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ABSTRACT

A three-dimensional ocean circulation model is used to study circulation and month-to-month variability in
the western Caribbean Sea. The domain covers the area between 728 and 908W and between 88 and 248N, with
a horizontal resolution of roughly 18 km. The western Caribbean Sea model is forced by the monthly mean
Comprehensive Ocean–Atmosphere Data Set (COADS) wind stress and surface heat flux and monthly mean
volume transports through the model open boundaries calculated by a (1/3)8 Atlantic Ocean model. The model
sea surface salinity is restored to the monthly mean climatology. The semiprognostic method suggested by Sheng
et al. is used to reduce the model errors by assimilating the hydrographic data into the momentum equations.
The model reproduces many well-known circulation features in the region, including the warm and persistent
throughflow known as the Caribbean Current, the highly variable Panama–Colombia Gyre, and moderate seasonal
variations of temperature and salinity in the surface mixed layer. The overall features of the model-calculated
10-yr mean near-surface circulation are in good agreement with the decadal-mean currents inferred from the
trajectories of the satellite-tracked 15-m drogued drifters by Fratantoni. The vertical distributions of the time-
mean model currents across the Yucatan Strait qualitatively agree with the time-mean observed currents made
by Sheinbaum et al. The model results demonstrate that nonlinear dynamics play a very important role in
simulating month-to-month and mesoscale variability in the western Caribbean, particularly over the southern
Colombian Basin and eastern Cayman and Yucatan Basins. The monthly varying wind stress and boundary
flows also play an important role in simulating general circulation and variability in the region. The monthly
varying surface heat and freshwater fluxes are largely responsible for the seasonal cycle of temperature and
salinity in the surface mixed layer.

1. Introduction

The Caribbean Sea (hereinafter CS) is the largest mar-
ginal sea of the Atlantic Ocean, separated from the main
Atlantic basins by an island-studded enclosure. The CS
is connected to the North Atlantic Ocean via the Lesser
Antilles and Windward Passages to the east and the Gulf
of Mexico via the Yucatan Strait to the north. It consists
of a succession of five basins: the Grenada, Venezuelan,
Columbian, Cayman, and Yucatan Basins. The CS has
a surface extension of about 2.52 3 106 km2 and volume
of about 6.48 3 106 km3 (Gallegos 1996). Its surface
area is roughly twice as large as that of the Gulf of
Mexico. Its volume is roughly twice as large as that of
the Mediterranean Sea. The highly variable bottom to-
pography and remarkably irregular coastline of the CS
significantly affect the physical processes at work in the
region.

The CS waters are highly stratified in the upper 1200
m, weakly stratified between 1200 and 2000 m, and
nearly homogeneous below 2000 m (Wust 1964). Water
temperature in the top mixed layer has moderate sea-
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sonal variations. The CS surface waters are also affected
by freshwater runoff from three major rivers known as
the Magdalena, Orinoco, and Amazon Rivers, the annual
mean discharges of which are about 7.5 3 103, 3.9 3
104, and 1.7 3 105 m3 s21, respectively (Muller-Karger
1993; Mooers and Maul 1998). The Magdalena River
discharges directly into the CS and interacts with the
circulation in the southwestern CS. The Orinoco River
plume flows first northward along the South American
coast and then influences the islands of the southern
Lesser Antilles. During the high runoff period, a sig-
nificant amount of the Orinoco estuarine waters enter
the southern CS through the southernmost passages of
the Antilles and continue on the west-northwestward
drift. The Amazon River plume influences the CS main-
ly during boreal winter and spring. In summer and fall,
much of the Amazon River plume flows offshore toward
Africa, playing a lesser role in driving the circulation
in the CS.

The CS is under the influence of the southwestern
quadrant of the North Atlantic trade winds, which are
geostrophically balanced and well established in sum-
mer (Mooers and Maul 1998). As a result, the average
winds over the Caribbean region are persistent both in
direction and magnitude (3.5–10.5 m s21; Gallegos
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1996). On average, easterly or northeasterly winds pre-
vail over the region in winter and easterly or south-
easterly winds prevail in summer. Frequent interruptions
to the trade winds are the tropical storms and hurricanes
in summer and autumn and weekly eastward cold-front
passages over the northern CS in winter.

General circulation and water mass distributions in
the CS have been studied for more than a hundred years
(Wust 1964; Gordon 1967; Worthington 1976; Roem-
mich 1981; Gallegos 1996; Murphy et al. 1999; Johns
et al. 2002). A reader is referred to Kinder et al. (1985),
Maul (1993), and Mooers and Maul (1998) for com-
prehensive overviews of the regional oceanography in
the region. The upper-ocean circulation in the CS is
dominated by a warm and persistent throughflow known
as the Caribbean Current. The Caribbean Current flows
westward about 200–300 km off the northern coast of
South America and then northward along the eastern
coast of Central America. It becomes known as the Yu-
catan Current as it flows through the Yucatan Channel
and then becomes known as the Loop Current as it
penetrates northward in the eastern Gulf of Mexico
(Mooers and Maul 1998). The other important circu-
lation features include the highly variable Panama–Co-
lumbia Gyre in the southwestern CS, where it interacts
with the estuarine plume of the Magdalena River.

The main objective of this paper is to examine the
ocean circulation and temperature–salinity distributions
and their seasonal and month-to-month variability in the
western Caribbean Sea (WCS) using a three-dimen-
sional primitive equation ocean circulation model. Our
study is motivated by an increasing demand for pro-
tecting marine ecosystems in the CS. The shallow-water
tropical ecosystems that consist of coral reefs, man-
groves, estuaries, and seagrass beds are major natural
resources in the region. These unique marine ecosystems
have been significantly affected by natural and anthro-
pogenic activities such as eutrophication of coastal wa-
ters, excessive terrestrial runoff, and sedimentation from
deforestation. The ocean circulation model presented in
this paper will be used to develop a high-resolution
coupled physical–biological modeling system for the
Meso-American Barrier Reef System (MBRS) from the
Bay Islands of Honduras to the southern half of the
Yucatan Peninsula. This coupled modeling system will
then be used to study the ecological connections among
reefs in the MBRS.

Various numerical methods and models have been
applied to the CS in the past. Gordon (1967) and Roem-
mich (1981) estimated the large-scale circulation from
observed hydrographic data in the CS using the geo-
strophic method and inverse method respectively. Kind-
er et al. (1985) used a reduced-gravity ocean model to
study the formation and propagation of mesoscale ed-
dies in the upper ocean of the southeastern Caribbean
Sea. Hurlburt and Townsend (1994) applied the Naval
Research Laboratory layered ocean model (NLOM) to
the CS and the Gulf of Mexico. Mooers and Maul (1998)

applied the terrain-following Princeton Ocean Model to
the Intra-Americas Sea (IAS) and forced the model with
the monthly mean wind stress developed by Hellerman
and Rosenstein (1983) and volume transports across the
model open boundaries. Their model results reproduce
many major features of the general circulation and me-
soscale variability in the IAS. Murphy et al. (1999) re-
cently applied the NLOM to the IAS and examined the
connectivity of the CS eddies with the Atlantic Ocean
and the Gulf of Mexico. They forced the NLOM using
the daily European Centre for Medium-Range Weather
Forecasts (ECMWF) winds and boundary flows, with
the model density relaxed to annual mean climatological
density. Their model results demonstrate the dominant
role of the mesoscale eddies in the geostrophically bal-
anced surface layer variability of the CS circulation and
connectivity between the North Brazil Current and eddy
generation in the eastern Caribbean. Most recently,
Johns et al. (2002) applied the NLOM to the Atlantic
Ocean from 208S to 658N and forced the model with
Hellerman and Rosentein’s monthly mean wind and vol-
ume transports through the southern and northern model
open boundaries. In this study, a three-dimensional
primitive equation z-level ocean model is applied to the
WCS with a horizontal resolution of about 18 km. In
addition, the semiprognostic method suggested by
Sheng et al. (2001) is used to reduce the model drift.
The limited-area WCS ocean circulation model, together
with the semiprognostic method, is used to examine the
response of the western Caribbean Sea to the local wind
stress, sea surface heat and salinity fluxes, and remotely
generated flows that enter the study region through the
Windward Islands Passages.

The arrangement of this paper is as follows. The next
section introduces the ocean model and semiprognostic
method. Section 3 discusses the monthly mean clima-
tology used to drive the model. Section 4 presents the
model results and section 5 presents the model sensi-
tivity studies. The final section is a summary and con-
clusions.

2. The ocean circulation model and semiprognostic
method

The ocean circulation model used in this study is the
three-dimensional primitive equation z-level ocean
model known as CANDIE (Canadian version of
DieCAST; Sheng et al. 1998). It is an outgrowth of the
DieCAST model developed by Dietrich et al. (1987).
CANDIE has been subjected to rigorous testing (D.
Wright 2002, personal communication) and successfully
applied to various modeling problems on the shelf, in-
cluding wind-driven circulation over an idealized coast-
al canyon (Sheng et al. 1998), a density-driven coastal
current (Sheng 2001), tidal circulation in the Gulf of
St. Lawrence (Lu et al. 2001), and wind-driven circu-
lation over a stratified coastal embayment (Davidson et
al. 2001). Most recently CANDIE has been applied to
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FIG. 1. Selected bathymetric features within the model domain of the western Caribbean Sea
model. Abbreviations are used for the northern Haiti Transect (NHT), Windward Passage (WP),
Beata Ridge Transect (BRT), Venezuela (VE), Beata Ridge (BR), Yucatan Channel (YC), Yucatan
Strait (YS), Gulf of Honduras (GOH), and Nicaragua Rise (NR). Contours are labeled in meters.
The four sites marked by solid triangles are chosen to present model results.

the northwestern Atlantic Ocean from northern Labrador
to Maine by Sheng et al. (2001). The reader is referred
to the appendix for governing equations and subgrid-
scale mixing parameterizations used in CANDIE.

The model covers the WCS between 728 and 908W
and between 88 and 248N (Fig. 1) using the ETOPO5
bathymetry, a gridded elevation/bathymetry for the
world complied by the U.S. National Geophysical Data
Center, National Oceanic and Atmospheric Administra-
tion. The model resolution is one-sixth of a degree in
longitude (about 18 km), with the grid spacing in lati-
tude chosen so that, when measured in kilometers, the
grid spacing in the northward and eastward directions
remains equal at all latitudes. There are 31 unevenly
spaced z levels with the centers of each level located at
5, 16, 29, 44, 61, 80, 102, 128, 157, 191, 229, 273, 324,
383, 450, 527, 615, 717, 833, 967, 1121, 1297, 1500,
1733, 2000, 2307, 2659, 3063, 3528, 4061, and 4673
m, respectively.

The WCS model in the control run is initialized with
the January mean climatological temperature and salin-
ity fields and forced by monthly mean surface wind
stress and heat flux, and flows through the model open
boundaries. The net heat flux through the sea surface
(Qnet) is expressed as (da Silva et al. 1994)

clim clim modelQ 5 Q 1 b(SST 2 SST ),net net (1)

where is the monthly mean Comprehensive Ocean–climQnet

Atmosphere Data Set (COADS) net heat flux interpo-
lated onto the model grid and taken from da Silva et al.
(1994) and b is the coupling coefficient defined as
Dz1rocp/tQ, where Dz1 is the thickness of the top z level,
cp is the specific heat, and tQ is the restoring timescale,
which is set to 15 days. The implied value of b is about
35 W m22 K21, which is comparable to values calculated
from observations (e.g., Haney 1971). The salinity in
the top 10 m is restored to monthly mean climatology
with a timescale of 15 days.

At the model lateral closed boundaries, the normal
flow, tangential stress of the currents and horizontal
fluxes of temperature and salinity are set to zero (free-
slip conditions). Along the model open boundaries, the
normal flow, temperature, and salinity fields are cal-
culated using the method similar to the adaptive open
boundary conditions suggested by Marchesiello et al.
(2001). It first uses an explicit Orlanski radiation con-
dition (Orlanski 1976) to determine whether the open
boundary is passive (outward propagation) or active
(inward propagation). If the open boundary is passive,
the model prognostic variables are radiated outward to
allow any perturbation generated inside the model do-
main to propagate outward as freely as possible. If the
open boundary is active, the model prognostic variables
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FIG. 2. Climatological monthly mean temperature and salinity at 383 m in the western Caribbean Sea in (a), (b)
Feb and (c), (d) Aug, gridded from the hydrographic data compiled by the NODC using the Barnes algorithm.

at the open boundary are restored to the monthly mean
climatologies at each z level with the timescale of 15
days. Furthermore, the depth-mean normal flow across
the model open boundaries are set to be the monthly
mean results produced by a (1/3)8 Atlantic model to be
discussed in section 3.

To reduce model drift, the semiprognostic method
suggested by Sheng et al. (2001) is used in this study.
It is a method to adiabatically adjust the momentum
equations of an ocean circulation model to correct for
the model errors associated with the physical processes
that are not correctly represented by the model equa-
tions. The adjustment is accomplished by replacing the
density term in the hydrostatic equation by a linear com-
bination of model-computed (rm) and climatological
(rc) density: arm 1 (1 2 a)rc, where a is a linear
combination coefficient [Eq. (A4) in the appendix]. The
procedure corresponds to adding a forcing term to the
momentum equation through the computation of the
horizontal pressure gradient terms. The method is hence
adiabatic, leaving the temperature and salinity equations
unconstrained and fully prognostic. The reader is re-

ferred to Sheng et al. (2001) for the choice of a. In this
paper, we follow them and set a to 0.5.

3. Monthly mean hydrography and model forcing

The monthly mean climatologies of temperature and
salinity were gridded from the hydrographic data com-
piled at the National Oceanographic Data Center
(NODC) using the Barnes algorithm. Barnes’s algorithm
is one of the more effective successive-correction meth-
ods used for example in mesoscale analysis of radar and
satellite data. As the number of iterations increases the
interpolated values approach the observations (Daley
1991).

The subsurface waters at 383 m in February and Au-
gust (Fig. 2) are characterized as relatively cold and
fresh over the southwestern CS off Panama and Colom-
bia, warm and salty over the shelf seas off Cuba, and
large temperature and salinity gradients along the path-
way of the Caribbean Current that flows from the north-
ern Colombian to the western Cayman and Yucatan Ba-
sins. Furthermore, the upper-ocean salinity in August
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FIG. 3. Vertical profiles of the domain-averaged climatological monthly mean temperature and salinity (gridded from
the hydrographic data compiled by the NODC using the Barnes algorithm) and the rms values with respect to the
domain means at each depth in the western Caribbean in (a) Feb and (b) Aug. The length of the error bar represents
2 std dev.

has larger horizontal variations than in February, due
mainly to larger freshwater discharges from the Mag-
dalena River in summer and autumn than in the other
two seasons.

The water column in the region, on average, can be
described as a four-layer system (Fig. 3): a warm and
relatively fresh surface mixed layer of less than 100-m
depth, a relatively warm and salty subsurface layer cen-
tered at roughly 200 m, a relatively cold and fresh in-
termediate layer centered at roughly 700 m, and a nearly
homogeneous deep layer below 2000 m (Gallegos 1996;
Mooers and Maul 1998). To quantify horizontal varia-
tions of gridded monthly mean hydrography in the
WCS, we calculate the domain-averaged temperature
and salinity and associated root-mean-square (rms) de-
viations with respect to the domain means at each z
level. A large rms value represents large spatial vari-
ability. Horizontal variations of the monthly mean tem-
perature in the top 100 m are small in February and
August (Fig. 3). By contrast, the monthly mean salinity
has relatively large horizontal variations in the surface
mixed layer, associated primarily with river discharges.
The monthly mean temperature and salinity in the sub-
surface and intermediate layers between 100 and 1000
m have relatively large horizontal variations. In the deep
layer of greater than 1500 m, the monthly mean tem-
perature and salinity are nearly homogeneous horizon-
tally.

Two types of forcings are used to drive the model in
this study. The first type is the climatological monthly
mean wind stress, and sea surface heat and freshwater
fluxes. The second type is the monthly mean volume
transport through Windward Islands Passages.

The climatological monthly mean COADS surface
wind stress and net heat flux with a 0.58 resolution (da
Silva et al. 1994) are used in this study. The monthly
mean wind forcing in the region is characterized by the
persistent southwestward wind stress in the Colombian
Basin and relatively weak (Fig. 4), roughly westward
wind stress over the Cayman and Yucatan Basins. The
wind stress in the western Caribbean, on average, is
relatively stronger in winter months and weaker from
August to October.

Surface heat fluxes over the WCS are negative (i.e.,
the ocean waters losing heat to the atmosphere) from
November to January, with larger heat losses in the
Cayman and Yucatan Basins than those in the Colom-
bian Basin. From April to September, the heat fluxes
are positive in the WCS, with relatively large heat gains
over the coastal area off Colombia in spring and sum-
mer, and Yucatan and Cayman Basins from later spring
to early summer. The surface heat fluxes in February
are negative over the western Caribbean, except for the
coastal areas of Panama and Colombia.

The WCS model has the eastern open boundary at
728W, comprising two meridional transects: (a) the Bea-
ta Ridge Transect between Haiti and Colombia and (b)
the northern Haiti Transect (Fig. 1). The depth-mean
flows through these two transects are specified based on
the monthly mean volume transport produced by a (1/3)8
ocean circulation model for the Atlantic Ocean using
the Family of Linked Atlantic Model Experiments
(FLAME; Dengg et al. 1999). The total volume trans-
port through the Windward Passage and Beata Ridge
Transect is roughly equal to the total transport through
the island arc known as the Windward Islands Passages
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FIG. 4. Climatological monthly mean COADS surface wind stress vectors and heat fluxes in (a) Feb and (b) Aug.
Positive heat fluxes mean ocean waters gain heat from the atmosphere. Contour intervals are 10 W m 22.

from Cuba to Trinidad. For the depth-mean boundary
flow across the northern Haiti Transect, on the other
hand, only the portion of the transport that enters
through the Windward Passage between Haiti and Cuba
affects the circulation in the WCS.

Considerable studies have been made in the past to
determine the mean volume transport through the Wind-
ward Islands Passages. Table 1 lists widely cited esti-
mates of the time-mean transports through three tran-
sects in the region: the Southern Windward Islands Pas-
sages (SWIP) between Haiti and Trinidad, Windward
Passage (WP), and Yucatan Strait (YS). The reader is
referred to Johns et al. (2002) for the latest review of
the various estimates. Based on the current-meter ob-
servations and numerical modeling experiments, Johns
et al. (2002) suggested that the time-mean transport is
about 18.4 Sv (1 Sv 5 106 m3 s21) for the SWIP and
7.4 Sv for the WP. In comparison, the time-mean trans-
port calculated by the FLAME is about 14.5 Sv for the
Beata Ridge Transect and 3.1 Sv for the Windward Pas-
sage. As a result, the depth-mean flow at the eastern
boundary in this study is the superposition of the
FLAME monthly mean results and a uniform westward
flow of 0.2 cm s21. The sensitivity of the model results
to the depth-mean flow specified at the eastern boundary
is discussed in section 5.

Sheinbaum et al. (2002) recently suggested the time
mean volume transport across the Yucatan Strait to be
only about 23.8 6 1 Sv (with 95% confidence interval),
which is about 10% smaller than other studies, Shein-
baum et al.’s estimate was based on the 10-month mean
observations made by 33 moored current meters and
eight bottom-mounted acoustic Doppler current profilers
(ADCP) deployed across the strait from September 1999
to June 2000. Although their measurements were the
most continuous and high-resolution observations made
in the strait, it is not clear whether their low transport

estimate across the strait reflects the interannual vari-
ability of the Yucatan Current, or indicates the systemic
overestimation of the transport across the strait made in
the previous studies. In this study, therefore, we follow
Johns et al. (2002) and consider the mean volume trans-
port across the Yucatan Strait to be about 26 Sv.

4. Model results

a. Time-mean circulation

We initialize the WCS model with January mean tem-
perature and salinity and force the model with monthly
mean wind stress, boundary transport, and surface heat
and freshwater fluxes (control run; see Table 2). We
integrate the model for 11 yr and calculate the time-
mean volume transport streamfunction from the model
results during the last 10 yr. The 10-yr mean circulation
(Fig. 5a) is characterized by a persistent throughflow
associated with the Caribbean Current in the northern
Colombian Basin and western Cayman and Yucatan Ba-
sins, and a cyclonic recirculation associated with the
Panama–Colombia Gyre in the southwestern CS. The
large-scale features of the mean transport streamfunc-
tion produced by the model compare very well with the
numerical results produced by Smith et al. (2000) and
Johns et al. (2002) for the WCS region. The time-mean
transport of the Caribbean Current is about 19 Sv over
the eastern Colombian Basin, and increases gradually
up to 23 Sv as flowing onto the western Yucatan Basin.
The westward flow through the Windward Passage has
a time-mean transport of about 7 Sv. The northward
transport through the Yucatan Strait is about 26 Sv. All
of the above mean transport values are consistent with
the current knowledge of the mean transport in the re-
gion (Table 1; see also Murphy et al. 1999; Johns et al.
2002).
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TABLE 1. Time-mean volume transport estimates (Sv) through the Southern Windward Islands Passages (SWIP), Windward Passage (WP),
and Yucatan Strait (YS). For other estimates, the reader is referred to the reviews made by Kinder et al. (1985) and Johns et al. (2002).

Source SWIP WP YS Methods

Model (1950)
Worthington (1976)
Gordon (1967)
Roemmich (1981)
Wunsch and Grant (1982)

27.2
20

26–33
22
20

0.8
10
,5
7
9

31
30
31
29
29

Estimated from current measurements
Defant’s dynamic method
Geostrophic calculation
Inverse method
Inverse method

Schmitz and Richardson (1991)
Hurlburt and Townsend (1994)
Johns et al. (2002)
Sheinbaum et al. (2002)

22
24.3
18.4

6.8
2.7
7.4

28.8
26.6
28.4
23.8

Estimated from current and temperature measurements
Numerical modeling
Estimated from current measurements
Estimated from current measurements

TABLE 2. List of six numerical experiments driven by different
combinations of annual mean (AM) and monthly mean (MM) forcing;
CR stands for control run.

Name of
run Wind stress

Model’s external forcing

Boundary
flows Heat flux

Freshwater
flux

CR
AMF
MWS
MBT
MHF
MSF

MM
AM
MM
AM
AM
AM

MM
AM
AM
MM
AM
AM

MM
AM
AM
AM
MM
AM

MM
AM
AM
AM
AM
MM

To demonstrate the importance of baroclinicity in the
region, we run the model with horizontally and verti-
cally uniform temperature and salinity (i.e., barotropic
run). We force this barotropic model by the monthly
varying wind stress and boundary flows only. We in-
tegrate the model for 11 yr and calculate the time mean
transport streamfunction from the last 10-yr model re-
sults (Fig. 5b). Except for the values over the areas
adjacent to the model open boundaries where the results
are affected strongly by the boundary conditions, the
mean transport streamfunction in the barotropic run fol-
lows the bathymetry much more closely than that in the
control run (Figs. 5a,b). It can be concluded, therefore,
that the baroclinicity plays a very important role in driv-
ing the general circulation in the WCS.

We now return to the model results in the control run.
The 10-yr mean near-surface circulation (Fig. 6) is dom-
inated by the Caribbean Current flowing from the east-
ern Colombian to the western Yucatan Basin and the
cyclonic Panama–Colombia Gyre in the southwestern
CS. In the central and eastern Colombia Basin, the near-
surface currents are relatively broad and almost west-
ward. The westward currents bifurcate before reaching
Nicaragua Rise, with one small branch veering south-
westward to form the Panama–Colombia Gyre. The
main branch turns northwestward and flows along the
outer flank of Nicaragua Rise to form a narrow offshore
flow running westward. This offshore flow then turns
northward as it approaches the Gulf of Honduras and
forms a very strong coastal jet running northward along
the east coast of Belize and Mexico. The northward

current through the western Yucatan Channel known as
the Yucatan Current is highly energetic, with a maxi-
mum near-surface speed of about 170 cm s21.

To examine the model performance, we compare the
10-yr mean near-surface currents produced by the model
with the decadal mean currents inferred from the ob-
served trajectories of near-surface drifters by Fratantoni
(2001) in the WCS. Based on roughly 1500 trajectories
of satellite-tracked, 15-m drogued drifters in the North
Atlantic Ocean from January 1990 to December 1999,
Fratantoni (2001) constructed a decadal mean near-sur-
face current field in the North Atlantic Ocean on a 18
grid. The 10-yr mean near-surface currents produced by
the model are in good agreement with the drifter-derived
currents in the WCS, particularly the speeds and direc-
tions of the Caribbean Current over the northern Colom-
bian Basin and western Cayman and Yucatan Basins
(Fig. 6). In the eastern sides of the two basins, both the
model-calculated and drifter-derived near-surface cur-
rents are relatively weak. The model results in the south-
western CS also agree qualitatively with the drifter-de-
rived currents, although the drifter-derived Panama–Co-
lombia gyre has a relatively larger cell than the one
produced by the model.

Sheinbaum et al. (2002) recently deployed eight
moorings across the Yucatan Strait from August 1999
to June 2000. Their moorings comprised 33 current me-
ters and eight bottom-mounted ADCPs. The basic struc-
ture of the 10-month mean observed currents consists
of the surface-intensified Yucatan Current flowing into
the Gulf of Mexico from the CS in the upper layer, weak
Yucatan Countercurrent flowing southward beneath it
over the western side of the strait, and southward flows
at the surface and at depth on the Cuban side (Fig. 7a).
The mean observed temperature has the upward cur-
vature of the isotherms in the top 500 m associated with
the northward Yucatan Current in the Mexican side and
southward countercurrent in the Cuban side (Fig. 7b).
The change in curvature of the isotherms in the deep
layer of greater than 600 m is associated with the Yu-
catan Countercurrents in the western side and Cuban
Countercurrent in the eastern side (Sheinbaum et al.
2002). The vertical distributions of the model-calculated
time-mean along-channel currents (Fig. 7c) and tem-
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FIG. 5. Mean volume transport streamfunctions (Sv) calculated from 10-yr model results. Contour intervals are 2
Sv. (a) The model is initialized by the Jan mean temperature and salinity and is forced by monthly varying wind
stress, boundary flows, and surface heat and freshwater fluxes using the semiprognostic method with a 5 0.5 (sem-
iprognostic run). (b) The model is initialized with uniform temperature and salinity that remain unchanged in time
and is forced by monthly varying wind stress and boundary flows only (barotropic run). (c) The model is initialized
and forced in the same way as in (a), but for a 5 1 (pure-prognostic run).

perature across the strait (Fig. 7d) are in qualitative
agreement with the observations made by Sheinbaum
et al. It should be noted that the model-calculated Yu-
catan Current is relatively stronger in the surface layer
and the model-calculated Yucatan Countercurrent is rel-
atively weaker than the observations made by Shein-
baum et al. on the western side of the strait.

b. Monthly mean circulation

We also calculate the monthly mean currents and tem-
perature/salinity from the 10-yr model results of the
control run. Figure 8 shows the comparison of the mod-
el-calculated and climatological monthly mean temper-
ature at five z levels at the four sites marked in Fig. 1.
The model results agree reasonably well with the month-
ly mean climatology in the top 100 m at these four sites,
indicating that the WCS model reproduces reasonably
well the seasonal cycle of temperature in the region.

The monthly mean near-surface currents at 5 m in
February and August have the overall circulation fea-
tures similar to the time mean near-surface circulation,
with the Caribbean Current flowing from the eastern
Colombian Basin to the western side of the Yucatan
Channel and the Panama–Colombia Gyre over the
southwestern CS (Figs. 9a,d). The Caribbean Current is
relatively weaker in February than in August. The Pan-
ama–Colombia Gyre in February is made up of an in-
tense cyclone over the shelf waters off Costa Rica and
Panama. In comparison, the Panama–Colombia Gyre in
August is made up of several cyclones of similar size
embedded in a larger but weaker cyclonic circulation
over the southwestern CS. The highly variable Panama–
Colombia Gyre produced by the model qualitatively
agrees with the previous findings based on the satellite
altimetry data (Nystuen and Andrade 1993; Andrade
and Barton 2000) and near-surface drifter data (Fratan-
toni 2001).
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FIG. 6. Comparison of modeled (solid arrows) and observed (open arrows) near-surface currents. The modeled
currents are the mean currents at the second top z level centered at 16 m computed from the 10-yr model results.
The observed currents are the gridded decadal-mean near-surface currents during the 1990s inferred from trajectories
of 15-m drogued satellite-tracked drifters by Fratantoni (2001) on a 18 grid.

The monthly mean near-surface temperature in Feb-
ruary and August is horizontally uniform in the CS and
about 268C in February and 288C in August (Figs. 9b,e).
There is a pool of cold waters in the surface layer over
the Campeche Bank off northern Mexico. This pool of
cold waters is associated with the intense coastal up-
welling occurring in the area (Ruiz Renteria 1979). The
monthly mean near-surface salinity in both 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. There
is a larger amount of low-salinity waters trapped over
the coastal areas off Panama and Colombia in August
than in February (Figs. 9c,f ).

The monthly mean subsurface circulation at 383 m
in February and August (Figs. 10a,d) has large-scale
features similar to the time-mean subsurface circulation.
Small-scale features over the Colombian Basin and Yu-

catan Channel are considerably different in these 2
months. The subsurface temperature and salinity at 383
m also have large seasonal variability, with relatively
stronger cross-shelf gradients over the western sides of
Cayman and Yucatan Basins in August than those in
February (Figs. 10b,e and 10c,f). In comparison with
the climatology shown in Fig. 2, the model results main-
tain reasonably well the horizontal gradients of the sub-
surface temperature and salinity in the region, particu-
larly over the western Cayman and Yucatan Basins.

c. Month-to-month and mesoscale variability

The WCS model generates not only large seasonal
variability discussed above, but also substantial month-
to-month and mesoscale variability in the region. The
model calculated subsurface currents and temperature
at 80 m (Fig. 11) exhibit several mesoscale eddies in
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FIG. 7. Time-mean observed (a) currents and (b) temperature across the Yucatan Strait from Aug 1999 to Jun 2000
(adapted from Sheinbuam et al. 2002), and the time-mean (c) currents and (d) temperature across the strait produced
by the model.

the WCS during the period from day 660 to 710 (30
October–20 December of the second model year). There
are two cyclonic eddies embedded in a large cyclonic
recirculation over the southwestern CS around day 660,
with two smaller-sized anticyclonic eddies to the south-
east. Water temperatures are relatively colder inside the
cyclones and warmer inside the anticyclones, as ex-
pected. The warm-core anticyclone near the coast of

Panama gradually translates northwestward, separating
the two cold-core cyclones around day 700. The west-
ward Caribbean Current over the northern Colombian
Basin is relatively broad and dynamically steady. Over
the eastern Cayman and Yucatan basins, however, there
are two intense warm-core anticyclones, both of which
translate gradually northwestward to the Yucatan Strait.

To quantify the month-to-month and mesoscale var-
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FIG. 8. Comparison of climatological (triangles) and model-computed (solid lines) monthly mean temperature at the
upper five z levels at the four sites shown in Fig. 1.

iability of the model results, we examine the root-mean-
square values of se and ss at each model grid point from
the second-year model results. Here se is defined as the
rms value of the model results with respect to the month-
ly mean and ss as the rms value of the monthly mean
results with respect to the annual mean. We use se to
measure the mesoscale variability with timescales of
less than 30 days and use ss to measure the month-to-
month variability with timescales of greater than 30
days. Taking the eastward component of the flow as an
example, we have

1/2t21
u 2s 5 (u 2 U ) dt and (2)e E m[ ]t 2 t2 1 t1

1/2t21
u 2s 5 (U 2 U ) dts E m a[ ]t 2 t2 1 t1

1/2121
2[ (U 2 U ) , (3)O m a[ ]12 m51

where Um (m 5 1, 2, . . . , 12) and Ua (51/12 Um)m512Sm51

are the monthly mean and annual mean values of u
respectively, and t1 and t2 are set to model day 360 and
720, separately.

We divide the WCS into the upper ocean (less than
90 m) and the lower ocean (greater than 90 m) and
calculate the vertically averaged rms values in the upper
and lower oceans separately, according to
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FIG. 9. Monthly mean near-surface (5 m) currents, temperature, and salinity in (left) Feb and (right) Aug, calculated from the 10-yr model
results in the control run. Contour intervals are 18C for temperature and 0.2 ppt for salinity. Velocity vectors are plotted at every third model
grid point.
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FIG. 10. Monthly mean subsurface (383 m) currents, temperature, and salinity in (left) Feb and (right) Aug, calculated from the 10-yr
model results in the control run. Contour intervals and velocity vectors are as for Fig. 9.
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FIG. 11. Snapshots of instantaneous temperature (color image) and currents (arrows) at 80 m during the period of days 660–710 (30 Oct–
20 Dec of the second year) in the control run. Time interval is 10 days.
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FIG. 12. Vertically averaged rms values of the monthly mean currents relative to the annual mean (^ &) in the| u |s s

top 90 m, calculated from the second-year model simulation. The model is driven by (a) monthly mean forcing (the
control run) and (b) AMF.

TABLE 3. Vertically averaged rms values of the monthly mean currents (^ &), temperature (^ &), and salinity (^ &) with respect to the| u | T Ss s ss s s

annual means in the upper ocean (depths less than 90 m: upper) and lower ocean (depths greater than 90 m: lower), calculated from the
second-year model simulations.

Model run

^ (cm s21)|u |s &s

Upper Lower

^ (8C)Ts &s

Upper Lower

^ & (ppt)Sss

Upper Lower

CR
AMF
MWS
MBT
MHF
MSF

9.14
4.65
5.89
5.96
4.95
4.25

3.91
1.92
2.06
2.38
1.91
1.83

0.77
0.09
0.15
0.14
0.63
0.10

0.32
0.16
0.18
0.20
0.17
0.16

0.12
0.03
0.04
0.03
0.03
0.07

0.04
0.02
0.02
0.02
0.02
0.02

z11
u u^s & 5 s dz, (4)(e,s) E (e,s)z 2 z2 1 z2

where z1 5 290 m and z2 5 0 for the upper ocean and
z1 5 2H and z2 5 290 m for the lower ocean, where
H is the local water depth. Similarly, we also compute
the vertically averaged rms values of ^ & and ^ &T Ss s(e,s) (e,s)

from the second-year model results of temperature and
salinity fields. For simplicity, we only consider the value
of ^ & in this paper, which is defined as| u |s (e,s)

.u 2 y 2Ï^s & 1 ^s &(e,s) (e,s)

The upper-ocean ^ & in the control run are rela-| u |s s

tively small over the northern Colombian Basin but con-
siderably large over the western Cayman and Yucatan
Basins (Fig. 12a), indicating that month-to-month var-
iability of the Caribbean Current is relatively weak in
the upper ocean over the Colombian Basin but strong
after passing the Nicaragua Rise. The upper-ocean
^ & are also relatively large in the southwestern Co-| u |s s

lombian Basin, associated mainly with large month-to-
month variability of the Panama–Colombia Gyre. The
domain-averaged value of ^ & in the control run is| u |s s

about 9.14 cm s21 for the upper ocean (Table 3) and
3.91 cm s21 for the lower ocean, which is about 40%
of the upper-ocean value. The domain-averaged values
of ^ & in the control run are 0.778 and 0.328C for theTs s

upper and lower oceans, respectively. The domain av-
eraged values of ^ & are about 0.12 ppt for the upperSs s

ocean and about 0.04 ppt for the lower ocean. In com-
parison with the upper-ocean results, the month-to-
month variability of temperature and salinity in the low-
er ocean is relatively small but not negligible.

To examine correlations between the seasonal vari-
ability of the model forcing and month-to-month vari-
ability of the model results, we conduct five additional
numerical experiments using different combinations of
monthly mean and annual mean wind stress, boundary
flows, and surface heat and freshwater fluxes (Table 2).
These five experiments are model simulations driven
respectively by (a) the annual mean (time invariant)
forcing in run AMF, and annual mean forcing except
for (b) the monthly varying wind stress in run MWS,
(c) monthly varying boundary transport in run MBT,
(d) monthly varying surface heat fluxes in run MHF,
and (e) monthly varying surface freshwater fluxes in
run MSF. The model parameters in these five experi-
ments are the same as those in the control run.

Since the model forcing in run AMF is time invariant
and the model drift is relatively small with the use of
the semiprognostic method, any significant nonzero val-
ues of ^ & in this run result primarily from the non-| u |s s

linear dynamics. The upper-ocean ^ & in this run are| u |s s
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relatively small along the pathway of the Caribbean Cur-
rent, but large in the southwestern Colombian Basin and
eastern Cayman and Yucatan Basins (Fig. 12b). The
domain-averaged values of ^ & are about 4.65 and| u |s s

1.92 cm s21, respectively, for the upper and lower
oceans (Table 3), which are about 50% of the values in
the control run, indicating that a significant portion of
the month-to-month variability of the upper-ocean cir-
culation is accounted for by the nonlinear dynamics. In
contrast, the domain-averaged upper-ocean values of
^ & and ^ & in run AMF are about 0.098C and 0.03T Ss ss s

ppt, respectively (Table 3), which are about 12% and
25% of the values in the control run. Hence, the non-
linear dynamics plays a minor role in simulating month-
to-month variability of the upper-ocean temperature and
salinity in the control run.

The overall features of the upper-ocean distributions
of ^ & in runs MWS and MBT are qualitatively sim-| u |s s

ilar to those in run AMF. Main differences occur in the
southern Colombian Basin and eastern Cayman and Yu-
catan Basins, where the upper-ocean rms values of the
currents in runs MWS and MBT are relatively larger
than those in run AMF, indicating the importance of the
monthly varying wind stress and boundary transport in
simulating the month-to-month variability of the Pan-
ama–Colombia Gyre in the southwestern CS and cir-
culation in the shelf region of western Cuba. The do-
main-averaged upper-ocean ^ & and ^ & are about| u | Ss ss s

6 cm s21 and 0.04 ppt in the two runs (Table 3), which
are about 27% and 33% larger than the values in run
AMF. The domain-averaged upper-ocean value of ^ &Ts s

in these two runs, on the other hand, is about 0.158C,
which is larger than the value in run AMF but only
about 19% of the value in the control run. The domain-
averaged rms values of the lower-ocean temperature and
salinity in runs MWS and MBT are highly comparable
with the values in run AMF. Therefore, the month-to-
month variability of the lower-ocean temperature and
salinity, on average, is not strongly correlated with the
seasonal variability of the wind stress and boundary
transports in the region.

Similarly, the upper-ocean distributions of ^ & in| u |s s

runs MHF and MSF have large-scale features very sim-
ilar to those in run AMF. The domain-averaged upper-
ocean values of ^ & are about 5.0 cm s21 in run MHF| u |s s

and 4.3 cm s21 in run MSF (Table 3). The former is
only slightly larger than the value in run AMF. The latter
is actually smaller than the value in run AMF. Therefore,
the month-to-month variability of the upper-ocean cir-
culation in this run is not correlated strongly with the
seasonal variability of the surface heat and freshwater
fluxes. Reasons for the reduced month-to-month vari-
ability of the upper-ocean circulation in run MSF are
not clear, although contributing factors could include
the restoring boundary conditions used for the surface
freshwater fluxes (Pierce 1996). By contrast, the do-
main-averaged upper-ocean value of ^ & in run MHFTs s

is about 0.638C, which is about 7 times the value in run

AMF (Table 3 and Fig. 12b) and about 70% of the value
in the control run. Therefore, the monthly varying sur-
face heat fluxes play a dominant important role in sim-
ulating the seasonal cycle of the upper-ocean temper-
ature. Similarly, the monthly varying surface salinity
fluxes play a very important role in simulating the sea-
sonal cycle of the upper-ocean salinity.

The domain-averaged upper-ocean values of ^ &| u |s e

and ^ & shown in Fig. 13 are proxies of the mesoscaleTs e

variability of the model currents and temperature in the
upper ocean of less than 90 m. The domain-averaged
values of upper-ocean ^ & and ^ & are about 4.6 cm| u | Ts se e

s21 and 0.168C in the control run and about 2.7 cm s21

and 0.068C in run AMF (Fig. 13), indicating that the
nonlinear dynamics, on average, account for more than
60% and 40% of the mesoscale variability for the upper-
ocean currents and temperature in the control run. Sig-
nificant upper-ocean mesoscale variability in the control
run occurs in the southwestern CS, western Yucatan
Basin and Yucatan Channel, and areas around the Wind-
ward Passage. In the northern Colombian Basin, the
upper-ocean mesoscale variability is relatively weak. In
run AMF, the mesoscale variability of the upper-ocean
circulation has large-scale spatial features highly com-
parable to those in the control run. The domain-averaged
upper-ocean values of ^ & are about 4.0 cm s21 in| u |s e

runs MWS, MBT, and MHF and 2.5 cm s21 in run MSF
(Fig. 13a). The domain-averaged upper-ocean values of
^ & are about 0.078C in runs MWS, MBT, and MSFTs e

and 0.138C in run MHF (Fig. 13b). Therefore, the upper-
ocean mesoscale variability in the control run is largely
accounted for by the nonlinear dynamics and partially
by monthly varying wind stress, boundary transports,
and surface heat fluxes. The mesoscale variability in the
upper-ocean temperature is mainly accounted for by the
monthly varying surface heat fluxes.

5. Sensitivity study

We conduct three additional numerical experiments
to examine the sensitivity of the model results to the
linear combination coefficient a of the semiprognostic
method and boundary flows specified along the model
eastern boundary.

In the first experiment the WCS model is driven by
the external forcings in the same way as in the control
run (Table 2), except for a 5 0. This is the case of the
pure-prognostic calculation (PP run). We run the model
for 11 yr and calculate the time-mean fields from the
last 10 yr of model results, as before. The 10-yr mean
volume transport streamfunction in the PP run has over-
all features qualitatively similar to that in the semi-
prognostic (SP) run (Figs. 5a,c). There are considerable
differences, however, in the small-scale features be-
tween the two runs, particularly over the southern Co-
lombian Basin and eastern Cayman basin. The February
mean subsurface circulation at 383 m in the PP run (Fig.
14) has a much weaker northwestward jet after passing
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FIG. 13. The domain-averaged upper-ocean values of (a) ^ & and ^ & and (b) ^ & and| u | | u | Ts s ss e s

^ & in the six model runs (see Table 2 for abbreviations of different model runs).Ts e

the channel between Nicaragua Rise and Jamaica, in
comparison with the subsurface SP results (Fig. 10).
The February and August mean subsurface currents of
the PP run also differ from the SP results over the Co-
lombian Basin. A comparison of Figs. 2 and 14 indicates
that the subsurface temperature and salinity fields of the
PP run drift away significantly from the monthly mean
climatology.

In the second experiment the WCS model is driven
by the external forcings in the same way as in the control
run, except for a different depth-mean flow specified
along the model eastern open boundary. The depth-
mean flow at the eastern boundary in this experiment
is the monthly mean flow calculated by the FLAME
North Atlantic model without the addition of the uni-
form westward flow of 0.2 cm s21. The overall features
of the time-mean transport streamfunction in this ex-
periment (Fig. 15a) are highly comparable to the control
run (Fig. 5a). The time-mean westward transport of the
Caribbean Current is about 17 Sv over the eastern Co-
lombian Basin, and the westward flow through the
Windward Passage has a time-mean transport of about
3 Sv. As a result, the mean transport through the Yucatan
Strait is about 20 Sv, which is about 20% smaller than
that in the control run. The model-calculated currents,
temperature and salinity in this experiment are highly
comparable to the control run.

The WCS model in the third experiment is forced in
the same way as in the control run, except that the
FLAME model results and the uniform westward flow
at the eastern open boundary are not used. The 10-yr

mean volume transport streamfunction in this experi-
ment (Fig. 15b) differs significantly from the control
run, indicating the importance of the FLAME model
results in driving the WCS model.

6. Summary

The primitive equation z-level ocean circulation mod-
el known as CANDIE was applied to the western Ca-
ribbean Sea. The model was forced with the climato-
logical monthly mean forcing including wind stress, sur-
face heat and freshwater fluxes, and flows across the
model open boundary. The semiprognostic method
(Sheng et al. 2001) was used to reduce the model drift.
The limited-area WCS model was integrated for 11 yr
and the time-mean fields were calculated from the model
results during the last 10 yr. The 10-yr mean volume
transports produced by the model are in good agreement
with the latest estimates by Johns et al. (2002), with
about 19 and 7 Sv westward transports through the Beata
Transect and Windward Passage and a 26 Sv northward
transport through the Yucatan Strait. Sheinbaum et al.
(2002) recently suggested that the time mean volume
transport across the Yucatan Strait is only about 23.8
6 1 Sv, based on the direct current observations from
September 1999 to June 2000. Their transport estimate
is about 10% smaller than the other estimates. Future
studies are needed to determine whether their low trans-
port estimate reflects interannual variability of the cur-
rents through the strait, or indicates the overestimation
of the mean transport made by previous studies.
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FIG. 14. As in Fig. 10, but for pure-prognostic results.

The model-calculated 10-yr mean currents in the
WCS are characterized by the relatively persistent, sur-
face-intensified throughflow known as the Caribbean
Current over the northern Colombian Basin and western
Cayman and Yucatan Basins and the highly variable
Panama–Colombia Gyre. The mean circulation over the
eastern Cayman and Yucatan Basins is relative weak in
the upper ocean of less than 90 m, with relatively stron-

ger westward flow in the lower ocean as a result of the
inflow running through the Windward Passage. The
model-calculated 10-yr mean circulation is in good
agreement with the observed currents inferred from the
trajectories of 15-m drogued, satellite-tracked drifters
(Fratantoni 2001) in the study region. The model-cal-
culated currents along the Yucatan Strait also agree well
with the direct current measurements (Sheinbaum et al.
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FIG. 15. Time-mean volume transport streamfunction calculated from the 10-yr model results. The model is driven
by the external forcings in the same way as in the control run (Fig. 5a), except for different depth-mean flows specified
at the eastern open boundary. (a) The depth-mean flow at the eastern boundary is the monthly mean FLAME results
without the addition of the uniform westward flow of 0.2 cm s21. (b) Both the FLAME results and uniform westward
flow are not used.

2002). It should be noted that the model–data compar-
isons made in this paper are qualitative to some extent.
Quantitative comparisons can be made by driving the
ocean model with synoptic sea surface and lateral open
boundary forcings, which is beyond the scope of this
study.

The WCS model was also used to determine the main
dynamics responsible for the month-to-month and me-
soscale variability in the model results. The nonlinear
dynamics, monthly varying wind stress, and flows
across the model eastern boundary all play a very im-
portant role in simulating the month-to-month and me-
soscale circulation variability in the region. The monthly
varying surface heat fluxes are largely responsible for
the seasonal cycle of the temperature in the upper ocean.
The model results, however, underestimate the meso-
scale variability in the northern Colombian Basin, main-
ly because of the specification of monthly mean flows
across the eastern open boundary.
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APPENDIX

Basic Equations of the Ocean Circulation Model

The three-dimensional primitive equation ocean cir-
culation model known as CANDIE (see online at http://
www.phys.ocean.dal.ca/programs/CANDIE, or see
Sheng et al. 1998, 2001) is used in this study. The gov-
erning equations of the model can be written in spherical
coordinates as

]u u tanf
1 Lu 2 f 1 y1 2]t R

1 ]p ] ]u
5 2 1 D u 1 K , (A1)m m1 2r R cosf ]l ]z ]zo

]y u tanf
1 Ly 1 f 1 u1 2]t R

1 ]p ] ]y
5 2 1 D y 1 K , (A2)m m1 2r R ]f ]z ]zo

1 ]u ](y cosf) ]w
1 1 5 0, (A3)[ ]R cosf ]l ]f ]z

]p
5 2[ar 1 (1 2 a)r ]g, (A4)m c]z

r 5 r(T, S, p ), (A5)m r

r 5 r(T , S , p ), (A6)c c c r
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]T ] ]T
1 LT 5 D T 1 K , and (A7)h h1 2]t ]z ]z

]S ] ]S
1 LS 5 D S 1 K , (A8)h h1 2]t ]z ]z

where u, y, w are the east (l), north (f), and vertical
(z) components of the flow; p is pressure (see below);
and rm is the density calculated from the model potential
temperature T and salinity S, which in turn, are updated
using the conservation equations defined in Eqs. (A7)
and (A8). Here rc is the density calculated from cli-
matological potential temperature Tc and salinity Sc, pr

is the reference pressure at the center of each z level,
Km and Kh are vertical eddy viscosity and diffusivity
coefficients, f is the Coriolis parameter, ro is a reference
density, R and g are the earth’s radius and gravitational
acceleration, L is an advection operator defined as

1 ](uq) 1 ](yq cosf) ](wq)
Lq 5 1 1 ,

R cosf ]l R cosf ]f ]z
(A9)

and Dm and Dh are diffusion operators defined as

1 1 ] ]q
D q 5 A(m,h) (m,h)2 25 [ ]R cos f ]l ]l

]q ]q
1 cosfA , (A10)(m,h) 6[ ]]f ]f

where Am and Ah are horizontal eddy viscosity and dif-
fusivity coefficients, respectively.

The model uses the subgrid-scale mixing parameter-
ization scheme of Smagorinsky (1963) for the horizontal
eddy viscosity Am and the schemes proposed by Large
et al. (1994) for the vertical mixing coefficients Km and
Kh. The turbulent Prandtl number Ah/Am is set to 0.1.
The model also uses the fourth-order numerics (Dietrich
1997) and Thuburn’s flux limiter to discretize the non-
linear advection terms (Thuburn 1996).

The governing equations presented above are con-
ventional, except for the terms in square brackets on the
right side of the hydrostatic equation, Eq. (A4). Here
the conventional density term is replaced by a linear
combination of model-computed density (rm) and cli-
matological density (rc): arm 1 (1 2 a)rc 5 rm 1 (1
2 a)(rc 2 rm), where a is the linear combination co-
efficient with a value between 0 and 1, which is the
semiprognostic method suggested by Sheng et al.
(2001). The ocean circulation model is purely prognos-
tic if a 5 1 and purely diagnostic if a 5 0.

As discussed in Sheng et al. (2001), the semiprog-
nostic method is used to adiabatically adjust the mo-
mentum equations of an ocean circulation model to cor-
rect for the model errors associated with the physical
processes that are not correctly represented by the model
equations, leaving the temperature and salinity equa-

tions unconstrained and fully prognostic. To demon-
strate this we separate the pressure variable p into two
parts

p 5 p* 1 p̃, (A11)

where

]p*
5 2r g and (A12)m]z

]p̃
5 2(1 2 a)(r 2 r )g. (A13)c m]z

Writing the horizontal momentum equations in terms of
p* and p̃, we obtain

]u 1 ]p* 1 ]p̃
5 2 2 1 others, (A14)

]t r R cosf ]l r R cosf ]lo o

and

]y 1 ]p* 1 ]p̃
5 2 2 1 others. (A15)

]t r R ]f r R ]fo o

It can be seen that p* corresponds to the traditional
pressure variable carried by the model, since p* satisfies
the conventional hydrostatic equation and surface
boundary condition. On the other hand, the terms in-
volving p̃ appear as forcing terms in the model mo-
mentum equations, and it is these forcing terms that are
responsible for modifying the model-computed veloci-
ties that, in turn, modify the tracers through the advec-
tion terms in Eqs. (A7) and (A8). The forcing terms
associated with p̃ can be thought of as representing un-
resolved processes.
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