922 km2 
(Furrazola & Núñez, eds., 1997).  The external border of Cuban coast is defined by the 
abrupt decline of the insular shelf slope (Toledo et al., 2005), standing out four areas of 
shallow shelf: northwestern, northeastern, southwestern and southeastern zones.  
     Cuban climate is tropical, with seasonal influence of tropical and extratropical 
circulation areas. From November to April, abrupt changes in daily weather are more 
noticeable, due to the pass of frontal systems often associated to extratropical low-
pressure centers and the anticyclonic influence of continental origin, which alternates 
with the North Atlantic subtropical anticyclone.  From May to October, however, there 
are few variations in daily weather, with greater influence of the North Atlantic 
subtropical anticyclone; the most important changes are due to the presence of 
disturbances in tropical circulation: easterly waves and tropical cyclones (ACC, 1989; 
Lecha, et al., 1994; Centella, et al., 2001).  
     Meteorological characteristics of the study area have a unique importance to 
analyze the generation and propagation of non-regular sea level variations, since it is 
located in the center of an active zone of hydrometeorological events that have a 
peculiar seasonal and spatial pattern, according to several factors.  Geographical 
characteristics also influence largely, because the existence of broad insular shelf 
areas favors the spread of long non-regular waves, while high-frequency non-regular 
variations dissipate in shallow waters (Efimov, 1985).  
 
Primary data and information.  

     Data series of sea level hourly heights were used as primary information, which 
were recorded by the stations of the National Tide Gauge Network in 12 localities 
(Figure 1, Table 1), by means of float tide gauges (IOC, 2006 ). Data quality control 
was done using the standards established by MINFAR’s National Office of 
Hydrography and Geodesy (Geocuba Geodesia, 2004), which take into account the 
existing international methods (IOC, 1985; IOC, 2006). 
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Figure 1. Geographical distribution of the National Tide Gauge Network stations, whose records 

were used in this paper.  Indicates tide gauge.  
 
Figura 1.  Distribución geográfica de las estaciones de la Red Mareográfica Nacional, cuyos 

registros se utilizaron en el presente trabajo.   Denota estación mareográfica. 
 

     Table 1. Main characteristics of tide gauge records. 
Tabla 1.  Principales características de los registros mareográficos. 

 
Duration of selected 

records 
Tide 

gauge 
station 

Tropical 
Cyclone  From  To 

Benchmark 
[cm] 

Latitude 
(N) 

Longitude 
(W) 

Juan Oct. 25/85 Nov. 17/85 
Kate Nov.15/85 Nov.30/85 
Lili Oct. 12/96 Oct. 31/96 

Los Morros 

Georges Sep.13/01 Oct. 3/01 

-38 21°54,0’ 84°54,4’ 

Juan Oct. 25/85 Nov. 17/85 
Kate Nov.15/85 Nov.30/85 
Lili Oct. 12/96 Oct. 31/96 

Georges Sep.13/98 Oct. 3/98 
Michelle Oct. 28/01 Nov. 9/01 

 
 
Siboney 
 
 
 

Wilma Oct. 14/05 Oct. 30/05 

-53 23°05,6’ 82°28,2’ 

Juan Oct. 25/85 Nov. 17/85 
Kate Nov.15/85 Nov.30/85 
Lili Oct. 12/96 Oct. 31/96 

Georges Sep.13/01 Oct. 3/01 
Michelle Oct. 28/01 Nov. 9/01 

La Isabela 

Wilma Oct. 14/05 Oct. 30/05 

-62 22°56,4’ 80°00,8’ 

Juan Oct. 25/85 Nov. 17/85 
Kate Nov.15/85 Nov.30/85 

Gibara 

Lili Oct. 12/96 Oct. 31/96 

-92 21°06,5’ 76°07,5’ 
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Georges Sep.13/98 Oct. 3/98 
Michelle Oct. 28/01 Nov. 9/01 
Wilma Oct. 14/05 Oct. 30/05 

Lili Oct. 12/96 Oct. 31/96 

Georges Sep.13/01 Oct. 3/01 Maisi 

Michelle Oct. 28/01 Nov. 9/01 

-135 20°14,8’ 74°08,7’ 

Lili Oct. 12/96 Oct. 31/96 
Georges Sep.13/01 Oct. 3/01 
Michelle Oct. 28/01 Nov. 9/01 

Santiago de 
Cuba 

Wilma Oct. 14/05 Oct. 30/05 

-153 19°59,1’ 75°52,5’ 

Lili Oct. 12/96 Oct. 31/96 

Michelle Oct. 28/01 Nov. 9/01 Cabo Cruz 

Wilma Oct. 14/05 Oct. 30/05 

-88 19°50,4’ 77°43,7’ 

Georges Sep.13/01 Oct. 3/01 
Michelle Oct. 28/01 Nov. 9/01 Manzanillo 
Wilma Oct. 14/05 Oct. 30/05 

-128 20°20,4’ 77°08,8’ 

Lili Oct. 12/96 Oct. 31/96 
Georges Sep.13/01 Oct. 3/01 Santa Cruz 

del Sur 
Michelle Oct. 28/01 Nov. 9/01 

-88 20°42,0’ 77°58,6’ 

Casilda Kate Nov.15/85 Nov.30/85 -95 21°45,2’ 79°59,5’ 
Lili Oct. 12/96 Oct. 31/96 

Michelle Oct. 28/01 Nov. 9/01 Cayo Loco 
Wilma Oct. 14/05 Oct. 30/05 

-155 22°09,1’ 80°27,3’ 

Lili Oct. 12/96 Oct. 31/96 
Georges Sep.13/01 Oct. 3/01 La Coloma 
Michelle Oct. 28/01 Nov. 9/01 

-100 22°14,2’ 83°34,3’ 

 

     Information about tropical cyclones was taken from NOAA Website 
(http://weather.unisys.com/hurricane/atlantic/).  
 
    Float tide gauges capture the astronomical tide, as well as non-regular variations of 
meteorological origin, seasonal variations and those of longer period associated to 
climate variability.  
   Time series of NR-SLC of meteorological origin in the synoptic scale, for the 
frequency band between 0.07 and 1.0 cycles per day (cpd), corresponding in the time 
domain to the interval from 24 hours to 15 days, were obtained through a filtering 
scheme  consisting  of  the  39-weighing  coefficient  Doodson  filter,  which  effectively 
eliminates diurnal and semidiurnal oscillations of astronomical tide and maintains intact 
the semiannual and annual sea-level periodic components (Groves, 1955; Matuchevski 
& Pribalski, 1968; Guerman & Levikov, 1988; Pugh, 1996); and a moving average filter 
of order n=361 that excludes these low frequency components (Guerman & Levikov, 
1988).  Consequently, NR-SLC includes the effects of storm surge wave propagation, 
and water accumulation associated to surges in severe weather conditions, totally 
excluding high-frequency variations of local wave.  

http://translate.google.com/translate?hl=es&sl=es&tl=en&prev=_t&u=http://weather.unisys.com/hurricane/atlantic/
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     Hourly series of atmospheric pressure (AP) at sea level, and of the southern (Wy) 
and zonal (Wx) wind components were filtered to exclude the high frequency 
component of barometric tide oscillations, and the low frequency component of 
seasonal variations, using an integrated filtering scheme of two moving average filters 
of order n=27 and n=361 respectively. As a result, the non-regular components of AP 
(NC-AP), Wx (NC-Wx) and Wy (NC-Wy) were obtained for a frequency band from 0.07 
to 1.00 cpd, comparable to NR-SLC variations.  
     Some events were selected as case studies.  For the purposes of this study, NR-
SLC variations were classified according to their width as mild (up to ± 10 cm), 
moderate (between ± 10 cm and ± 20 cm), and strong (over ± 20 cm).  

RESULTS AND DISCUSSION  

     Hurricane Juan: From October 24th to 26th, 1985, the favorable conditions of the 
pressure field over the Gulf of Mexico for the formation of a tropical depression resulted 
in tropical storm Juan. It made erratic movements over an oceanic warm-water eddy, 
before moving north and becoming a category 1 hurricane in the afternoon of October 
27th (Case, 1986; Lewis, 1992 b).  At Siboney, a NR-SLC maximum of 17.0 cm 
occurred on October 30th at 1:00 hour, and another of 15.0 cm on November 1st at 
16:00 hours, preceded by a slight increase in NR-SLC on October 27th at Los Morros.  
The slight increase in NR-SLC at La Isabela and Gibara, between November 9th and 
10th, was due to the eastward transfer of wave disturbances generated by Juan in the 
northwest (Figure 2, a).  During four days, heights greater than 119 cm during high 
tides (66 cm over benchmark) were recorded at Siboney, and the maximum value of 
observed sea level (OSL) occurred on October 29th at 21:00 hours: 144 cm (91 cm 
over benchmark) when NR-SLC was 16 cm, occurring NR-SLC maximum value (17.0 
cm) four hours after the OSL maximum (Figure 2, b). Although Hurricane John was 
located in the western Gulf of Mexico, it managed to structure a wave-generating area 
of great extent in line with its extensive circulation. Its erratic movement on the 
Louisiana coast led to a 60-hour persistence, which generated waves that resulted in a 
severe storm surge and the consequent increase in NR-SLC on the northwestern coast 
of Cuba (Pérez et al., 2001). 
 

 

 a 

 

 b 

Figure 2. Sea level variations on the north coast of Cuba under the influence of Hurricane Juan. 
(Hours are referred to local time) 
Figura 2. Variaciones del nivel del mar en la costa norte de Cuba bajo la influencia del huracán 
Juan. (La hora se encuentra referida al tiempo local) 
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      Hurricane Kate: It originated in the northeast of the Virgin Islands, becoming a 
hurricane on November 16th, 1985. Its central pressure reached 967 hPa on the 19th 
when it moved westward through the Bahamas.  The well structured center of the 
category-2 hurricane made landfall on the central area of Cuban northern coast, 
maintaining an excellent definition during the following twelve hours; even though most 
of it passed over land and weakened to category 1 for a short time (Case, 1986).  
During this time, NR-SLC at La Isabela reached 22.0 cm and then declined sharply to -
13.0 cm, due to changing wind direction.  Hours after the peak at La Isabela, there 
were moderate levels at Casilda, on the southern coast. NR-SLC maxima at Siboney 
and La Isabela occurred only 12 hours apart, under the action of the left sector (Figure 
3, a).  Coastal floods were reported in Matanzas and Varadero on November 19th 
(Moreno, et al., 1997).  That day, NR-SLC reached its maximum value of 25.0 cm at 
12:00 hours at Siboney, three hours before the OSL reached its maximum of 122.0 cm 
at 15:00 hours (69 cm over benchmark) (Figure 3, b).  It emerged into the sea on 
November 20th at a point east of Havana, reaching category 3 shortly afterwards 
(Case, 1986); which led to a further increase in NR-SLC at Siboney on November 22nd 
and its spread eastward.  Non-linear effects led to the maximum OSL height on 
November 19th.  
      This hurricane corresponded to one of the weather condition types that usually 
cause coastal flooding in Cuba: tropical cyclone north of Cuba, moving parallel to the 
coast, which causes flooding in the north coast, west of the tropical cyclone, and in the 
south coast, east of the tropical cyclone (Moreno, et al., 1997).  
 

 a  b 

Figure 3.  Sea level variations in the north and south coasts of Cuba under the influence of 
Hurricane Kate. (Hours are referred to local time) 
Figura 3. Variaciones del nivel del mar en las costas norte y sur de Cuba bajo la influencia del 
huracán Kate. (La hora se encuentra referida al tiempo local) 
 

     Hurricane Lili: It originated east of Nicaragua and quickly became a hurricane on 
October 17th, 1996. It moved across Cuba with maximum sustained winds (MSW) from 
41.0 to 46.0 m/s, while maintaining its intensity (Pasch & Avila, 1999), causing great 
impacts on the sand dunes in Cayo Largo (Salas, et al., 2006).  The moderate NR-SLC 
maximum at La Coloma occurred 24 hours prior to the maxima at Santa Cruz del Sur 
and Cayo Loco.  At Cayo Loco, Cienfuegos Bay, NR-SLC maximum (Oct. 18th at 14:00 
hours, 22.0 cm) occurred four hours earlier than at Santa Cruz del Sur (Oct. 18th at 
18:00 hours, 19.0 cm), over 290.0 km east, in the southeast shelf. Between October 
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17th and 19th, NR-SLC increased slightly in all the tide gauge stations, except for La 
Coloma (Figures 4, a and b).  
 
 

 a  b 

Figure 4.  Sea level variations of meteorological origin in the north and south coasts of Cuba 
under the influence of Hurricane Lili. (Hours are referred to local time) 
Figura 4. Variaciones del nivel del mar de origen meteorológico en las costas norte y sur de 
Cuba bajo la influencia del huracán Lili. (La hora se encuentra referida al tiempo local)  
 
 
     Hurricane Georges:  It made landfall on the national territory in the afternoon of 
September 23rd, 1998, west of Punta de Maisi, with maximum winds of 120.0 km/h 
(33.0 m/s) as category 1 hurricane (Pasch & Avila, 2001).  It caused NR-SLC variations 
in the entire coastal area, which spread from east to west, mainly north of Cuba.  The 
most severe variations occurred at Maisi (Sept. 23rd at 13:00 hours, 26.0 cm), followed 
by those at Gibara nine hours later (Sept. 23rd at 22:00 hours, 19.0 cm). Maximum NR-
SLC values were also recorded at Santiago de Cuba (Sept. 23rd at 17:00 hours, 12.0 
cm), at Manzanillo (Sept. 24th at 05:00 hours, 17.0 cm), and at Santa Cruz del Sur 
(Sept. 24th at 14:00 hours, 12.0 cm). At Los Morros, La Isabela and Cayo Loco, slight 
variations under 10.0 cm were recorded.  At Siboney (Sept. 25th at 09:00 hours, 14.0 
cm) and La Coloma, NR-SLC moderately increased when Georges was in the Gulf of 
Mexico (Sept. 26th at 04:00 hours, 12.0 cm).  Between Sept. 23rd and 26th, the influence 
of the hurricane on most stations was recorded in the north and south coasts (Figure 5, 
a).  At Maisi, the OSL reached 72.0 cm over benchmark (Sept. 24th at 12:00 hours), 23 
hours after the maximum value of the NR-SLC! (Figure 5, b).  At Gibara, maximum 
OSL heights (64.0 cm over benchmark) during high tides occurred at 10:00 and 23:00 
hours on September 23rd.  
 
 



 Serie Oceanológica. No. 8, 2011                                                                                             ISSN 2072-800x 

 

20 
 

 a  b 

Figure 5. Sea level variations in the north and south coasts of Cuba under the influence of 
Hurricane Georges. (Hours are referred to local time) 
Figura 5. Variaciones del nivel del mar en las costas norte y sur de Cuba bajo la influencia del 
huracán Georges. (La hora se encuentra referida al tiempo local) 
  
      At Manzanillo, the OSL reached 65.0 cm over benchmark (Sept. 24th at 12:00 
hours), at Siboney, 56.0 cm over benchmark (Sept. 25th at 11:00 hours, two hours after 
NR-SLC maximum), and at La Coloma, 54.0 cm over benchmark (Sept. 26th at 00:00 
hours).  
      

     Hurricane Michelle: It formed from a tropical wave on October 29th, 2001, and by 
the 31st it was classified as tropical storm Michelle, which continued intensifying to 
reach category 4 in the morning of November 3rd.  In its move to the northeast, it made 
landfall on the Island of Cuba at six in the evening that same day, at a point between 
Playa Larga and Playa Girón, with maximum winds of 210 km/h (58.3 m/s).  It gradually 
weakened until its pass to the sea at 1:00 hour on November 5th, with maximum 
sustained winds of 150.0 km/h (41.7 m/s) by Cayo Isidoro, Villa Clara, crossing the 
coast east of Sagua La Grande, where vortex calm was observed between 23:20 and 
23:45 hours on November 4th (Ballester & Rubiera, 2002).  At La  Isabela  (Figure 6, a),  
 
there was a sharp increase in NR-SLC (Nov. 5th at 03:00 hours, 30.0 cm) that occurred 
an hour or two before the greatest OSL height (Nov. 5th, 1:00 to 2:00 hours, 106.0 cm 
over benchmark) (Figure 6, b).  The proximity of strong winds near the hurricane’s eye 
wall must have created extreme and complex conditions of water dynamics at this 
locality.  
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 a  b 

Figure 6.  Sea level variations in Cuban coasts under the influence of Hurricane Michelle. 
(Hours are referred to local time) 
Figura 6. Variaciones del nivel del mar en las costas de Cuba bajo la influencia del huracán 
Michelle. (La hora se encuentra referida al tiempo local) 
      

     At Santa Cruz del Sur and Siboney, NR-SLC reached 21.0 cm. Mild but prolonged 
NR-SLC anomalies occurred for nearly five days at Cabo Cruz, Manzanillo and Cayo  
Loco (Figures 6, a and b).  At Siboney, the OSL reached 88.0 cm over benchmark 
(Nov. 4th at 22.00 hours), and at Santa Cruz del Sur, 56.0 cm (Nov. 5th at 00:00 hours), 
where it experienced heights of 51.0 to 56.0 cm over benchmark during highest 
astronomical tides, between November 1st and 5th.  Cyclonic circulation of Michelle’s 
winds reached 500 km in diameter, covering large areas of western and central Cuba 
(Ballester & Rubiera, 2002); and the generated upwelling severely affected Los 
Canarreos Archipelago and part of the south coast of the Island of Cuba, from Playa 
Giron to the Gulf of Ana Maria (Salas et al., 2005), which explains why various tide 
gauge stations in the western, central and eastern areas of the country recorded non-
regular sea level variations. There were moderate to strong NR-SLC variations, almost 
simultaneously, at La Isabela, Siboney and Santa Cruz del Sur. The highest increase 
occurred at La Isabela.  
     Due to the trajectories followed by both Lili in 1996 (Figure 4) and Michelle in 2001, 
they crossed the narrow Cuban territory fast enough so as to cause nearly 
simultaneous extreme variations in both coasts due to the propagation of non-regular 
variations from these events and of coastal trapped waves. 
     The 2005 hurricane season was the most active ever, with 28 storms, including 27 
tropical storms and one subtropical storm. Fifteen storms became hurricanes, and 
seven of them were major hurricanes.  Among them stood out Hurricane Wilma, 
because it showed the extreme minimum pressure known so far for hurricanes in the 
Atlantic: 882.0 hPa, overshadowing Hurricane Gilbert in 1988. It also reached the 
fastest decrease in pressure: 88.0 hPa in 12 hours (Beven, et al., 2008).  
 
    Hurricane Wilma: The twenty-fourth tropical depression of the season formed on 
October 15th, 2005, from the organization  and  intensification  of  a  low  pressure  area 
south of Jamaica.  On October 18th, it became Hurricane Wilma that, after crossing the 
eastern Caribbean Sea, became stationary in Yucatan Peninsula, Mexico, for 36 hours 
until October 23rd at noon (AMA, 2005). On October 23rd and 24th, Wilma generated 
storm surge and significant wave heights of 8.0 and 9.0 meters, resulting in sea level 
rise, with strong penetrations in Cuban western region during its passage through the 
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adjacent oceanic waters (AMA , 2005).  It is recognized that the greatest floods due to 
sea penetrations caused by Wilma, because of the storm surge and/or wave action, 
occurred in Cuban western region (Beven, et al., 2008). Siboney tide gauge worked 
effectively until October 24th at 14:00 hours, when it was removed from service.  A 
sharp increase in NR-SLC was recorded (Oct. 24th from 05:00 to 10:00 hours, more 
than 38.0 cm) at this station (Figure 7, a); and OSL heights of 95.0 to 112.0 cm over 
benchmark occurred during this period of time (Figure 7, b).  The coincidence of NR-
SLC maximum with the highest astronomical tide led to the extreme height value of 
112.0 cm over benchmark, which exceeded that of 91.0 cm over benchmark caused by 
Hurricane Juan in October 1985.  There were other favorable conditions for the 
occurrence of extreme OSL values, such as an extreme north decline, with a marked 
diurnal inequality and a full moon phase that had not ended (AMA, 2005). Non-regular 
variations spread eastward, probably as trapped waves (Ramírez & Hernández, 2006). 
 

 a  b 

Figure 7.  Sea level variations in the north and south coasts of Cuba under the influence of 
Hurricane Wilma. (Hours are referred to local time) 
Figura 7. Variaciones del nivel del mar en las costas norte y sur de Cuba bajo la influencia del 
huracán Wilma. (La hora se encuentra referida al tiempo local) 
       

     Mild to moderate sea level variations were recorded in distant localities in the south 
coast, like Cayo Loco in Cienfuegos Bay.  
      The propagation of NR-SLC variations along the north and south coasts of Cuba 
depended on the behavior of synoptic events and should be analyzed closely related to 
coastal trapped wave propagation (Ramirez & Candela, 2003; Ramirez & Hernandez, 
2006). 
 

CONCLUSIONS  

1. Non-regular sea level variations of meteorological origin are spread along the Cuban 
coasts, under the influence of tropical cyclones, depending on their intensity and 
trajectories. 

2. Tropical cyclones with trajectories from the western Caribbean Sea to the Gulf of 
Mexico, like Wilma, will generate sea level variations in southern coastal localities, 
including those distant from the event. Depending on their intensity, these events 
will cause extreme sea level variations on the northwestern coast, which will spread 
eastward as coastal trapped waves.  



 Serie Oceanológica. No. 8, 2011                                                                                             ISSN 2072-800x 

 

23 
 

3. In the case of tropical cyclones with trajectories along the archipelago, like Kate and 
Georges, will cause meteorological sea level variations in the north and south 
coasts of Cuba. The maximum and minimum values of these variations will alternate 
depending on the sector of the cyclone that affects the coast. 

4. Tropical cyclones with trajectories across the archipelago, like Lili and Michelle, will 
generate nearly simultaneous extreme sea level variations in both coasts, 
depending on their intensity. Extreme sea level variations will occur as a result of 
storm surge, mainly in the south coast, and also because of coastal trapped wave 
propagation. 

5. Of the six tropical cyclones analyzed, Wilma generated the maximum extreme 
variation of the non-regular sea level component at Siboney, on the north coast; and 
Lili caused the maximum extreme variation at Cayo Loco and Santa Cruz del Sur, 
on the south coast.  
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