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Abstract A two-way nested-grid ocean-circulation mo-
del is developed for the Meso-American Barrier Reef
System (MBRS), using a newly developed two-way
interactive nesting technique. The unique feature of this
new nesting technique is its use of the semi-prognostic
method (Sheng et al. 2001) to exchange information
between different grids through the model momentum
equations. The nested-grid model for the MBRS has a
fine-resolution inner model embedded in a coarse-reso-
lution outer model. The outer model is the western
Caribbean Sea model developed by Sheng and Tang
(2003), with a horizontal resolution of roughly 19 km.
The inner model domain covers the northwest Carib-
bean Sea (NWCS) between 79�W and 89�W and be-
tween 15:5�N and 22�N, with a horizontal resolution of
roughly 6 km. The nested-grid ocean model is initialized
with the January mean temperature and salinity and
forced by the monthly mean COADS (comprehensive
ocean-atmosphere data set) wind stress and surface heat
flux. The model sea-surface salinity is restored to the
monthly mean climatology. The nested-grid model is
integrated for 2 years and the second-year model results
are presented in this paper. The model-calculated an-
nual-mean near-surface currents over the NWCS agree
reasonably well with the time-mean near-surface cur-
rents inferred by Fratantoni (2001) from trajectories of
the satellite-tracked 15-m drogued drifters in the 1990s.
The two-way nested model is also used to quantify the
role of local wind stress, local density gradients and
boundary forcings of the outer model in driving the
annual-mean circulation in the region.

Keywords Two-way nesting � Numerical model �
Caribbean Sea � Semiprognostic method � Ocean
circulation � Process study

1 Introduction

The Meso-American Barrier Reef System (hereinafter
MBRS), which extends from Isla Contoy on the north of
the Yucatan Peninsula to the Bay Islands of Honduras
in the western Caribbean Sea (Fig. 1), is the largest
living barrier reef in the world. The MBRS serves as
important breeding and feeding grounds for marine
mammals, reptiles, fish and invertebrates, many of
which are of commercial importance. The MBRS also
contributes significantly to the protection of coastal
landscapes and maintenance of coastal water quality.
The unique marine ecosystems in the MBRS, however,
have been significantly affected by natural and anthro-
pogenic influences such as eutrophication of coastal
waters, excessive terrestrial runoff and sedimentation
from deforestation. There is an increasing demand for
better understanding of the physical processes in the
MBRS in order to develop more effective management
plans for the sustainable use of the coastal and marine
ecosystems and diverse resources in the region.

The upper ocean circulation in the MBRS is domi-
nated by a warm and persistent throughflow known as
the Caribbean Current, which enters the northwestern
Caribbean Sea (NWCS) along the outer flank of
Nicaragua Rise and then flows westward about 200 to
300 km off the northern coast of Honduras. The
Caribbean Current veers anticyclonically to flow
northward along the eastern coast of Belize and Mexico
after passing the Gulf of Honduras (GOH). The current
becomes known as the Yucatan Current as it flows
through the western Yucatan Strait (Mooers and Maul
1998). The annual mean volume transport of the
Caribbean Current through the Yucatan Strait is about
24 to 26 Sv (1 Sv = 106 m3s�1), according to the latest
estimates of Johns et al. (2002) and Sheinbaum et al.
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(2002). The physical processes in the MBRS are also
significantly affected by freshwater runoff from rivers in
the region. For instance, after Hurricane Mitch in 1998,
the turbid waters from the rivers along the coastline of
Honduras and Guatemala reached the Bay Islands in
less than 1 day and reached Belize’s offshore atolls
within 5 days. During the same period, the estuarine
plumes from Honduras extended more than 300 km
towards Chinchorro Bank atoll in 3 days. Hence, a
three-dimensional, baroclinic, eddy-resolving ocean-cir-
culation model is needed to improve current under-
standing of the physical processes at work in the MBRS
and eventually predict ocean circulation and dispersion
at various temporal and spatial scales in the region.

The main objectives of this paper are (1) to present a
two-way nested-grid primitive equation ocean-circula-
tion model of the NWCS; and (2) to use this nested-grid
model to study the general circulation and temperature/
salinity distributions in the region. In this paper we
consider the fixed-space nesting in the horizontal direc-
tion with a fine-grid inner model embedded in a coarse-
grid outer model. We also follow others (e.g. Kurihara
et al. 1979; Oey and Chen 1992; Ginis et al. 1998) and
interpolate the outer model results onto the fine grid to
drive the inner model and interpolate the inner model
results back onto the coarse grid to drive the outer
model. The newly developed two-way interactive nesting
technique suggested by J. Sheng et al. (2003, personal
communication) is used in this study. The unique feature
of this new nesting technique is its use of the semi-
prognostic method to exchange information between the
outer and inner models over the common region where
the two model domains overlap. The semiprognostic
method was developed originally to correct a primitive-
equation ocean-circulation model for systematic error.
This method replaces the density term in the hydrostatic
equation with a linear combination of model-computed

and climatological density (Sheng et al. 2001). This
procedure corresponds to adding a forcing term to the
momentum equations through the computation of the
horizontal pressure gradient terms. The semiprognostic
method is adiabatic, with the temperature and salinity
equations unconstrained and fully prognostic.

The arrangement of this paper is as follows. Section 2
briefly reviews the ocean-circulation model and the semi-
prognostic method. Section 3 discusses the new two-way
interactive nesting technique based on the semiprog-
nostic method. Section 4 presents the two-way nested
model results and limited sensitivity and process studies.
Section 5 is a summary and conclusion.

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 Die-
CAST, Sheng et al. 1998). CANDIE is an outgrowth of
the DieCAST model developed by Dietrich et al. (1987)
and has successfully been applied to various modelling
problems on the shelf, including wind-driven circulation
over an idealized coastal canyon (Sheng et al. 1998),
non-linear dynamics of a density-driven coastal current
(Sheng 2001), tidal circulation in the Gulf of St. Law-
rence (Lu et al. 2001) and wind-driven circulation over a
stratified coastal embayment (Davidson et al. 2001).
Most recently, CANDIE has been applied to the
northwestern Atlantic Ocean from northern Labrador to
Maine by Sheng et al. (2001) and the western Caribbean
Sea by Sheng and Tang (2003). Discussions on the
governing equations and sub-gridscale mixing parame-
terizations used in CANDIE are found in the Appendix.

It is important to note that the model governing
equations presented in the Appendix are conventional
except for the hydrostatic equation that was modified as
(see also Eq. A4 in the Appendix):

@p
@z
¼ �q̂g ð1Þ

with

q̂ ¼ aqm þ ð1� aÞqc ; ð2Þ
where g is the gravitational acceleration, @p=@z on the
LHS of Eq. (1) is the vertical pressure gradient, and the
RHS of Eq. (2) represents the main feature of the
semiprognostic method developed by Sheng et al. (2001).
Here, the density term in the hydrostatic equation q̂ is
expressed as a linear combination of model-calculated
density qm and climatological density qc, where a is the
linear combination coefficient with a value between 0
and 1. It is readily seen that the ocean-circulation model
is purely prognostic if a ¼ 1 and purely diagnostic if
a ¼ 0.

As discussed in Sheng et al. (2001), the semiprog-
nostic method is designed to adjust the momentum

Fig. 1 Selected topographic features within the inner model
domain of the nested-grid model for the northwestern Caribbean
Sea. Inset shows the outer model domain. Abbreviations are used
for the Yucatan Channel (YC), Meso-American Barrier Reef
System (MBRS), Gulf of Honduras (GOH) and Nicaragua Rise
(NR). Contours are labelled in units of metres
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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, leaving the temperature and salinity equations
unconstrained and fully prognostic. To demonstrate
this, we follow Sheng et al. (2001) and separate the
pressure variable p into two parts:

p ¼ p� þ ~p ; ð3Þ
where

@p�

@z
¼ �qmg ð4Þ

@~p
@z
¼ �ð1� aÞðqc � qmÞg : ð5Þ

Writing the horizontal momentum equations in terms of
p� and ~p we obtain:

@u
@t
¼ � 1

qoR cos/
@p�

@k
� 1

qoR cos/
@~p
@k
þ others ; ð6Þ

@v
@t
¼ � 1

qoR
@p�

@/
� 1

qoR
@~p
@/
þ others : ð7Þ

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
involving ~p in Eqs. (6) and (7) appear as additional
forcing terms in the model momentum equations. It is
these forcing terms that are responsible for modifying
the model-computed velocities, that, in turn, modify
the temperature and salinity equations through the
advection terms in Eqs. (A7) and (A8) in the Appendix.
Physically, therefore, the forcing terms associated with
~p can be thought of as representing unresolved pro-
cesses.

The two-way nested-grid ocean-circulation model
developed for the MBRS has a fine-grid inner model
and a coarse-grid outer model and uses the ETOPO5
topography, a gridded elevation/bottom topography for
the world compiled by the US National Geophysical
Data Center, National Oceanic and Atmospheric
Administration. Both the inner and outer models have
31 unevenly spaced z levels with the centres 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 inner model domain covers the NWCS between
79�W and 89�W and between 15.5�N and 22�N with a
horizontal resolution of about 6 km. The outer model is
the western Caribbean Sea (WCS) model developed re-
cently by Sheng and Tang (2003), which covers the area
between 72�W and 90�W and between 8�N and 24�N
(Fig. 1) with a horizontal resolution of about 19 km.
The model time steps are 16 min for the outer model and
5 min for the inner model. Both the outer and inner
models also use the semiprognostic method with a ¼ 0:5
to reduce the model drift in multiyear simulations.

At the lateral closed boundaries of the inner and
outer models, the normal flow, tangential stress of the
currents and horizontal fluxes of temperature and
salinity are set to zero (free-slip conditions). Along the
open boundaries of the inner and outer models, 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
condition (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 domain to propagate outward as freely as
possible. If the open boundary is active, the outer
model prognostic variables at the open boundary are
restored to the monthly mean climatologies with the
time scale of 15 days, and the inner model prognostic
variables at the open boundary are restored to the
outer model results with the time scale of 5 h. In
addition, the depth-mean normal flow across the outer
model open boundaries is set to be the monthly mean
results produced by a (1/3)� Atlantic model known as
FLAME (family of linked Atlantic model experiments,
Dengg et al. 1999).

3 A new two-way interactive nesting technique

The main purpose of a nested-grid ocean-circulation
model is to increase grid resolution in a subregion (or
more) of the whole model domain to resolve some
fine-scale effect without having a computational ex-
pense of high resolution over the whole domain (Fox
and Maskell 1995). A simple nested model consists of
one coarse-grid model for the whole domain and one
fine-grid model for the subregion. The two-way inter-
action between the two models can be achieved in
many ways. A common nesting technique is to transfer
information between the two models at a narrow zone
(dynamic interface) near the grid interface frequently
(e.g. Kurihara et al. 1979). The coarse-grid model
variables, such as currents, temperature, salinity and
associated fluxes, at the dynamic interface are inter-
polated onto the fine grid to force the fine-grid model.
The fine-grid model variables are interpolated back
onto the coarse grid to drive the coarse-grid model.
The dynamic interface can then be considered as an
internal boundary of the coarse-grid model, and the
coarse-grid integration is not necessary over the sub-
region covered by the fine-grid domain. An alternative
nesting technique is to embed the fine-grid inner model
inside the coarse-grid outer model and use the inner
model variables to replace the outer model variables
over the subregion where the two grids overlap (e.g.
Oey and Chen 1992).

In this study we follow Oey and Chen (1992) and
consider only the fixed-space nesting in the horizontal
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direction with a fine-grid inner model embedded inside a
coarse-grid outer model. The two-way interactive nest-
ing technique (J. Sheng et al. 2003, personal communi-
cation) used in this study is based on the semiprognostic
method, in which the inner model is affected by the outer
model in two ways. First, the outer model variables,
such as currents, temperature and salinity, at the dy-
namic interface are interpolated onto the fine grid to
provide the boundary conditions for the inner model
(Sect. 2). Second, the outer model density q̂outer over the
common subregion where the two model grids overlap is
interpolated onto the fine grid to adjust the momentum
equations of the inner model. The adjustment is
accomplished by expressing q̂ in the hydrostatic equa-
tion of the inner model as:

q̂ ¼ a bi qinner þ ð1� biÞ~qouter½ �
þ ð1� aÞqc (for the inner model) ; ð8Þ

where qinner is the inner model density calculated from
the inner model temperature and salinity, ~qouter is the
outer model density interpolated onto the fine grid, qc
again is the climatological density, and bi is the linear
combination coefficient with a value between 0 and 1.

In return, the inner model density qinner is interpo-
lated back onto the coarse grid to adjust the
momentum equations of the outer model over the
common subregion. The adjustment is accomplished
by expressing q̂ in the hydrostatic equation of the
outer model as

q̂ ¼ a bo qouter þ ð1� boÞ~qinner½ �
þ ð1� aÞqc (for the outer model) ; ð9Þ

where qouter is the outer model density calculated from
the outer model temperature and salinity, ~qinner is the
inner model density interpolated onto the coarse grid,
and bo is the linear combination coefficient with a value
between 0 and 1.

The above two-way interaction can be made fre-
quently at the outer model time interval. Since the
present nesting system is driven by the monthly forc-
ings, we set the interaction rate of the two models to
be once per day. In this study, we set a, bi and bo to
0.5 without conducting any sensitivity studies. It
should be noted that a conventional one-way nested-
grid model can be constructed by setting both bi and
bo to unity. More discussion about this conventional
one-way nested model is given in Section 4.2.

It is important to note that the newly developed
two-way nesting technique used in this study ex-
changes only the density fields between the inner and
outer models based on the semiprognostic method.
The new nesting technique does not exchange the
model-calculated currents, temperature and salinity
fields directly between the two models, except that the
outer model currents, temperature and salinity are
used to provide the open-boundary conditions of the
inner model.

4 Model results

4.1 Two-way nested model results

The two-way nested ocean model is initialized with the
January mean climatological temperature and salinity
and forced by the monthly mean COADS (compre-
hensive ocean-atmosphere data set, da Silva et al.
1994) surface wind stress and heat flux. The net heat
flux through the sea surface (Qnet) is expressed as
(Barnier et al. 1995):

Qnet ¼ Qclim
net þ b SST clim � SSTmodel

� �
; ð10Þ

where Qclim
net is the monthly mean COADS net heat flux

interpolated onto the model grid and taken from da
Silva et al. (1994), and b is the coupling coefficient de-
fined as Dz1qocp=sQ, where Dz1 is the thickness of the top
z level, cp is the specific heat, and sQ is the restoring time
scale which is set to 15 days. The implied value of b is
about 35 W m�2 K�1, which is comparable to values
calculated from observations (e.g. Haney 1971). We also
restore the model salinity in the top 10 m to the monthly
mean climatology with a time scale of 15 days.

We integrate the two-waynested-gridmodel for 2 years
(referred to as the control run) and calculate the annual
mean volume transport streamfunction (Fig. 2) from the
second-year model simulation. The annual mean
streamfunction produced by the two-way nested outer
model has large-scale spatial features highly comparable
to that produced by the single-domain WCS model (see
Sheng and Tang 2003; and also see the one-way nested
outer model results in Fig. 2b). The depth-integrated
circulation produced by the two-way nested outer model
is characterized by a strong barotropic circulation asso-
ciated with the Caribbean Current. The depth-integrated
flow runs westward about 200–300 km off the northern
coast of South America and then northward along the
eastern coast of Central America. There is a barotropic
recirculation associated with the Panama–Colombia
Gyre over the southwest Caribbean. The annual-mean
volume transport is about 19 Sv for the Caribbean Cur-
rent over the eastern Colombian Basin, 7 Sv for the
westward flow through the Windward Passage and 26 Sv
for the northward flow through the Yucatan Strait. All of
the above mean transport values are consistent with the
current knowledge of the mean transport in the region
(Murphy et al. 1999; Johns et al. 2002).

The large-scale features of the annual-mean transport
streamfunction produced by the two-way nested inner
model are highly coherent with those produced by the
two-way nested outer model over the NWCS, with some
differences in small-scale features (Fig. 2a). There is
about 26 Sv of the inflow that enters the NWCS through
the southern and eastern inner model open boundaries.
Among this total inflow, about 16 Sv comes from the
Colombian Basin through the transect between Hon-
duras and Jamaica. The rest comes from the transect
between Jamaica and Cuba.
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We compute the annual-mean near-surface currents
at 16 m from the second-year inner model simulation
and compare them with the decadal mean near-surface
currents inferred by Fratantoni (2001) from trajectories
of the satellite-tracked 15-m drogued drifters made
during the 1990s in Fig. 3a. The two-way nested inner
model results reproduce reasonably well the main
pathway of the observed Caribbean Current in the
upper ocean of the NWCS. The inner model results
exhibit that the Caribbean Current flows first north-
westward along the northeastern flank of Nicaragua
Rise and then westward about 200–400 km off the
northern coast of Honduras. The Current turns
northward over the Gulf of Honduras (GOH) and
flows northward along the eastern coast of Belize and
Mexico. The inner model also generates a strong
northward flow over the western portion of the Yuca-
tan Strait, with a maximum near-surface flow greater
than 230 cm s�1. The near-surface currents over the
eastern Yucatan Basin are relatively weak.

To measure the misfit between the observations and
the model-computed near-surface currents in the
NWCS shown in Fig. 3a, we use a value of c2 defined
as:

c2 ¼
PN

k ðuok � uskÞ
2 þ ðvok � vskÞ

2
h i

PN
k ðuo

k Þ
2 þ ðvok Þ

2
h i ; ð11Þ

where ðuo
k ; v

o
k Þ are the horizontal components of the ob-

served near-surface currents at the kth location estimated
by Fratantoni (2001), ðus

k; v
s
kÞ are the horizontal compo-

nents of the simulated near-surface currents produced by
the inner model at the kth location as the observations,
and N is the total number of locations where observations
were made. Clearly, the smaller c2, the better the model
results fit the observations. For the two-way nested inner
model results shown in Fig. 4a, the value of c2 is 0.4.

4.2 Sensitivity study: one-way and two-way nesting

To demonstrate the advantage of the newly developed
two-way nesting approach in resolving fine-scale

Fig. 3a, b Comparison of model-calculated (solid arrows) and
observed (open arrows) near-surface currents over the northwestern
Caribbean. The model-calculated currents are the annual mean
near-surface currents at 16 m computed from the second-year
results produced by the inner model using a the two-way nesting
technique and b the conventional one-way nesting technique.
Model velocity vectors are plotted at every sixth model grid point.
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 1� grid

Fig. 2a, b Annual-mean volume transport streamfunctions calcu-
lated from the second-year model results using a the two-way
nesting technique and b the conventional one-way nesting
technique. Contours are labelled in units of Sv (¼ 106 m3 s�1) and
contour intervals are 4 Sv
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circulation features in the NWCS, we compare the
model results produced by the two-way and one-way
nesting techniques. A conventional one-way nesting
technique is the one using the coarse-grid outer model
results such as currents, temperature and salinity, to
provide the boundary conditions for the fine-grid inner
model without any feedback from the inner model to the
outer model. The conventional one-way nested model,
as mentioned in Section 3, can be constructed by setting
bi and bo to unity. The density term in the model
hydrostatic equation can be expressed as:

q̂ ¼ aqinner þ ð1� aÞqc (for the inner model) ; ð12Þ
q̂ ¼ aqouter þ ð1� aÞqc (for theouter model) ; ð13Þ
where qinner and qouter are the inner model density and
outer model density, respectively, and qc again is the
climatological density. It is interesting to note that an
alternative one-way nested model can be constructed by
setting bo to unity but setting bi to less than 1. In this
non-conventional one-way nesting system the outer
model results are used not only to provide boundary
conditions for the inner model, but also to adjust the
momentum equations of the inner model based on the

semiprognostic method (we call this the semiprognostic
one-way nesting technique). Discussion of this semi-
prognostic one-way nesting technique is presented in J.
Sheng et al. (2003, personal communication). We con-
sider only the conventional one-way nesting technique in
this paper.

We drive the conventional one-way nested-grid
model with the same external forcings as in the control
run. We integrate the conventional one-way nesting
system for 2 years and calculate the annual-mean vol-
ume transport streamfunction from the second-year
simulation (Fig. 2b). The overall features of the annual
mean streamfunction produced by the one-way nested
outer model are in good agreement with those produced
by the two-way nested outer model (Fig. 2a). Some
small differences occur, however, between the annual-
mean streamfunctions produced by the inner models of
the two nesting systems. In comparison with the two-
way nested inner model results, the conventional one-
way nested inner model generates a relatively stronger
cyclonic recirculation over the GOH and adjacent areas.
Some small differences also occur in the annual-mean
streamfunctions produced by the outer models of the
two nesting systems. These differences can be explained
by the feedback from the inner model to the outer model
in the two-way nesting system (Fig. 2a and b).

The annual-mean near-surface currents at 16 m pro-
duced by the conventional one-way nested inner model
have large-scale spatial features very similar to those
produced by the two-way nested inner model (Fig. 3a
and b). There are, however, considerable differences in
small-scale features produced by the inner models of the
two nesting systems over the GOH and the eastern
Yucatan Basin. Furthermore, the simulated Caribbean
Current produced by the conventional one-way nested
inner model is relatively weaker and broader than that
produced by the two-way nested inner model. There are
also considerable differences in the direction of the
simulated Caribbean Current over the western Cayman
Basin produced by the two inner models. Figure 3 also
demonstrates that the conventional one-way nested in-
ner model results agree with the decadal mean near-
surface currents inferred by Fratantoni (2001) less well
than the two-way nested inner model results. The c2

value for the conventional one-way nested inner model
results is 0.56 (Fig. 4b), which is about 40% larger than
the c2 value of the two-way nested inner model results.
Therefore, the two-way nesting technique performs
better than the conventional one-way nesting technique
in simulating the annual mean near-surface circulation
in the NWCS.

To demonstrate the advantage of the newly devel-
oped two-way nesting technique in resolving fine-scale
features at shorter time scales, we next discuss the
monthly mean circulation computed from the second-
year model results produced by the two-way and the
conventional one-way nesting techniques. The January
mean near-surface currents at 16 m over the NWCS
produced by the two-way nested inner and outer models

Fig. 4a, b Scatterplots of observed and model-computed time-
mean near-surface currents in the northwest Caribbean Sea. The
observed currents are the decadal-mean near-surface currents
during the 1990s inferred from trajectories of 15-m drogued
satellite-tracked drifters by Fratantoni (2001). The model-com-
puted currents are those at the same locations as the observations
interpolated from the second-year model simulations at 16 m using
a the two-way nesting technique and b the conventional one-way
nesting technique
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are highly coherent (Fig. 5a), with small-scale circula-
tion features resolved better by the inner model. By
contrast, the one-way nested inner model results differ
significantly from the one-way outer model results,
indicating that the conventional one-way nested inner
model drifts away from the outer model, which is the
common problem of the conventional one-way nesting
technique. There are also some differences in the outer
model results of the two-way and one-way nesting sys-
tems (Fig. 5). These differences are again associated with
the feedback from the inner model to the outer model in
the two-way nesting system.

The instantaneous model results shown in Fig. 6
demonstrate clearly that the newly developed two-way
nesting technique performs better than the conventional
one-way nesting technique in resolving fine-scale circu-
lation features in the NWCS. The near-surface currents
and temperature at 16 m at day 120 produced by the
two-way nested model are characterized by northwest-
ward advection of relatively warm waters from the
Colombian Basin to the NWCS, with several small-scale
recirculations on both sides of the Caribbean Current.
The large-scale circulation features of the instantaneous
near-surface circulation and temperature produced by

the two-way nested inner model are highly coherent to
those produced by the the two-way nested outer model,
with several small-scale features better resolved by the
fine-resolution inner model, as expected. In comparison,
the conventional one-way nesting technique produces
significantly large differences between the inner and
outer model results. In fact, the conventional one-way
nested inner model generates several large-scale gyres
rather than the warm and persistent Caribbean Current
over the NWCS, which diverges significantly from the
outer model results.

4.3 Process study: the role of local wind, boundary
forcing and local density gradients

We conduct three additional numerical experiments to
examine the role of local wind stress, boundary forcing
and local density gradients in driving general circulation
in the NWCS. The two-way nested-grid model is used
with the same model parameters as in the control run.
The model external forcings are also the same as those in
the control run, except that (1) the local wind stress is set
to zero in the first experiment (the no-local-wind case);
(2) depth mean flows across the outer model open

Fig. 5a, b January-mean near-surface currents at 16 m calculated
from the second-year simulations using a the two-way nesting
technique and b the conventional one-way nesting technique.
Velocity vectors are plotted at every sixth model grid point

Fig. 6a, b Instantaneous temperature (-grey image) and currents
(arrows) at 16 m at day 120 produced by a the two-way nesting
technique and b the conventional one-way nesting technique.
Velocity vectors are plotted at every sixth model grid point
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boundaries are set to zero in the second experiment (the
no-boundary-forcing case); and (3) temperature and
salinity at each model grid point are set to constant
values of 15 �C and 36 ppt, respectively, in the third
experiment (the uniform-density case). We integrate
these three cases individually for 2 years and calculate
the annual-mean transport streamfunctions (Fig. 7)
from the second-year model simulations.

The annual-mean transport streamfunction in the no-
local-wind case has a general spatial distribution which
is very similar to that in the control run, with some
differences in small-scale features (Fig. 7a and b). By
contrast, the annual-mean transport streamfunction in
the no-boundary-forcing case is significantly different
from that in the control run (Fig. 7a and c). Figure 7d
shows that, except for the values over the areas adjacent
to the model open boundaries where the results are af-
fected by the boundary conditions, the mean transport
streamfunction in the uniform density case follows the
bottom topography much more closely than that in the
control run. Figure 8 compares the northward compo-
nents of vertically integrated currents in the upper ocean
of less than 90 m (Vupp) and lower ocean of deeper than
90 m (Vlow) along transect A–A at 20�N off the east coast
of Mexico (Fig. 1) in the four cases. The zonal distri-
butions of Vupp and Vlow in the no local wind case are
comparable to those in the control run. The upper ocean
values of Vupp in the no-local-wind case are only about
10% smaller than those in the control run within the
range of 150 km from the east coast of Mexico. In the

cases of no-boundary-forcing and uniform density, the
zonal distributions of Vupp in the upper ocean are much
smaller than those in the control run. The zonal distri-
butions of Vlow in the lower ocean in these two cases are,
however, remarkably distinct from those in the control
run.

We also compare the annual-mean near-surface cur-
rents in the four cases with the decadal mean near-sur-
face currents inferred by Fratantoni (2001) in Figs. 9
and 10. The model results in the no-local-wind case
underestimates the observed near-surface currents

Fig. 7a–d Annual-mean transport streamfunctions calculated by
the two-way nested model in the four cases. The model external
forcings are same as a in the control run except that b the wind
stress is set to zero (the no-local-wind case); c depth mean flows
across the outer model open boundaries are set to zero (the no-
boundary-forcing case); and d temperature and salinity at each
model grid point are set to constant values of 15 �C and 36 ppt,
respectively (the uniform-density case). Contours are labelled in
units of Sv (¼ 106 m3 s�1) and contour intervals are 4 Sv

Fig. 8 The northward component of the depth-integrated flow in
the upper ocean (less than 90 m) and lower ocean (deeper than
90 m) across transect at 20�N off the east coast of Mexico

Fig. 9 Annual-mean near-surface currents (solid arrows) at 16 m
calculated from the second-year simulations in the four cases.
Model velocity vectors are plotted at every sixth model grid point.
The observed currents (open arrows) 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
1� grid. Otherwise, as Fig. 7
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(Fig. 9b). The c2 in the no-local-wind case is 0.47, which
is about 20% larger than that in the control run. The
model results in the no-boundary-forcing and uniform
density cases fail to reproduce the main features of the
observed near-surface currents in the NWCS (Fig. 9c
and d). The c2 values in these two cases are 0.59 and 0.88
(Fig. 10c and d), which are, respectively, about 50 and
120% larger than in the control run. It can be con-
cluded, therefore, that baroclinicity and boundary
forcing of the outer model play a very important role in
driving the annual-mean circulation in the NWCS. The
local wind forcing also plays an important role in driving
the near-surface circulation, but a minor role in driving
the volume transport streamfunction in the region.

5 Summary and conclusion

We developed a two-way nested-grid ocean circulation
model for the Meso-American Barrier Reef System. We
followed Oey and Chen (1992) in this study and con-
sidered only the fixed-space nesting with a fine-grid inner
model embedded inside a coarse grid outer model. The
outer model is the western Caribbean Sea model devel-
oped recently by Sheng and Tang (2003), with a hori-
zontal resolution of roughly 19 km. The inner model
domain covers the northwest Caribbean Sea between
79�W and 89�W and between 15:5�N and 22�N, with a
horizontal resolution of roughly 6 km. We forced the
nested model with the climatological monthly mean

forcing including local wind stress, surface heat and
freshwater fluxes. We also used the monthly mean model
results produced by the FLAME to specify the bound-
ary flows of the outer model. We used the two-way
nested-grid model to simulate the annual-mean circula-
tion in the NWCS, and compared the model results with
the decadal mean near-surface currents determined by
Fratantoni (2001) from the trajectories of the near-sur-
face drifters made in the 1990s. The model results
reproduce many well-known circulations in the NWCS.
We also used the two-way nested-grid model to examine
the role of local wind stress, boundary forcing of the
outer model and local density gradients in driving the
general circulation in the NWCS. We demonstrated that
the boundary forcing of the outer model and barocli-
nicity play a very important role in driving the annual
mean circulation in the NWCS. The local wind forcing
also plays an important role in driving the near-surface
circulation. The local wind forcing, however, plays a
minor role in driving the depth-integrated flow in the
region.

We used the newly developed two-way interactive
nesting technique suggested by J. Sheng et al. (2003,
personal communication) in the development of the two-
way nested model for the MBRS. This new nesting
technique is based on the semiprognostic method, which
was originally developed to correct for the model sys-
tematic errors (Sheng et al. 2001). In this study we fol-
lowed J. Sheng et al. (2003, personal communication)
and used the semiprognostic method to exchange the
model density fields between the inner and outer models
through the horizontal pressure gradient terms in the
momentum equations. Except that the outer model
currents, temperature and salinity fields are used to
provide open-boundary conditions of the inner model,
the newly developed two-way interactive nesting tech-
nique does not exchange directly the model currents,
temperature and salinity fields between the inner and
outer models, which is advantageous over other existing
techniques. In addition, the new nesting technique is
computationally stable and relatively easy to implement.
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Appendix: Basic equations of the ocean circulation model

The three-dimensional primitive-equation ocean-circu-
lation model known as CANDIE (http://www.phys.
ocean.dal.ca/programs/CANDIE, or see Sheng et al.

Fig. 10 Scatterplots of observed and model-calculated time-mean
near-surface currents in the four cases. The observed currents are
the decadal-mean near-surface currents during the 1990s inferred
from trajectories of 15-m drogued satellite-tracked drifters by
Fratantoni (2001). The model-computed currents are those at the
same locations as the observations interpolated from the second-
year model simulations in the four cases
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1998, 2001) is used in this study. The governing equa-
tions of the model can be written in spherical coordi-
nates as:
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þ Lu� f þ u tan/

R

� �
v

¼ � 1

qoR cos/
@p
@k
þDmuþ @

@z
Km

@u
@z

� �
; ðA1Þ

@v
@t
þ Lvþ f þ u tan/

R

� �
u

¼ � 1

qoR
@p
@/
þDmvþ @

@z
Km

@v
@z

� �
; ðA2Þ

1

R cos/
@u
@k
þ @ðv cos/Þ

@/

� �
þ @w
@z
¼ 0 ; ðA3Þ

@p
@z
¼ � aqm þ ð1� aÞqc½ �g ; ðA4Þ

qm ¼ qðT ; S; prÞ ; ðA5Þ
qc ¼ qðTc; Sc; prÞ ; ðA6Þ
@T
@t
þ LT ¼ DhT þ @

@z
Kh
@T
@z

� �
; ðA7Þ

@S
@t
þ LS ¼ DhS þ @

@z
Kh
@S
@z

� �
; ðA8Þ

where u, v, w are the east (k), north (/) and vertical (z)
components of the flow, p is pressure (see below), and qm
is the density calculated from the model potential tem-
perature (T ) and salinity (S) which, in turn, are updated
using the conservation equations defined in Eqs. (A7)
and (A8). Here qc is the density calculated from clima-
tological potential temperature (Tc) and salinity (Sc), pr
is the reference pressure at the centre of each z level, Km
and Kh are vertical eddy viscosity and diffusivity coeffi-
cients, f is the Coriolis parameter, qo is a reference
density, R and g are the Earth’s radius and gravitational
acceleration, L is an advection operator defined as:

Lq ¼ 1

R cos/
@ðuqÞ
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þ 1

R cos/
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@/
þ @ðwqÞ

@z
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and Dm and Dh are diffusion operators defined as:
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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 4th-order numerics (Dietrich 1997)
and Thuburn’s flux limiter to discretize the non-linear
advection terms in the above equations (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 factor in the buoyancy term is
replaced by a linear combination of model-computed
density qm and climatological density qc: aqmþ
ð1� aÞqc ¼ qm þ ð1� aÞðqc � qmÞ, as the main feature
of the semiprognostic method suggested by Sheng et al.
(2001).
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