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about 40 0 m . A t depth s greate r tha n 100 0 m , th e horizonta l variation s o f

elimatological monthly mean salinity are relatively small.

Model Results

We integrate the nested-grid system for eleven years fro m th e beginning of 1990

to the end of 2000 and discuss the model results of the last ten years in this paper.

Figures 6 and 7 show the instantaneous near-surface (1 m) and sub-surface (450 m)

currents and temperature a t day 450 (March 26, 1992) produced by the nested-grid

system. Th e near-surface circulation produced b y the oute r mode l a t thi s tim e i s

characterized by a persistent through flow known as the Caribbean Current, which is

relatively broad and roughly westward in the central an d eastern Colombian Basin

(Figure 6a). The Caribbean Current bifurcates befor e reaching th e Nicaragua Rise ,

with a  weak branch veerin g southwestward t o for m th e cyclonic, highl y variabl e

Panama-Colombia Gyre in the southwestern Caribbean Sea. The main branch of the

Caribbean Current turns northwestward and flows along the outer flank of Nicaragua

Rise t o for m a  narrow offshor e flo w running westward an d then northward t o the

Gulf of Mexico. The sub-surface circulation in the WCS at day 450 (Figure 7a) has

several large-scale cyclonic gyres in the Colombian Basin, an intense westward flow

entering the Cayman Basin fro m Windward Passage, and strong northwestward flow

entering the MBRS from the Colombian Basin through the deep channel between

Nicaragua Rise and Jamaica.

The near-surfac e circulatio n produce d b y th e intermediate-resolution middl e

model a t day 450 has strong and broad westward currents over the MBRS (Figure

6b). The westward currents bifurcate befor e reaching the Belize Barrier Reef , with

the main branch flowing northward along the eastern coast o f Belize, an d a small

branch flowin g southwar d t o th e Gul f o f Honduras . Th e sub-surfac e current s

produced b y the middl e mode l have a  large-scale cyclonic recirculation ove r th e

southern MBRS (Figure 7b). A comparison of Figures 6 and 7 demonstrates that the

middle model results have similar large-scale circulation features as the outer model

resultŝ  with more small-scale features resolved by themiddle model.

The fine-resolution inne r mode l produce s muc h mor e small-scale circulatio n

features affecte d b y th e loca l topograph y ove r th e B  S (Figures 6 c an d 7c) , i n

comparison with the outer and middle model results. The currents produced by the

inner model a t day 450 are roughly southwestward a t 1  m and northward a t 450 m

on m e shel f regio n an d dee p water s aroun d Turneff e Islands t Th e near-surfac e

temperature produced by the inner model is relatively uniform and about 24°G over

the deep-water^ and-slightly warmer over the coastal shallow region of the BS¿
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Figure 6 . Near-surface ( 1 m ) currents an d temperature a t da y 45 0

(March 26 , 1992 ) produce d b y th e (a ) oute r model ; (b ) middl e

model, an d (c ) inner model . Velocity vector s ar e plotted a t every

third model grid point.

Figures 8  and 9 present the near-surface (1 m) and sub-surface (450 m) monthly

mean currents i n February, May, August, an d November, calculated fro m 10-yea r

(1991-2000) results produced by the outer model. The monthly mean currents in the

four months are characterized by the persistent Caribbean Current flowing fro m th e

eastern Colombia n Basi n t o th e wester n sid e o f th e Yucata n Channe l an d th e

Panama-Colombia Gyr e ove r th e southwester n CS . Th e Caribbea n Curren t i s

relatively narrowe r an d stronge r i n Augus t tha n i n th e othe r thre e months . Th e

Panama-Colombia Gyr e i s highl y variable , whic h qualitativel y agree s wit h th e

previous findings based on the satellite altimetry data (Nystuen and Andrade 1993;

Andrade and Barton 2000) and near-surface drifter data (Fratantoni 2001).
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Figure 7. Sub-surface (450 m) currents and temperature at day 450
produced b y the (a ) outer model; (b ) middle model, and (c ) inner
model. Velocity vectors are plotted at every third model grid point.

The main features o f the monthly mean circulation produced by the outer model

are i n good ; agreement wit h thos e produce d b y Shen g and ^ Tang (2003) usin g a

single-domain mode l fo r the sam e region and climatologieal monthly mean wind

forcing, and are also m good agreement with the current knowledge of the generals

circulation i n the WC S (Mauly 1993; Mooers and Maul, 1998; Johns e t al., 2002;

Ezer étal;, 2003; Ezer et al., 2005).
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The monthly mean near-surface (1m ) temperatures produced by the outer model

in the four months (now shown) are horizontally uniform in the central CS and about

25°C in February, 27° C in May and November, and 28°C in August. There is a pool

of cold waters i n the surfac e laye r over the Campeche Bank off northern Yucatan

Peninsula. Thi s pool o f cold waters i s produced by the intense coastal upwellin g

occurring in the area. Th e monthly mean near-surface salinity in the fou r months is

horizontally uniform in the central WCS, with relatively salty waters in the eastern

Cayman and Yucatan Basins and fresh waters in the southern Yucatan Basin.

Figure 8. Monthly mean near-surface (1m ) currents calculated from

10-year results fro m 1991 to 2000 produced by the outer model i n

(a) February ; (b ) May ; (c ) August ; an d (d ) November . Velocit y

vectors are plotted at every four model grid point.
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Figure 9 . Monthl y mea n sub-surfac e (45 0 m ) current s calculate d
from 10-year results from 1991 to 2000 produced by the outer model
in (a ) February; (b ) May; (c) August; an d (d ) November. Velocity
vectors are plotted at every four model grid point.

The sub-surfac e temperature s a t 45 0 m  hav e larg e seasonal variability , wit h

relatively stronge r cross-shelf gradient s ove r th e wester n side s o f Cayma n and ,

Yucatan Basins i n August than i n February (Figures 10). I n comparison with the

temperature climatology, the model results maintain reasonably well the horizontal

gradients of the sub-surface temperature in the region, particularly over the western

Cayman and Yucatan Basins.

The 3D'temperature and salinity produced by the outer model are used to calculate

the domain-averaged temperatur e an d salinity an d associated standard deviations

with respect to the: domain means at each depth in the fou r months (Figure 11). In ;

comparison with the climatological hydrographie data in Figure 5, the outer model

reproduces reasonabl y wel l th e vertica l structur e o f th e domain-averaged ?

temperature and/associated horizontal variations in the WGS. Th e outer model also -

reproduces reasonably wel l th e vertical structur e of  th e domain-averaged salinit y
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and associated horizontal variations at depths greater than 1000 m, but less well in

the top 1000 m. Plausible explanations fo r the model deficiency in simulating th e

domain-averaged salinity i n the top 1000 m include the application of the restoring

boundary condition s fo r th e surfac e salinit y an d simpl e vertica l mixin g

parameterizations used in the model.

FigurelO. Monthly mean sub-surface (450 m) temperature calculated

from 10-yea r result s fro m 199 1 to 200 0 produce d b y th e oute r

model.

To quantif y th e temporal variability o f the circulation h i the WCS, I follo w

Sheng and Tang (2003) and calculate the root-mean-square (rms) values of a^ (=

(au
2
+av

2
)

1/2
) at each grid point fro m th e 10-year model results. Here a uand av

are respectively the rms values of the eastward and northward components of the

currents wit h respect t o th e decadal means . Figur e 12 a demonstrates tha t th e

temporal variabilities of the near-surface currents produced by the outer model

are large in the WCS, particularly over the southwestern Colombian Basin, with
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a maximum valu e o f a|U| o f abou t 1 8 c m s"
1
. Th e larg e rm s values ove r th e

southern Colombia n Basi n ar e associate d mainl y wit h th e highl y variabl e

Panama-Colombian Gyre. Th e rms values of the near-surface currents are also

large ove r th e MBRS , wit h a  maximu m valu e o f Q| U| o f abou t 1 2 c m s"
1
,

indicating tha t the Caribbean Curren t has significan t temporal variability ove r

the region. I n comparison with the near-surface results, the rms values o f sub-

surface currents at 140 m (Figure 12b) are relatively smaller, but still significant

particularly ove r th e southwestern Colombian Basi n an d MBR S region . Th e

typical rms values of the sub-surface currents are about 6 cm s"
1
 over the MBRS

and about 10 cm s"
1
 over the southwestern Colombian Basin.

Figure 11 . Vertica l profile s o f domain-average d monthl y mea n
temperature an d salinit y produce d b y th e oute r mode l i n (a )
February; (b ) May ; (c ) August ; an d (d ) November. Th e erro r ba r
represents 2  standard deviations with respect to the domain mean at
eachdëpth.

To assess'the performance of the nested-grid system* the decadakmean currents at

16m produced by the outer and middle models are compared with the decadal-mean
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currents inferred by Fratantoni (2001) fro m trajectories of the satellite-tracked 15- m

drogued drifter s mad e durin g the 1990 s (Figure 13) . The nested-grid oute r model

reproduces reasonably well the large-scale features  o f the observed currents in the

WCS, including the persistent Caribbean Current and the intense Panama-Colombia

Gyre (Figure 13a) . Th e middl e mode l results als o reproduce reasonably wel l th e

observed currents in the southern MBRS.

Figure 12. Th e root-mean-square values of O|U| (in units of cm s"
1
) of

model currents a t (a ) 1  m; an d (b) 14 0 m calculated fro m 10-yea r

results produced by the outer model.

Figure 13 . Comparison o f modele d (soli d arrows ) an d observe d

(open arrows) currents (a ) i n the WC S and (b) in the MBRS. The

modeled currents are the decadal mean currents at 16 m produced by

the nested-grid oute r and middle models respectively. The observed

currents ar e th e gridde d decada l mea n current s durin g th e 1990 s

inferred fro m trajectories by Fratantoni (2001).
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Summary and conclusio n

A tripl y nested-gri d ocea n modelin g syste m wa s use d t o stud y th e three -

dimensional ocean circulation and water mass distributions on the Meso-American

Barrier Ree f Syste m (MBRS ) o f th e northwestern Caribbean Sea. The two-wa y

nesting technique base d o n th e smoothe d semi-prognostic metho d (Shen g e t al. ,

2005) was used to exchange information between sub-components o f the system.

The main advantage o f this nesting technique i s that i t prevents unrealistic drif t o f

the middle and inner models by adjusting large-scale circulations produced by the

two models using the outer and middle model results, respectively, while the model

temperature and salinity of the nested-grid model are fully prognostic.

The nested-gri d syste m wa s force d b y th e 6-hourl y NCE P win d forcin g an d

monthly mea n se a surfac e hea t an d freshwate r fluxes . Th e syste m simulate s

reasonably well the general circulation in the WCS during the 10-year period fro m

1991 to 2000. The monthly mean near-surface circulation in the MBRS produced by

the system i s characterized b y a strong and persistent northwestward flow over the

MBRS> as a direct result of the interaction between the strong, directional Caribbean

Current, and weak, spatially variable currents in the southern and inner Belize shelf.

The upper-ocean circulation produced by the system also has significant spatial and

temporal variability over the MBRS.
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