
Submitted to Ocean Dynamics 

08 Jan 2004 

 

On the sensitivity of the West Caribbean Sea circulation to tides, wind and 

mesoscale ocean eddies: A three-dimensional ocean model study 

 

Thattai, D. V.1, Ezer, T.2, and Kjerfve, B.1,3,*  

 

1Department of Geological Sciences, University of South Carolina, Columbia, SC 29208 

2Atmospheric and Ocean Sciences, Princeton University, Princeton, NJ 

3Marine Science Program, University of South Carolina, Columbia, SC 29208 

*Corresponding Author. E-mail: bjorn@msci.sc.edu; Phone: 803 777 2572; Fax: 803 777 

4600 

 

mailto:bjorn@msci.sc.edu


 2

Abstract 

 

A three-dimensional, primitive equation ocean model is used to study the circulation in 

the West Caribbean Sea (WCS) region, and to test the sensitivity of the coastal flow to 

various forcing fields such as tides, climatological wind, and Caribbean eddies. The 

model domain is bordered by latitudes 15 – 22o N and longitudes 76 – 87o W, with the 

MesoAmerican Barrier Reef System (MBRS, along the coasts of Mexico, Belize, 

Guatemala, and Honduras) and the southern coast of Cuba as land boundaries. The WCS 

is open to the Caribbean Sea in the southeast and the Yucatan Channel in the northwest, 

with a prescribed 25 Sv flow-through from southeast to northwest. The results show that 

the base flow is highly variable even without time dependent forcing and without 

assimilation of eddies. The interaction of the base flow with the bathymetry gives rise to 

frequent westward propagating cyclonic eddies with diameters of 50-150 km in the Gulf 

of Honduras, and an anticyclonic eddy southeast of the Yucatan Channel with diameter of 

200 km. When mesoscale eddies are included in the initial condition through assimilation 

of altimeter data, the WCS model simulates the propagation of those eddies, so that the 

eddy field is quite realistic even after 45 days from the initialization. Moreover, eddies 

were found to influence the coastal flow, such that when a cyclonic or an anticyclonic 

eddy is propagating through the WCS, the velocity field along the MBRS is either 

attenuated or enhanced, respectively. The area-averaged mean surface kinetic energy is 

influenced mostly by the 25 Sv flow-through and climatological winds, while the area-

averaged eddy surface kinetic energy is influenced mostly by the mesoscale Caribbean 

eddies. 
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1 Introduction 

 

 Advances in the understanding of ocean physics and improvements in 

computational technology and resources have led to the development of various complex 

numerical 3D ocean models (McWilliams 1998). These models can provide useful tools 

to study important processes relevant to the ecologically sensitive coastal West Caribbean 

Sea region such as land-runoff, and transport of pollutants, larvae, and nutrients. 

However, one of the most difficult challenges in ocean modeling is to couple the large-

scale ocean circulation with near-shore coastal processes, as it involves large range of 

dynamical scales and sharp topographic changes. The oceanic circulation of the open 

ocean and its variability are however important factors influencing the coastal circulation 

and to understand coastal flow variability requires an understanding of open ocean 

dynamics as well. 

 

 The West Caribbean Sea (WCS) is defined here as the portion of the Caribbean 

Sea bounded between 15 – 22o N and 76 – 87o W (Fig. 1). The MesoAmerican Barrier 

Reef, along of the coasts of Mexico, Belize, Guatemala, and Honduras, forms the western 

boundary and the Caribbean coast of Cuba forms the eastern boundary. The WCS is open 

to the Caribbean Sea in the southeast and to the Gulf of Mexico through the Yucatan 

Channel in the northwest. The Cayman Basin which lies between the Nicaragua Rise and 

the Cayman Ridge has depths of more than 5000 m, and waters as deep as 2000 m cut 

into the Gulf of Honduras within 15 km from the MesoAmerican Barrier Reef. The 

MesoAmerican Barrier Reef System (MBRS) extends for more than 1000 km from Isla 



 5

Contoy at the northern corner of the Yucatan (Mexico) to the Bay Islands (Honduras) 

(Fig. 1) (Almada-Villela et al. 2003). The Yucatan Basin lies between the Cayman Ridge 

and the Yucatan Channel. The variable bathymetry is an important factor in the 

modification of the eddies that pass through the WCS (Molinari et al. 1981; Sou et al. 

1996).  

 

 In earlier studies, the Caribbean current was often described as a steady westward 

flow from the Lesser Antilles through three major deep-water basins and via the Yucatan 

Channel into the Gulf of Mexico, with little or no variability in the western portion of the 

Caribbean Sea (Gordon 1967; Brucks 1971). Later studies indicated the presence of some 

variability in the western Caribbean but even these did not describe in much detail the 

western Caribbean as they focused on the Caribbean Sea in its entirety (Molinari et al. 

1981; Kinder et al. 1985; Carton and Chao, 1999; Andrade and Barton 2000). Sou et al. 

 (1996) applied a numerical model to the Caribbean and simulated the presence of gyres 

near the Gulf of Honduras (GoH), but only at depths of more than 200 m and not at the 

surface. Murphy et al. (1999) in their model study focused on the eddy connectivity in the 

Intra-America Seas. They simulated the formation of mesoscale eddies in the Lesser 

Antilles and tracked the translation of the eddies in the Caribbean Sea and through the 

Yucatan Channel. Their model showed greater detail in the Lesser Antilles region but not 

in the Gulf of Honduras. The minimum depth in the model was 200 m, which entirely 

excludes the continental shelves. Ezer et al. (2003) and Oey et al. (2003) used more 

realistic topography near the coast to study the influence of Caribbean eddies and wind 
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on the variability of the flow in the Yucatan Channel, but did not investigate the influence 

of the eddies on the western Caribbean Sea itself. 

 

 The variability in the WCS is thus still largely an unexplored topic. With limited 

oceanographic observations of the eddy variability in this region, numerical models can 

provide more detailed information about the circulation and its variability. Therefore, the 

Princeton Ocean Model (POM) (Blumberg and Mellor 1987) was adapted and 

implemented in this region to explore the influence of climatological winds, eddies, and 

tides on the general circulation and the coastal flows. The changes in variability caused 

by the different forcing functions are analyzed, in particular for the surface waters. We 

concentrate in particular on the Gulf of Honduras and the waters bordering the MBRS, 

which is an ecologically and economically important region in Central America. The 

advantage of using a sigma vertical grid (terrain-following coordinates) is that it is 

suitable for applications in the deep ocean as well as on the coastal shelves. This study 

focuses on the basic sensitivity of the model to different forcings, and is the first step 

toward more realistic simulations and forecasts, which will be the focus of future research 

now underway. 

 

2 Model description and setup 

 

 The WCS model is based on POM which is a 3D, free surface, primitive equation, 

finite difference model (Blumberg and Mellor 1987; Mellor 1996). It is a sigma 

coordinate (terrain-following) model, meaning that the water column is divided into an 
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equal number of proportional vertical layers regardless of the local depth. Curvilinear 

orthogonal coordinates define the horizontal grid, and a staggered "Arakawa C" 

differencing scheme is used for the grid. An explicit time step is used for the horizontal 

differencing and an implicit scheme for the vertical differencing, which enables the use of 

fine vertical resolution in the surface and shallow layers. The model employs a split time 

step. The external mode is two-dimensional and uses a short time step based on the 

Courant-Friedrich-Lewy (CFL) condition and the external wave speed. The internal mode 

is three-dimensional and uses a long time step based on the CFL condition and the 

internal wave speed. The model contains an imbedded second moment turbulence closure 

scheme to provide vertical mixing coefficients (Mellor and Yamada, 1982).  

 

 The transformation of the coordinates to the sigma coordinates is accomplished 

through 

x* = x; y* = y; σ = (z-η)/D; t* = t (1)

where x, y, and z are the Cartesian coordinates; D H η= +  where  H (x, y) is the bottom 

topography and η(x, y, t) is the surface elevation. σ varies from σ = 0 at z =η to σ = -1 at 

z = −H. The governing equations are the continuity equation, the momentum equations, 

the temperature and salinity equations, the turbulence closure equations, and the equation 

of state (Mellor and Yamada 1982; Blumberg and Mellor 1987; Mellor 1996), and are 

listed in Appendix A. 

 

 The horizontal mixing coefficient for diffusion is given by a Smagorinsky-type 

formulation (Smagorinsky et al. 1965) as 
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2 2[( / ) ( / / ) / 2 ( / ) ]MA C x y u x v x u y v y= ∆ ∆ ∂ ∂ + ∂ ∂ + ∂ ∂ + ∂ ∂ 2 1/ 2                                            (2) 

(see Ezer and Mellor 2000, for model sensitivity studies to this formulation). AM is 

proportional to the grid size and to the velocity gradients. The Smagorinsky coefficient C 

has a value of 0.2 here. The climatological values of T and S, TCLIM and SCLIM, are 

subtracted from the temperature and salinity in the diffusion terms which reduces the 

unwanted diapycnal mixing over steep topography (Ezer and Mellor 2000). The General 

Digital Environmental Model (GDEM) monthly climatology is used for TCLIM and SCLIM , 

as well as for initialization (Teague et al. 1990).  

 

 The domain of the model encompasses the WCS as defined earlier. The grid 

consists of 20,301 cells with 16 vertical layers. The proportional sigma vertical layers 

were selected at 0, -0.002, -0.003, -0.007, -0.014, -0.028, -0.056, -0.111, -0.222, -0.333, -

0.444, -0.556, -0.667, -0.778, -0.889, and -1.000 of the total local depth. Thus, since 

temperature, salinity, density, and currents vary most near the surface, the emphasis was 

on resolving well the variability near the surface. The horizontal grid resolution varies 

from 3 km along the MBRS to 8 km on the open eastern boundary (Fig. 2), and the depth 

ranges from 1 m to 6000 m. The bathymetry was interpolated from a 1/24o Digital 

Terrain Model (DTM) grid into the model grid. However, it was necessary to manually 

correct the model topography along the coastlines using more detailed charts (Fig. 3). 

Sharp changes in the bathymetry were slightly smoothed following Mellor et al. (1994; 

1998). This, and subtraction of the mean vertical profiles, reduce the pressure gradient 

errors (Mellor et al. 1994; 1998; Ezer et al. 2002). Since our focus here is mainly on the 

near surface and coastal flows, potential small numerical errors near the deep slopes may 
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not affect the results. The external time step is 6 s and the internal time step is 3 min. 

Monthly temperature and wind data were obtained from the Comprehensive Ocean-

Atmosphere Data Set (COADS) (http://www.ncdc.noaa.gov/oa/climate/coads/), and 

salinity was interpolated from GDEM (http://128.160.23.42/gdemv/gdemv.html). 

Satellite altimeter data were obtained from the Archiving, Validation, and Interpretation 

of Satellites Oceanographic (AVISO) data set which combines the TOPEX-Poseidon 

(T/P) and ERS satellite altimeter measurements (Ducet et al. 2000).  

 

 The open ocean boundary conditions for the inflow and outflow barotropic 

transports are interpolated from a coarser-scale North Atlantic POM (Ezer and Mellor 

2000). The flow boundary condition is a radiation condition on the v-velocity in the north 

and south. The tangential velocities are set to zero. This is in addition to a 25 Sv 

throughflow at the southeastern (inflow) and northwestern (outflow) boundaries, 

distributed along the open boundaries following Ezer and Mellor (2000). Surface heat 

and salinity fluxes are neglected in this study of relatively short-term simulations. Tidal 

amplitudes and phases of six constituents (M2, S2, N2, O1, K1, and P1) for the two 

boundaries were included from data based on Ray’s (1999) model and modified 

according to Kjerfve (1981). The tidal forcing was applied through the barotropic 

velocity and elevation boundary conditions and body force. The amplitudes and phases 

on the open boundaries were empirically adjusted to minimize the difference between the 

model water level and observed water level data from Puerto Cortes (Honduras) and 

Puerto Morelos (Mexico). Such a practice is common in coastal models (Chen and Mellor 

1999; Wong et al. 2003) since the global tidal model is not very accurate in shallow 
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regions. Fig. 4 shows an example of the observed and modeled water levels at Gladden 

Spit for the time period 21 Apr – 11 May 1998. 

 

 Sea surface height (SSH) anomalies derived from the satellite altimeter data every 

10 days are used to introduce eddies into the model, following previous assimilation 

methodology (Mellor and Ezer 1991; Ezer and Mellor 1994; 1997; Wang et al. 2003). 

The SSH anomalies are mapped baroclinically into a modified vertical temperature 

distribution between the surface and 1000 m, assuming that 

( , , , ) ( , , ) ( , , )TT x y z t F x y z x y tδ δη=                                                                                   (3) 

where  is a correlation factor, and TF δη  is the SSH anomaly. The correlation factor is 

defined by 

2/( )TF Tδ δη δη=

oT

                                                                                                         (4) 

is the temperature inferred from satellite sea level anomaly, as 

To(x,y,z) = TCLIM(x,y,z) + TF δη (x,y)                                                                               (5)    

In the data assimilation studies mentioned above,  was calculated either from model or 

data statistics of the surface-to-subsurface correlation, and was a function of location and 

depth (F=F(x,y,z)). In this study, the scheme was simplified and F=F(z)=A+Bz was 

empirically chosen by adjusting the values of A and B until the model elevation 

reproduced the observed sea level when initialized with temperature field given in (5). 

The maximum value of  was 0.6 near the surface and zero below 1000m depth. No 

further assimilation of SSH was done beyond applying the SSH field as a model initial 

condition.  

TF

TF
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3 Results and discussion 

 

 The flow variability in the western Caribbean has implications for the transport of 

larvae, nutrients, pollutants, and genetic material over distances corresponding to a 

variety of length scales. The availability of satellite altimetry data makes it possible to 

include the sea level anomalies as initial conditions in the model executions, and thus 

simulate the effect of the mesoscale eddies that enter the WCS domain. The satellite data 

are effective in resolving mesoscale eddies in the deep basins but are not effective over 

the shelves. Thus, even though they are assimilated into the model for simulating the 

effects of the eddies, smaller eddies have to be resolved by the physics of the model 

(Wang et al. 2003). The predominant eddy movement in the Caribbean Sea includes the 

propagation of anticyclonic eddies, with length scales of 300-500 km, in the northern half 

of the region and cyclonic eddies, with length scales of 50-150 km, which irregularly 

propagate westward along the southern boundary.  

 

 Eight different simulations were executed, each of 45 days duration, and the 

results from the last 30 days of each simulation were used to assess the influence of 

different forcing functions on the circulation and water level variability in the WCS 

(Table 1). The mean elevation, mean and eddy kinetic energies, and RMS of currents and 

elevations for the 30 days were calculated for each simulation, along with mean and RMS 

differences between the simulations.  
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 Seven simulations were executed for the time period 06 April - 20 May 1998, for 

which all the data (tides, winds, and eddies) were available. An additional simulation was 

executed for the time period 29 April – 12 June 1999, when a new set of SSH anomalies 

was available. The amplitudes and phases of the tide at six stations (Fig. 1, A-F) were 

compared with observed amplitudes and phases to verify that the model simulates the 

tidal water level variations reasonably (Table 2). The modeled amplitudes match the 

observed amplitudes well but there are some discrepancies in the phases. However, the 

average absolute difference in amplitude for all stations is only 0.5 cm and the average 

absolute difference in phase is less than 10o overall.  

 

 The modeled temperature and salinity profiles seaward of Gladden Spit were 

compared with CTD profiles to check if the model captures the temperature and salinity 

profiles. Both the modeled (Simulation #6) and observed profiles correspond to the 

month of May, and the range of values and the shape of the profiles match closely (Figs. 

5a, b).  

 

3.1 General circulation 

 

 The general circulation in the WCS in the presence of the 25 Sv flow-through as 

the only forcing (case #1) consists of a mean flow that enters the southeastern channels 

and exits the WCS via the Yucatan Channel. This flow is however neither steady nor 

uniform. The highest velocities occur along the MBRS and the coast of Honduras, with 

values reaching more than 0.50 m s-1 along the northern coast of the Yucatan Peninsula. 
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As many as five cyclonic gyres appear between the Nicaraguan rise and south of 

Chinchorro Atoll, along the coast, with the most prominent gyres appearing on the 

Nicaraguan rise and in the Gulf of Honduras. These gyres have diameters of 50-150 km. 

There is no clear propagation pattern of these gyres, however, over the time span of 30 

days. An anticyclonic eddy of 300 km diameter is also present southeast of the Yucatan 

Channel, and this eddy traveled 200 km in about 20 days (or a speed of 0.12 m s-1), 

exiting the model domain through the Yucatan Channel. 

 

 The base flow depresses the 30-day mean water level along the MBRS coast from 

Honduras to the northern tip of the Yucatan Peninsula by as much as 10 cm, and also 

increases the mean water level along the coast of Cuba by approximately 7-8 cm (Fig. 

6a). In general, mesoscale anticyclonic gyres are the continuation, or offshoots, of the 

eddies formed in the Caribbean Sea south of the Nicaraguan Rise (Murphy et al. 1999), 

the presence of the cyclonic gyres along the southern coastline is the result of the 

bathymetric effects on the base flow-through. This suggests that the base flow in the 

WCS exhibits considerable variability (Fig. 6c), although the variability is less than when 

winds, tides, and eddies are applied (case #7, Fig. 6d). Addition of climatological winds 

does not result in a significant change in the mean water levels, but increases the 

velocities northeast of the GoH to 0.50 m s-1. The velocities southwest of the Yucatan 

Channel are as high as 0.75 m s-1. The mean elevation for Simulation #7 (Fig. 6b) shows 

an increase of 3-4 cm over the base case in the Yucatan Basin.  
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 The strengthening or weakening of cyclonic gyres in the inner GoH is influenced 

by the frequency and strength of the cyclonic and anticyclonic eddies passing through the 

WCS. The simulation in case #3 involved initialization of the model with altimeter data 

corresponding to the SSH anomaly field for 04 Apr 1998. The 30-day circulation plots 

corresponding to this simulation show the presence of cyclonic gyres along the coast of 

Honduras and also south of Chinchorro Atoll, each with a diameter on the order of 50 - 

150 km.  There also exists a weak cyclonic gyre that passes north of GoH at the same 

time. The addition of climatological winds (Simulation #7) intensified energetics in the 

entire system, disintegrated the cyclonic eddy east of the Bay Islands, and increased the 

size and number of anticyclonic eddies in the WCS in general. In comparison, when the 

model was initialized with the SSH anomaly field corresponding to 29 Apr 1999 

(Simulation #8), there was a strong anticyclonic gyre passing through the WCS that 

diminished the strength of the cyclonic gyre in the inner GoH in the latter half of the 

simulation, when the anticyclonic gyre was passing just north of the GoH (Fig. 7). 

 

 The SSH anomalies calculated from Simulations #7 and #8 (for the years 1998 

and 1999) were compared with the SSH anomalies for the same dates from the satellite 

data. The model is able to simulate the propagation of the eddies quite well even 45 days 

after the initial assimilation (Fig 8a, b and Fig. 9a, b). The cyclonic eddy that transited the 

WCS in Simulation #7 traveled approximately 220 km in 30 days, which means that it 

could take up to 10-12 months to cross the entire WCS from southeast to northwest. This 

translates to a travel speed of ~0.09 m s-1. This value is somewhat smaller than the 

propagation speed reported in the literature for Caribbean eddies (0.12 m s-1, Carton and 
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Chao 1999; 0.15 m s-1, Murphy et al. 1999). However, the models used are different, and 

the simulations in this study are of shorter duration and may thus not resolve the long-

term eddy transit times well, even though the model bathymetry is much more detailed 

for the WCS. 

 

3.2 Variability in the Gulf of Honduras and MBRS 

 

 The interaction of the base flow with the bathymetry along the MBRS results in 

high variability along the reefs/coastline. The rms water level elevation is 7-8 cm (Fig. 

6c). The variability is reduced in the deeper basins. The presence of high water level 

variability in the absence of other forcing functions suggests that the flow in the WCS is 

far from steady, subjected to flow meanders effects caused by interactions with the 

bathymetry. The addition of winds (case #2) to the base flow greatly reduces the rms 

variability along the coast, to 2-3 cm, and even more so in the inner GoH and around the 

Bay Islands. The rms variability along the MBRS coast also reduces when T/P-ERS 

altimeter data are added as an initial condition in the simulations, but the rms variability 

northeast of the Bay Islands is increased, corresponding to the presence of the westward-

propagating cyclonic gyre. As can be expected, the addition of tides greatly increases the 

overall variability in the region. Variability is especially high along the coastline from 

Mexico to Honduras, where the 30-day rms elevation increases by 6-7 cm over the base 

case. The rms plot for Simulation #7 (Fig. 6d) shows the highest water level variability 

resulting from the sum cause of all forcing mechanisms, including preexisting eddies as 

an initial condition. 
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3.3 Mean and eddy surface kinetic energy (SKE) 

  

 The flow through the WCS is not steady and uniform but highly variable. It is 

useful to look at the kinetic energies as a measure of the variability associated with the 

flows. A considerable amount of the kinetic energy in the oceans is due to turbulent 

mesoscale eddies rather than the mean flow (Knauss 1996; Kantha and Clayson 2000). 

These eddies transport large quantities of water and thus materials, and the rate of 

transfer of water/materials to the surrounding waters depends on their energy levels. The 

mean SKE represents the strength of the mean flow and can indicate the relative 

importance of the forcing functions. The eddy kinetic energy, likewise, represents the 

importance of the meanders and eddies that are superimposed on the mean circulation.  

 

 The area-averaged mean SKE was calculated as  

( )2 2
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1

0.5
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j j j j
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and the eddy SKE was calculated as 
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where n is the total number of grids (20,301), and 
1

1 n

j
jT =

=u u∑ . Figures 10a and 10b 

represent the 1998 eddies, and Figures 10c and 10d the 1999 eddies, along with cases 1, 
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2, 4, and 7/8. The plots suggest that the surface mean kinetic energies stabilize in 10 days, 

thus reinforcing the validity of the model executions for a 45-day period. The area-

averaged mean SKE is similar for simulations #1 and #4 (base flow and tides) (Figs. 10a, 

c, solid and dash-dot lines) which suggests that the tides do not contribute any significant 

energy to the mean flow in addition to the base case. This is consistent with the harmonic 

analysis of current meter time series along the MBRS, which showed no significant tidal 

constituent although the water level harmonics (M2, S2, N2, K1, and O1) were significant 

at the 95% level. The mean SKE for winds, however, is much larger, with a mean SKE of 

0.021 m2 s-2 as compared to 0.013 m2 s-2 for the base case alone (Figs. 10a, c, dashed 

lines). Thus climatological mean winds explain a significant increase in the SKE. The 

mean SKE for simulation #7 (diamonds, Fig. 10a), which includes all forcing 

mechanisms (with 1998 eddies as initial condition), is lower than in the case of 

simulation #2 (winds), because of the influence of the weak cyclonic eddy centered at 18o 

N and 85o W that passes westward through the WCS during this time period (Fig. 10a). 

The mean SKE for eddies corresponding to the 1998 simulation is lower than the base 

flow and tide cases (Fig. 10a, dotted line), whereas the mean SKE for eddies 

corresponding to the 1999 simulation increases after 25 days and reaches 0.017 m2 s-2, 

which is 0.004 m2 s-2 greater than for simulations #1 and #4 (Fig. 10c, dotted line). The 

mean SKE of 0.023 m2 s-2 for simulation #8 (with 1999 eddies) is higher than that of all 

the other cases (Fig. 10c). In this simulation, an anticyclonic eddy propagated through the 

WCS, resulting in an intensification of the velocity field, and thus of the SKEs. In 

conclusion, the mean SKE exists for the base flow alone, is influenced by both eddies and 

winds, but tides have little effect. The area-averaged eddy SKE for the 1998 simulation 
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shows no appreciable effect of the eddies (Fig. 10b) over the other cases (#s 1, 2, and 4) 

which suggests that the cyclonic eddy that propagated in Apr-May 1998 was weak in 

nature. However, the eddy SKE for 1999 (simulations #3 and #8) reaches 0.004 m2 s-2 

(Fig. 10d), which is twice the value of the eddy SKE for the other simulations (1, 2, and 

4). This likewise suggests that anticyclonic eddy that propagated in May-Jun 1999 was of 

a stronger nature. 

 

3.4 Time series of velocity 

 

 Time series plots of u and v velocities for Lighthouse Reef exhibit features 

representative of the other measurement stations along the seaward edge of the MBRS 

(Figs. 11a, b). The effect of tides in the current records is not discernable in the velocity 

time series along the MBRS. The velocities are directed either northeast or northwest at 

Puerto Cortes, Lighthouse Reef, and Puerto Morelos, but are mainly southeast at Gladden 

(Fig. 12a, b) and Sapodilla, confirming the presence of a mostly southerly flow along the 

southern reef between Gladden Spit and the Sapodilla Cays. The effect of the eddies on 

the north-south v-velocities is shown in Figure 13 (a, b). The cyclonic eddy in 1998 acts 

against the mean flow and reduces the velocities at Lighthouse Reef (Fig. 13a, dashed 

line). It also lowers the v-velocity at Gladden Spit (Fig. 13b, dashed line). The 

anticyclonic eddy in 1999 started to propagate towards the MBRS coast halfway through 

the simulation execution, and it thus augments the v-velocity (Fig. 13a, dash-dot line). 

However, the v-velocity is again reduced below the base flow values at Gladden Spit 

(Fig. 13b, dash-dot line) during this time period. This is because Lighthouse Reef is in the 
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direct path of the eddies, whereas Gladden Spit is located further away from the zone of 

influence of the eddies. 

 

4 Conclusions 

 

 The three-dimensional Princeton Ocean Model was used to model the circulation 

in the West Caribbean Sea (WCS). Eight simulations were executed with different 

forcing functions (wind, tides) and initial conditions (altimetry data). The results show 

that 

• The 25 Sv through-flow (base flow) in the WCS causes large current meanders 

and eddy variability even in the absence of tides and winds and without forcing by 

altimetry data to simulate eddy effects as an initial condition. Flow velocities are 

as high as 0.50 m s-1 along the seaward edge of the MesoAmerican Barrier Reef 

System (MBRS). 

• The base flow results in the reduction of sea level along the MBRS coast by 10 

cm. The mean flow is characterized by a southeast-northwest flow accompanied 

by as many as five cyclonic gyres along the Honduran coast in the Gulf of 

Honduras (GoH), each with diameter 50-150 km, and by the propagation of an 

anticyclonic eddy with a 300 km diameter southeast of the Yucatan Channel. 

• The WCS model is able to simulate well the propagation of mesoscale eddies 

even 45 days after initialization with altimetry data. 

• A typical mesoscale eddy that transits the WCS travels approximately 220 km in 

30 days, which means that it could take up to 10-12 months to cross the entire 
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WCS from southeast to northwest. This translates to a travel speed of ~9 cm s-1, 

which is slightly slower than previous calculations. 

• The area-averaged mean surface kinetic energy is influenced mainly by the 

through-flow and the climatological winds, while the area-averaged eddy surface 

kinetic energy is increased when the T/P-ERS eddy field is used as an initial 

condition. Tides do not show any appreciable increase of the kinetic energies. 

• The velocity field along the MesoAmerican Barrier Reef is intensified when there 

is an anticyclonic mesoscale eddy propagating through the WCS, and attenuated 

when a cyclonic eddy propagates through the WCS. The number and frequency of 

cyclonic gyres in the inner GoH and northern coast of Honduras are influenced by 

the frequency, strength, and nature (cyclonic/anticyclonic) of the mesoscale 

eddies passing through the WCS, with as many as five cyclonic eddies present in 

the GoH at times, which reduces to three at other times. 

 

 This study was the first step in testing the sensitivity of the WCS model to the 

basic forcing fields under idealized conditions, so the influence of each element can be 

evaluated. Future studies now underway will add more realistic features such as high 

frequency wind variations, surface heat fluxes and extending the domain beyond the 

barrier reef, so that longer simulations and more detailed direct comparisons with 

observations will be possible. 
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Appendix A 

 

The 3D governing equations (after dropping the asterisks) may be written as, 
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where U, V are horizontal velocities (m s-1); ω is the transformed sigma coordinate 

vertical velocity (m s-1); f is Coriolis parameter (s-1); g is gravitational acceleration (9.81 

m s-2); ρo is reference density (1025 kg m-3); ρ’=(ρ -1000)/ ρo is non-dimensional 

density; KM is vertical kinematic viscosity (m2 s-1); KH is vertical diffusivity (m2 s-1); T is 

potential temperature (oC); R is short wave radiation flux (m s-1 K); S is salinity (psu); q2 

is twice the turbulence kinetic energy (m2 s-2); l is turbulence length scale (m); 

 is the wall-proximity function, where   ˜ W = 1+ E2(A / kL) L−1 = (η − z)−1 + (H − z)−1, E2 

is a constant (1.33), and k is von Karman constant (0.4); E1, E3 are constants; and B1 is a 

turbulence closure constant. The transformation of ω to the Cartesian vertical velocity is 

achieved through 
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The horizontal viscosity and diffusion terms are defined according to 
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Also, 
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qx ≡  AH
∂φ
∂x

 ,      qy ≡  AH
∂φ
∂y

                                                                              (A12a,b) 

φ represents T, S, q2 or q2  ; AA M is horizontal kinematic viscosity (m2 s-1); and AH is 

horizontal heat diffusivity (m2 s-1). 

 

 The 2D external mode equations are obtained by integrating the internal mode 

equations over the depth. The equation for the surface elevation is written as  
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The overbars denote vertically integrated velocities such as 
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The wind stress components are (0)  and (0)wu wu− < > − <

( 1)wu− < − >

> , and the bottom stress 

components are . The quantities  and  are defined 

according to 

( 1)  and wu− < − > xF� ˜ F y
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The so-called dispersion terms are defined according to                      
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Table 1. Details of forcing functions and altimeter initial conditions used in the eight 

simulation cases. The wind field is climatological monthly means from COADS. 

Simulations 3, 6, and 7 included altimetry data from 1998. Simulation 8 included 

altimetry data from 1999. 

 

Simulation # Forcing Function Initial Condition 

 25 Sv flow-

through 

Winds Tides SSH anomalies (eddies) 

 

1 √ --- --- --- 

2 √ √ --- --- 

3 √ --- --- √ 

4 √ --- √ --- 

5 √ √ √ --- 

6 √ --- √ √ 

7 √ √ √ √ 

8 √ √ √ √ 
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Table 2. Observed harmonics and modeled harmonics from Simulation 4, at six stations 

along the MBRS. 

 

 
Observed 
harmonics Modeled harmonics 

 
Difference 

 H (cm) Epoch (G) H (cm) Epoch (G) H (cm) Epoch (G)
Puerto Morelos (20o 52’ N and 86o 52’ W) (Station F)   

O1 2.4 347 2.2 333  0.2  14
K1 0.5 254 2.9 268 -2.4 -14
N2 2.5 27 2.1 70  0.4 -43
M2 7.1 52 6.6 52  0.6    0
S2 2.6 44 2.4 24  0.2  20

Lighthouse (17o 26’ N and 87o 26’ W) (Station E)   
O1 2.2 346 2.3 334 -0.1  13
K1 1.9 268 2.8 267 -0.9    1
N2 2.2 67 2.2 70     0  -3
M2 6.5 84 6.8 82 -0.3   2
S2 2.8 50 2.2 27  0.6  23

Belize City (17o 28’ N and 88o 12’ W) (Station D)   
O1 3.2 332 2.4 333  0.8  -1
K1 2.3 279 2.8 268 -0.5 11
N2 3.5 76 2.2 70  1.3   6
M2 8.0 84 6.8 82  1.2   2
S2 3.2 36 2.3 27  0.9   9

Gladden (16o 32’ N and 87o 59’ W) (Station C)    
O1 2.4 331 2.3 334  0.1  -3
K1 2.7 281 2.9 269 -0.2  12
N2 2.3 61 2.2 71  0.1 -10
M2 5.8 87 7.1 91 -1.3  -4
S2 3.0 49 2.3 29  0.7  20

Sapodilla (16o 9’ N and 89o 14’ W) (Station B)    
O1 2.3 326 2.3 335    0  -9
K1 2.8 262 2.8 268    0  -6
N2 2.4 71 2.2 70  0.2   1
M2 6.1 88 7.2 94 -1.1  -6
S2 2.7 54 2.4 24  0.3 30

Puerto Cortes (15o 50’ N and 87o 57’ W) (Station A)   
O1 2.5 327 2.3 335  0.2  -8
K1 2.9 269 2.8 268  0.1    1
N2 2.3 71 2.2 71  0.1    0
M2 5.9 86 7.3 98 -1.4 -12
S2 2.3 24 2.2 29  0.1   -5
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List of Figures 

 

Figure 1. Model domain of the West Caribbean Sea. A (Puerto Cortes), B (Sapodilla), C 

(Gladden Spit), D (English Cay), E (Lighthouse Reef), and F (Puerto Morelos) are 

stations for which some of results are discussed. 

 

Figure 2. Grid used in the West Caribbean Sea model. The model has 20,301 grids, with 

grid sizes ranging from 3 km – 8 km. 

 

Figure 3. (a) Original bathymetry as interpolated from the Digital Terrain Model. (b) 

Bathymetry after manual correction along the western boundary. 

 

Figure 4. Observed and modeled water levels at Gladden Spit, Belize for the time period 

21 Apr – 11 May 1998. 

 

Figure 5. Observed (dotted line) and modeled (a) temperature and (b) salinity profiles off 

Gladden Spit during the month of May.  

 

Figure 6. (a) 30-day mean elevations in the WCS for Simulation 1 (base flow). (b) 30-day 

mean elevations in the WCS for Simulation 7 (all forcing functions with eddy 

initialization). (c) Root mean square (RMS) of elevations in the WCS for Simulation 1 
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(base flow). (d) RMS of elevations in the WCS for Simulation 7 (all forcing functions 

with eddy initialization). 

 

Figure 7. 20-day modeled progression of the 1999 anticyclonic eddy. Each figure is 

separated by five days. 

 

Figure 8. (a) Observed and (b) modeled sea surface height and velocity anomalies after 

30 days of model execution, Simulation 7. 

 

Figure 9. (a) Observed and (b) modeled sea surface height and velocity anomalies after 

30 days of model execution, Simulation 8. 

 

Figure 10. (a) Area-averaged mean surface kinetic energy in the WCS as a function of 

time. (b) Area-averaged eddy surface kinetic energy in the WCS as a function of time. 

Solid line: tides; Dash-dot: Base; Dotted line: Eddies (1998); Dashed line: Winds; 

Diamonds: Base+Tides+Winds+Eddies (1998) for figures a and b. (c) Area-averaged 

mean surface kinetic energy in the WCS as a function of time. (d) Area-averaged eddy 

surface kinetic energy in the WCS as a function of time. Solid line: tides; Dash-dot: Base; 

Dotted line: Eddies (1999); Dashed line: Winds; Diamonds: Base+Tides+Winds+Eddies 

(1999) for figures c and d. 
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Figure 11. Velocity vector plots at Lighthouse Reef. (a) T: tides only (Simulation 4); (b) 

All: tides+winds+eddies (Simulation 7). 

 

Figure 12. Velocity vector plots as Fig. 11, but for Gladden Spit. 

 

Figure 13. (a) v-velocities at Lighthouse Reef for base flow (solid line), 1998 eddy 

simulation (dashed line), and 1999 eddy simulation (dash-dot line). (b) v-velocities at 

Gladden Spit for base flow (solid line), 1998 eddy simulation (dashed line), and 1999 

eddy simulation (dash-dot line). 
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