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[1] A nested grid ocean circulation modeling system is used to examine the circulation,
dispersion, and hydrodynamic connectivity of surface waters on the Belizean shelf. The
nested grid system consists of a coarse-resolution (�19 km) outer model of the western
Caribbean Sea, an intermediate-resolution (�6 km) middle model of the southern
Meso-American Barrier Reef System (MBRS), and a fine-resolution (�2 km) inner model
of the Belizean shelf. The nested system is forced by climatological monthly mean surface
forcing and integrated over 5 years. The near-surface circulation on the Belize shelf
produced by the inner model is characterized by a strong and persistent northwestward
flow as a direct influence of the Caribbean Current on the northwestern shelf and a weak
and spatially variable flow on the inner and southern shelf. The monthly mean model
currents are used to calculate retention and dispersion of conservative, near-surface
particles carried by the ocean currents. The near-surface dispersion is relatively higher in
areas seaward (east) of Lighthouse and Glovers Reef atolls and lower on the inner shelf,
particularly within the Inner Channel and in the vicinity of South Water Cay. To
examine hydrodynamic connectivity of reefs in the surface waters of the Belize shelf, we
calculate upstream and downstream retention areas for coral reefs at Turneffe Islands and
Glovers Reef atolls. The potential sources of passive, near-surface particle supply
reaching these two reef atolls within 30 days include both the shallow waters surrounding
the two sites, the deep waters between them, and the coastal waters of the Bay Islands
(Honduras). The 30-day downstream retention areas of the Turneffe and Glovers Reef
atolls cover the central and southern Belize shelf, respectively.
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1. Introduction

[2] The mechanisms and intensities of connection among
populations and communities of organisms associated with
geographically distinct coral reef structures (i.e., their hab-
itats) are topics of intense research because of the apparent
degradation of these charismatic ecosystems at the global
scale [Hughes and Tanner, 2000; Wilkinson, 2004], and the
trend toward spatially explicit, ecosystem-based manage-
ment of coral reef provinces [Gibson et al., 1998; Lawrence
et al., 2002]. Measuring connectivity in these well-bounded
systems also contributes to emerging theory of marine meta-
population dynamics [Palumbi, 2003]. Of paramount rele-
vance to understanding ecological connectivity is the
interaction between physical and biological processes in
exchanges of inorganic and organic materials among reef
‘‘islands’’ in deep water environments inimical to the sessile

or site-attached stages of the life cycles of coral reef
organisms. Most challenging of this research is predicting
the trajectories of the immense diversity of living spores and
larvae that provide an extended pelagic stage in the life
histories of the majority of otherwise sedentary reef-associ-
ated species. Particular attention has been focused on
connections among site-attached populations of coral reef
fish, but models to date have used crude dynamics [Roberts,
1997] or have been restricted to small domains [Cowen et
al., 2000]. Our approach is to first differentiate, scale and
parameterize the physical processes of advection and diffu-
sion that affect the dispersion of bioparticles among reef
units and model them at appropriate spatial-temporal scales;
then to do the same for the biological processes of spawning
release, development, directed locomotion, and settlement;
and finally to combine the two model schema in a coupled,
bio-physical model [Hatcher et al., 2004]. Here we report
on the first component of this endeavor we have undertaken
in the Meso-American Barrier Reef System (MBRS) of the
western Caribbean Sea (WCS).
[3] The Belize shelf (BS) in the northwest Caribbean Sea

is a narrow, rugged continental shelf, bounded by the
Central American continent to the west, Yucatan shelf to
the north, Yucatan Basin to the east, and Gulf of Honduras
to the south. The main topographic features in the vicinity
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of the BS (Figure 1) are the Belize Barrier Reef (BBR)
which, at 230 km length is the longest barrier reef system in
the western Atlantic; three large off-shelf atolls known as
Lighthouse Reef Atoll (LRA), Turneffe Islands Atoll (TIA)
and Glovers Reef Atoll (GRA); and numerous patch reefs
across the shelf [Purdy, 1974; MacIntyre and Aronson,
1997; Kramer and Kramer, 2002].
[4] Reef ecosystems are the marine equivalents of terres-

trial rainforests in terms of biodiversity [Hubbell, 1997], and
have significant economic values in terms of exploited
resources, waste disposal, protection of coastal property
and as a basis for tourism [Cesar, 2000; de Groot et al.,
2002]. The coral reefs and associated lagoons on the BS
serve as important habitat, breeding and feeding grounds for
a great diversity of marine invertebrates, fish, reptiles and
mammals. Many sites known to be used by reef fish
spawning aggregations occur throughout the MBRS
[Sadovy and Vincent, 2002], and there are some fifteen
marine protected areas in the region [Kramer and Kramer,
2002]. Establishing the source-sink relationships among
reef areas will inform the prioritization of protective man-
agement interventions. Reefs of the BS have also been
affected significantly by natural and anthropogenic factors
including hurricanes, disease outbreaks, coral bleaching and
various disturbances and stresses resulting from human
activities in the region over the last 30 years [Gibson et
al., 1998; Williams and Bunkley-Williams, 2000]. Aronson
et al. [2000] demonstrated that the mass mortality of
acroporid corals in the region during the late 1990s was
unprecedented over the last 3000 years. There is thus an
increasing demand for better understanding of physical,
ecological and biological processes that connect and sustain
the marine ecosystems of the BS and the broader Caribbean.
The lack of robust, fine-scale models of circulation and
hydrodynamic dispersion in the MBRS poses a serious
impediment to meeting this demand.
[5] Circulation, dispersion and connectivity among coral

reefs have been studied using various numerical models of
systems at a wide range of scales. The Caribbean Sea eddies
have been analyzed and simulated using a sea level data of
the TOPEX/Poseidon altimeter and a (1/6)� Atlantic Ocean
model [Carton and Chao, 1999]. The seasonal circulation,
larval dispersal and retention in the Caribbean Sea were
examined by Cowen et al. [2003] using a (1/12)� North
Atlantic Ocean model constructed from the Miami Isopyc-
nic Coordinate Ocean Model (MICOM). The most compre-
hensive modeling and empirical work linking physical and
biological aspects has been done for Australia’s Great
Barrier Reef (GBR) on the North Queensland Shelf
[Andrews et al., 1983; Wolanski et al., 2001, and references
therein]. Eddy-resolving numerical models have been used
to simulate three-dimensional (3D) circulation and dispersal
of material, such as larvae of marine organisms, on a reef in
the central GBR [Black, 1993], and to discriminate between
local trapping (i.e., retention) of neutrally buoyant, passive
material coming from a natal reef versus trapping of this
material on reefs downstream [Black et al., 1991]. Most
other modeling studies have also focused at the reef to
subreef scales (at length scales of 1 to 0.0l km). For
example, Hearn et al. [2001] used a numerical model of a
set of platform reefs on the Western Australian shelf to
compare hydrodynamic connectivity among island sites

with the genetic connectivity among subpopulations of
marine gastropods at these sites.
[6] Typically, models of this type are scaled to capture the

local dynamics of water around topographically complex
reef structures, and computational limitations restrict the
model domain to small portions of the potential advective
ambit of bioparticles that live for weeks or months in the
water column before settling to reef substrata. For predic-
tions over larger domains, models of reef connectivity in the
Caribbean Sea have used coarse-resolution depictions of
current patterns that do not resolve realistic dynamics and
circulation patterns around source and sink reefs [e.g.,
Roberts, 1997; Cowen et al., 2000]. The challenge at this
stage is to develop models that hydrodynamically connect
individual reef units across distances that incorporate real-
istic marine dispersal domains, while retaining the fine-scale
resolution of the hydrodynamic processes around reefs that
influence key ecological processes of dispersal, retention
and settlement.
[7] In this paper we present a three-level nested grid,

three-dimensional ocean circulation modeling system
designed to deal with the resolution domain challenge.
The nested system is used to study the upper ocean
circulation on the BS and examine the hydrodynamic
dispersion and connectivity in surface waters on the basis
of the horizontal movements of near-surface particles that

Figure 1. Topographic map of the Belizean shelf modified
from the map constructed by Casado Internet Group.
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are advected passively by the model currents among the
three nested model domains of increasing spatial resolution.
We first describe the nested grid system and the two-way
nesting technique on the basis of the smoothed semiprog-
nostic method [Greatbatch et al., 2004; Sheng et al.,
2005b]. We then present the annual mean and monthly
mean circulations in the upper ocean of the BS, the
horizontal movements of passive particles in the near-
surface layer, and metrics of the hydrodynamic dispersion
and connectivity of surface waters on the BS.

2. Nested Grid Ocean Circulation Modeling
System

2.1. Ocean Circulation Model

[8] The nested grid ocean circulation modeling system
used in this study is based on the primitive equation, three-
dimensional ocean circulation model known as CANDIE
(Canadian version of DieCAST [Sheng et al., 1998]).
CANDIE is an outgrowth of the DieCAST model developed
by Dietrich et al. [1987] and has been successfully applied

to various modeling problems on the continental shelf,
including wind-driven circulation over an idealized coastal
canyon [Sheng et al., 1998], nonlinear dynamics of a
density-driven coastal current [Sheng, 2001], tidal circula-
tion in the Gulf of St. Lawrence [Lu et al., 2001] and wind-
driven circulation over a stratified coastal embayment
[Davidson et al., 2001]. Most recently, CANDIE has been
used to study the storm-induced circulation on the Scotian
Shelf [Sheng et al., 2005a], seasonal circulation in the
western Caribbean Sea [Sheng and Tang, 2003, 2004],
and nonlinear tidal circulation in coastal waters [Sheng
and Wang, 2004].
[9] The nested grid modeling system has a three-level

nesting structure (Figure 2), which consists of an outer
model covering the WCS (72�–90�W, 8�–24�N), a middle
model covering the southern MBRS (84�–89�W, 15.5�–
20�N), and an inner model covering the BS (87.3�–
88.43�W, 16.1�–18�N). The nested grid modeling system
uses different time steps for the three subcomponents, which
are 16 minutes for the outer model, 5.5 minutes for the
middle model and 2 minutes for the inner model. The nested

Figure 2. Selected bathymetric features for the triply nested grid modeling system, which consists of
(a) an outer model covering western Caribbean Sea (WCS), (b) a middle model covering the southern
Meso-American Barrier Reef System (MBRS), and (c) an inner model covering the Belizean shelf (BS).
Abbreviations are used for Lighthouse Reef Atoll (LRA), Turneffe Islands Atoll (TIA), Glovers Reef
Atoll (GRA), South Water Cay (SWC), Inner Channel (IC), and Ambergris Cay (AC). Contours are
labeled in units of meters.
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system uses the digital bathymetry database of 2-minute
resolution (DBDB2) developed by the Ocean Dynamics and
Prediction Branch, the Naval Research Laboratory of the
United States (D.-S. Ko, personal communication, 2003;
http:/www7320.nrlssc.navy.mil/DBDB2_WWW). The hor-
izontal resolutions of the nested system are approximately
19 km for the outer model, 6 km for the middle model, and
2 km for the inner model, respectively. The three subcom-
ponents of the nested system have the same 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, respec-
tively. For simplicity, model grid points with water depth
less than 5 m are treated as land (dry) points. Due mainly to
their coarse horizontal resolutions, the outer and middle
models of the nested system resolve reasonably well the
large-scale features (Figures 2a and 2b), but less well small-
scale features of real topography on the BS. In comparison,
the inner model resolves better the three large reef atolls
LRA, TA, and GRI (Figure 2c), but less well the coastal
topography and patch reefs on the BS.
[10] The nested system uses the vertical mixing scheme

of Large et al. [1994] for vertical eddy viscosity and
diffusivity coefficients Km and Kh, and the horizontal
mixing scheme of Smagorinsky [1963] for the horizontal
eddy viscosity coefficient Am defined as

Am ¼ cDxDy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where Dx and Dy are the grid spacing in the eastward and
northward directions, respectively, u and v are the eastward
and northward components of model currents, respectively,
and c is a coefficient set to 0.1. The horizontal turbulent
Prandtl Number Ah/Am is set to 0.1., where Ah is the
horizontal eddy diffusivity coefficient. Since the Smagor-
insky scheme is resolution-dependent, it has the desirable
effect of having different levels of horizontal mixing in the
different subcomponents of the nested system. The nested
system also uses the fourth-order numerics [Dietrich, 1997]
and Thuburn’s flux limiter to discretize the nonlinear
advection terms [Thuburn, 1996].
[11] The following model boundary conditions are used

in the three subcomponents of the nested system. At lateral
solid (or 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
open boundaries of each subcomponent, the normal flow,
temperature and salinity fields are calculated using adaptive
open boundary conditions [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 a restoring timescale of
15 days, and the middle and inner model prognostic

variables at the open boundary are restored to the outer
and middle model results, respectively, with a restoring
timescale of 5 hours. In addition, the depth-mean normal
flows across the outer model open boundaries are set to be
the monthly mean results produced by a (1/3)� Atlantic
model (C. Eden, personal communication, 2003) on the
basis of FLAME (Family of Linked Atlantic Model Experi-
ments [Dengg et al., 1999]).

2.2. Two-Way Nesting Technique Based on the
Smoothed Semiprognostic Method

[12] The novel feature of the nested grid modeling system
for the BS is the use of a two-way nesting technique based
on the smoothed semiprognostic (SSP) method [Sheng et al.,
2005b]. The SSP method [Eden et al., 2004] is a modifi-
cation of the original semiprognostic (OSP) method intro-
duced by Sheng et al. [2001]. The original application of
both SSP and OSP methods was to adjust an ocean
circulation model to correct for systematic error by adding
a correction term to the model hydrostatic equation, which
is equivalent to adding a pressure correction term to the
horizontal momentum equation. Readers are referred to
Greatbatch et al. [2004] and Sheng et al. [2005b] for a
detailed discussion on the SSP method and its application to
the development of the new two-way nesting technique.
Only a brief summary is provided here.
[13] The new nesting technique has two components:

(i) the specification of the model’s open boundary condi-
tions described in 2.1 above, and (ii) the use of the SSP
method to exchange information between subcomponents of
the nested grid modeling system. Three steps are involved
for the second component. First, the middle model temper-
ature and salinity (TS) are interpolated onto the inner model
grid to adjust the momentum equation of the inner model
over the common subregion where the inner and middle
model grids overlap on the basis of

@pinn
@z

¼ �grinn � g 1� binnð Þ r̂mid � rinnh i ð2Þ

where pinn and rinn are pressure and density variables of the
inner model, respectively, r̂mid is density calculated from the
middle model TS fields after interpolation onto the inner
model grid, binn is the linear combination coefficient with a
value between 0 and 1, and hi is a filtering operator. The
filtering operator ensures that the inner model is constrained
by the middle model only on large scales (determined by the
smoothing scale that is used), the smaller scales associated
with the fine grid of the inner model being free to evolve
without constraint.
[14] Second, the middle model TS fields are interpolated

onto the outer model grid to adjust the momentum equations
of the outer model over the common subregion where the
outer and middle model grids overlap on the basis of

@pout
@z

¼ �grout � g 1� boutð Þ ~rmid � routh i ð3Þ

where pout and rout are pressure and density variables of the
outer model, respectively, ~rmid is density calculated from
middle model TS fields after interpolation onto the outer
model grid, bout is the linear combination coefficient with a
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value between 0 and 1, and hi is the filtering operator, which
usually differs from that in equation (2).
[15] Third, the outer and inner model TS fields are

interpolated onto the middle model grid to adjust the
momentum equation of the middle model over the over-
lapping subregion on the basis of

@pmid
@z

¼ �grmid � g 1� bmidð Þ r̂opi � rmid
D E

ð4Þ

where pmid and rmid are pressure and density variables of the
middle model, respectively, r̂opi is density calculated from
the outer and inner model TS fields after interpolation onto
the middle model grid, and bmid is the linear combination
coefficient with a value between 0 and 1.
[16] As demonstrated by Sheng et al. [2005b], the above

SSP nesting technique is equivalent to adding an interaction
term to the model momentum equation in each subcompo-
nent of the nested system. The interaction term depends on
the density difference between subcomponents of the nested
system shown in the second terms in equations (2)–(4),
with linear coefficients binn, bout and bmid determining the
intensity of the interaction. When binn = 1, the inner model
is not constrained by the middle model except for the
specification of inner model boundary conditions based on
the middle model results. Similarly, the outer model in the
overlapping subregion is not constrained by the middle
model when bout = 1, and the middle model in the over-
lapping subregion is not constrained by the inner and outer
models when bmid = 1. In this study, we follow Sheng et al.
[2005b] and set the linear combination coefficients binn, bout
and bmid to 0.5. For simplicity the filtering operator used in
this study is the running averaging, with a smoothing scale
of 24 km for the inner model, and 72 km for the middle
model. The filtering operator in equation (3) for the outer
model is not used in this study.
[17] To correct for model systematic error and unsolved

processes in the outer and middle models, the SSP
nesting technique described above is also combined with
the original application of the SSP method. The combi-
nation is achieved by replacing ~rmid in equation (3) with
aout ~rmid + (1 � aout) rc for the outer model, where rc is
the climatological density and aout is set to 0.5, and
replacing r̂opi in equation (4) by amid r̂opi + (1 � amid)
rc, with amid set to 0.25 for the middle model. The reader
is referred to Sheng et al. [2005b] for a more detailed
discussion on this combination.

2.3. Model Forcing and Trajectory Tracking of
Passive Particles

[18] The nested grid modeling system is initialized with
January mean climatology of temperature and salinity (TS),
and forced by the climatological monthly mean surface
wind stress and heat flux constructed by da Silva et al.
[1994]. The net heat flux through the sea surface Qnet is
expressed as [Barnier et al., 1995]:

Qnet ¼ Qclim
net þ g SSTclim � SSTmodel

� �
ð5Þ

where Qnet
clim is the monthly mean net heat flux taken from

da Silva et al. [1994], SST clim is the monthly mean sea
surface temperature, and g is the coupling coefficient

defined as Dz1 r0 cp/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 g is
about 35 Wm�2 K�1, which is comparable to values
calculated from observations [e.g., Haney, 1971]. We also
restore the model sea surface salinity to the monthly mean
climatology at a timescale of 15 days. Since the model
forcing in this study is the monthly mean climatology, it is
sufficient to exchange information between the subcompo-
nents of the nested system once per day.
[19] To examine the dispersion and connectivity of sur-

face waters in the BS, we track the movements of near-
surface particles that are advected passively by horizontal
components of ocean currents (by ignoring vertical move-
ments of particles) on the basis of

~x tð Þ ¼~x t0ð Þ þ
Z t

t0

~u ~x; tð Þdt þ~d ð6Þ

where~x (t) and~x(t0) are the horizontal position vectors of a
passive particle at time t and initial time t0, respectively,
~u(~x, t) is the horizontal velocity vector of model currents,
and~d is additional random horizontal displacements used to
represent the influence of physical processes such as storm
events, daily wind forcing and tidal currents that are not
modeled explicitly in this study. Justification for ignoring
the vertical movements of particles in equation (6) is that
monthly mean horizontal currents are on average much
stronger than the vertical currents in the study region in the
surface layer of the BS.
[20] We follow Hannah et al. [1998] and express~d as

~d ¼ x
ffiffiffiffiffiffiffiffiffiffi
2kDt

p
; V

ffiffiffiffiffiffiffiffiffiffi
2kDt

p
 �
ð7Þ

where x and z are random deviates from a Gaussian
distribution of zero mean and unit variance, respectively, Dt
is the time step used in the numerical integration of equation
(6), which is greater than the time steps used in the
numerical simulation of the nested grid modeling system,
and k is a horizontal eddy diffusivity set to 25 m2s�1

[Hannah et al., 1998].
[21] To quantify retention and dispersion of passive

particles (i.e., conservative with respect to the water mass),
we follow Cong et al. [1996] and define the retention index
as

R ~x; tð Þ ¼ N ~x; tð Þ
N ~x; t0ð Þ ð8Þ

where N(~x, t0) is the number of particles inserted initially in
a subarea of a given size centered at~x at initial time t0, and
N(~x, t) is the number of original particles remaining within
the subarea at some later time t. Physically, the retention
index defined above represents the proportion of particles
inserted in a given subarea at t0 remaining inside the subarea
at a later time t. The value of R is between 0 and 1, with
higher values corresponding to higher retention of particles.
In the case of R = 0, all the particles are flushed from the
given subarea between time t0 and t. Once the retention
index R is known, the dispersion rate can readily be
calculated on the basis of 1 � R(~x, t). Therefore we focus
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mainly on the calculation and discussion of the retention
index in this study.

3. Model Results

3.1. Annual and Monthly Mean Upper Ocean
Circulation

[22] We integrate the nested grid system for 5 years
and calculate the annual mean volume transport stream-
function (Figure 3) from model results in the last 4 years.
The large-scale features of the annual mean transport
streamfunction produced by the outer model compare
very well with the numerical results produced by Smith
et al. [2000] and Johns et al. [2002] for the western
Caribbean Sea (WCS). The annual mean transport of the
Caribbean Current is about 18 Sv (=106 m3 s�1) over the
eastern Colombian Basin, and increases gradually up to
22 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 25 Sv. 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; Ezer et al.,
2003].
[23] The annual mean, near-surface (5 m) circulation in

the WCS produced by the coarse-resolution outer model is
characterized by a persistent throughflow known as the
Caribbean Current, which is relatively broad and roughly
westward in the central and eastern Colombian Basin
(Figure 4a). The Caribbean Current bifurcates before reach-
ing the Nicaragua Rise, with a weak branch veering
southwestward to form the cyclonic, highly variable
Panama-Colombia Gyre in the southwestern Caribbean
Sea. The main branch of the Caribbean Current turns

northwestward and flows along the outer flank of Nicaragua
Rise to form a narrow offshore flow running westward and
then northward to the Gulf of Mexico. The main features of
the annual mean circulation produced by the outer model are
in good agreement with those produced by Sheng and Tang
[2003] using a single-domain model for the same region, and
are also in good agreement with the current knowledge of the
general circulation in the WCS [Maul, 1993; Mooers and
Maul, 1998; Johns et al., 2002; Ezer et al., 2003].
[24] The annual mean near-surface circulation produced

by the middle model (Figure 4b) is dominated by the
Caribbean Current that prevails in the southern MBRS.
The Caribbean Current in this subregion runs first westward
in the deep water off the continental shelf of Honduras, and
then turns northward as it approaches the Gulf of Honduras
(GOH) to form an intense coastal jet running northward
along the east coast of Belize and Mexico.
[25] By comparison with the outer and middle model

results in the BS, the fine-resolution inner model generates
more mesoscale circulation features around individual reef
structures in the same region (Figure 4c). In the area
seaward (east) of Lighthouse Reef Atoll (LRA) and Turn-
effe Islands Atoll (TIA), the annual mean near-surface
currents produced by the inner model are strong and
approximately northwestward, as a direct influence of the
Caribbean Current in these areas. The near-surface currents
separate into two branches before reaching the southeastern
margin of TIA, with the main branch veering anticycloni-
cally to flow northward to the deep waters of the Belize
barrier reef (BBR), and a weak branch flowing around the
south tip of TIA before turning northward through a narrow
passage between TIA and the BBR. The annual mean
currents are relatively weak and spatially variable within
the Inner Channel (IC) and in reef areas off Glovers Reef
Atoll (GRA) and South Water Cay (SWC).

Figure 3. Annual mean volume transport stream function calculated from 4-year model results. The
contour interval is 2 Sv (=106 m3 s�1).
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[26] Figure 5 shows vertical distributions of the annual
mean along-channel currents and temperature across Yuca-
tan Strait produced by the outer model. The model results
are in qualitative agreement with previous observations
[Maul et al., 1985; Ochoa et al., 2001; Sheinbaum et al.,

2002] and numerical simulations [Ezer et al., 2003; Oey and
Ezer, 2004] in the strait, which are characterized as the
surface-intensified Yucatan Current flowing into the Gulf of
Mexico from the Caribbean Sea in the upper layer, weak
Yucatan Countercurrent flowing southward beneath it over

Figure 5. Vertical distributions of (a) along-channel (northward) annual mean currents, (b) associated
standard deviations, and (c) annual mean temperature across Yucatan Strait calculated from 4-year model
results produced by the nested grid outer model.

Figure 4. Annual mean near-surface (5 m) currents calculated from 4-year model results produced by
the nested grid modeling system. Velocity vectors are plotted at every third model grid point.
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the western side of the Strait, and southward flows at the
surface and at depth on the Cuban side (Figure 5a). The
annual mean temperature has the upward curvature of
the isotherms in the top 500 m associated with the north-
ward Yucatan Current in the Mexican side (Figure 5c). The
change in curvature of the isotherms in the deep layer of
greater than 800 m is associated with the Yucatan Counter-
currents in the western side and Cuban Countercurrent in
the eastern side [Sheinbaum et al., 2002]. It should be noted
that the model-calculated Yucatan Current is relatively
stronger in the surface layer and the model-calculated
Yucatan Countercurrent is slightly weaker than the obser-
vations made by Sheinbaum et al. [2002] on the western
side of the Strait.
[27] We next follow Sheng and Tang [2003, 2004] and

assess the performance of the nested system by comparing
the annual mean currents at 16 m produced by the outer and
middle models with the time-mean currents inferred by
Fratantoni [2001] from trajectories of the satellite-tracked
15-m-drogued drifters made during the 1990s (Figure 6).
The results of the nested grid outer model reproduce
reasonably well the large-scale features of the observed
currents in the WCS, including the persistent, Caribbean

Current throughflow and the intense Panama-Colombia
Gyre (Figure 6a). The middle model results also reproduce
reasonably well the observed currents in the southern
MBRS.
[28] To quantify the model performance, we calculate the

misfit between the empirical observations and the model-
computed currents on the basis of J, defined as:

J ¼

PN
k

uok � usk
� �2þ vok � vsk

� �2h i
PN
k

uok
� �2þ vok

� �2h i ð9Þ

where (uk
o, vk

o) are the horizontal components of the
observed currents at the kth location estimated by
Fratantoni [2001], (uk

s, vk
s) are the horizontal components

of the simulated currents produced by the outer or middle
models at the same kth location as the observations,
respectively, and N is the total number of locations where
observations were made. The smaller J, the better the model
results fit the observations. The J value is about 0.54 for the
outer model results in the WCS (see Figure 6c), and about

Figure 6. Comparison of modeled (solid arrows) and observed (open arrows) currents (a) in the western
Caribbean Sea (WCS) and (b) in the southern Meso-American Barrier Reef System (MBRS). The
modeled currents in the WCS and southern MBRS are the annual mean currents at 16 m produced by the
nested grid outer and middle models, respectively. The observed currents are the gridded time-mean
currents during the 1990s inferred from trajectories of 15-m-drogued satellite-tracked drifters by
Fratantoni [2001] on a 1� grid. Scatterplots of observed and model-calculated time-mean currents (c) in
the WCS and (d) in the southern MBRS.
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0.40 for those in the southern MBRS (not shown). The J
value for the middle model results in the southern MBRS is
also about 0.40 (Figure 6d). Therefore both the nested grid
middle and outer models perform reasonably well in
simulating Fratantoni’s observed currents in the study
region. Comparison of the inner model results with the
time-mean observed currents in the BS was not attempted
mainly because Fratantoni’s data do not resolve the fine-
scale circulation features in the BS.

[29] We also calculate the monthly mean, near-surface
(5 m) currents in February, May, August, and November
(Figure 7) from the 4-year model results. The monthly mean
near-surface currents in the WCS produced by the outer
model for these four months have large-scale circulation
features highly similar to the annual mean, near-surface
circulation shown in Figure 6, with significant between
month variability. The Caribbean Current is relatively
stronger in August and weaker in other three months. The

Figure 7. Monthly mean near-surface (5 m) currents in (a) February, (b) May, (c) August, and
(d) November calculated from 4-year model results produced by the nested grid system. Velocity vectors
are plotted at every third model grid point.
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Panama-Colombia Gyre is made up of two cyclones in
August and November, but only a single cyclone in Febru-
ary and May. The highly variable behaviors of the Panama-
Colombia Gyre produced by the nested system are in
qualitative agreement with previous findings based on the
satellite altimetry data [Nystuen and Andrade, 1993;
Andrade and Barton, 2000] and near-surface drifter data
[Fratantoni, 2001].
[30] The overall circulation features of the monthly mean

near-surface currents over the southern MBRS in the four
months produced by the middle model (Figure 7) also
compare reasonably well to the annual mean circulation,
except that the Caribbean Current in the region is relatively
stronger in May and August and weaker in February and

November. In addition, there is a small-scale cyclonic
recirculation associated with the Honduras Convergence in
February and November. This recirculation does not appear,
however, in May and August.
[31] The monthly mean near-surface circulation produced

by the fine-resolution inner model is characterized by
relatively strong and persistent currents in the seaward areas
of LRA and TIA, and weak and variable currents in the
GOH and adjacent coastal areas of the southern BS
(Figure 7). The results are consistent with the annual mean
near-surface currents in the same region (Figure 6). The
nested grid inner model results also have large month-to-
month variability. The monthly mean near-surface currents
in the eastern margin of LRA and TIA are relatively weak in

Figure 7. (continued)
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February and November, and stronger in May and August
(Figure 7). Over the southern BS, the near-surface cur-
rents are relatively weak in February and May, and
stronger in August and November. The monthly mean
near-surface circulation in February and November pro-
duced by the inner model separates into three branches
before reaching the southeast margin of TIA: one branch
turning northward, a second branch turning southward to
form a cyclonic recirculation in the GOH, and a third
branch running westward through the passage between
TIA and GRA before spreading onto the reef areas within
the IC. During May and August, in contrast, the near-
surface currents in the southern BS are all approximately
northwestward (Figure 7).

3.2. Movements of Near-Surface Particles in
Four Reef Areas of the Belizean Shelf

[32] To calculate horizontal movements of near-surface
particles in the BS, we set the horizontal velocity vector~u in
equation (6) to be the monthly mean near-surface (5 m)
horizontal currents produced by the inner model, and track
trajectories of near-surface passive particles numerically
using the fourth-order Runge-Kutta scheme [Press et al.,
1989], with Dt in equation (7) set to 6 h. Figure 8 displays
horizontal distributions of near-surface particles in Febru-
ary, May, August, and November for four clusters of near-
surface particles inserted separately in four different reef
areas in the BS. (Figure 8 (left) show initial positions of
particles inserted in the four areas). The four reef areas are
centered at Lighthouse Reef Atoll (LRA), Turneffe Islands
Atoll (TIA), Glovers Reef Atoll (GRA) and South Water
Cay (SWC), with radii of inserting areas set to about 13, 17,
11, and 15 km, respectively. These four reef areas have been
identified as the highest priority areas for biodiversity
conservation in the southern MBRS [Kramer and Kramer,
2002].
[33] For near-surface particles inserted in the reef area of

LRA (particles with the blue color in Figure 8), their
horizontal movements during the first 5 days in February
and November are similar, characterized by the majority of
particles drifting westward onto the eastern margin of TIA,
and a small number of particles retaining in the original
inserting area around LRA (Figures 8a and 8b). From day 5
to day 10, the near-surface particles in the two months drift
further westward into shallow waters east of TIA. By day 15,
the particles advected into this region separate approximately
into three groups: one group drifting further northward,
the second group drifting westward to the south margin
of TIA, and the third group retained in the shallow waters
east of TIA (Figures 8a and 8d). In May and August, by
comparison, most of the near-surface particles inserted
initially in the LRA area drift rapidly northwestward
during the first 5 days (Figures 8b and 8c), and exit
from the northern BS by day 15 in May and by day 10
in August, which is consistent with the fact the monthly
mean near-surface currents in the region between TIA and
LRA are stronger in May and August than those in other
two months (Figure 7).
[34] The horizontal movements of near-surface particles

inserted in the TIA reef area (particles with the red color in
Figure 8) are functions of their initial positions. Most
particles inserted in the central and south lagoons of TIA

are retained within the areas for more than 15 days, due
mainly to weak near-surface currents in the areas. In
February and November, the near-surface particles inserted
over the seaward area of TIA are retained in the original
inserting area during the first 5 days and then drift gradually
northward with the intense near-surface currents. Most
particles inserted over the western and northern areas of
TIA move northwestward onto the shallow waters of
Ambergris Cay (AC) during the first 15 days. In May and
August, by comparison, the 15-day movements of near-
surface particles inserted in the eastern and western areas of
TIA are very similar; characterized by a large number of
near-surface particles being advected rapidly northward
with the intense, near-surface currents around TIA
(Figures 8b and 8c), and a small number of particles
remaining in the vicinity of TIA (Figures 8b and 8c).
[35] The near-surface particles inserted in the vicinity of

Glovers Reef Atoll (GRA) have two distinct pathways
during February (particles with the magenta color in
Figure 8a). Particles inserted over the northwestern shal-
low waters move slowly westward and reach the waters
east of SWC by day 15. The majority of particles inserted
over the southeastern area are retained there for the
duration of the particle tracking, with some particles
spreading gradually southeastward. In May, a large number
of near-surface particles inserted at the GRA move north-
westward, with some of them reaching the northeastern
Inner Channel (IC) by day 10 (Figure 8b). In August, the
majority of near-surface particles inserted at the GRA area
move rapidly northwestward during the first 10 days, and
then turn northeastward through the passage between TIA
and BBR from day 10 to day 15 (Figure 8c). In Novem-
ber, the near-surface particles inserted at the GRA area
drift southwestward during the first 5 days and then turn
southeastward afterward (Figure 8d).
[36] The near-surface particles inserted at South Water

Cay (SWC) inside of the barrier reef (particles with the
green color in Figure 8) experience little horizontal disper-
sion, with a large number of particles retained in the shallow
waters of SWC during the 15-day period. The near-surface
particles inserted over the western part of the SWC area drift
slowly to the southwestward along the coast of Belize. The
particles inserted over the eastern part of the SWC spread
gradually southwestward in February and November, and
northwestward in May and August.

3.3. Retention and Dispersion of Near-Surface
Particles

[37] We calculate the retention index defined in equation
(8) on the basis of the horizontal movements of near-surface
particles carried by the monthly mean, near-surface (5 m)
currents produced by the fine-resolution inner model. The
subarea used in the calculation of the retention index is a
square box with the horizontal dimension of 80 km by
80 km. A separation distance between centers of two
adjacent boxes is set to about 6.6 km to eliminate small-
scale features in the results. Within each box, near-surface
passive particles are inserted uniformly with 13 particles per
100 km2 of wet areas. The retention indices of near-surface
particles are calculated from the monthly mean near-surface
currents in February, May, August, and November
(Figure 9). The horizontal distributions of retention indices
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Figure 8. Horizontal positions of near-surface (5 m) particles that are advected passively by monthly
mean near-surface currents in (a) February, (b) May, (c) August, and (d) November produced by the
nested grid inner model during the 15-day period. The four clusters of particles are seeded over coral reef
areas of Lighthouse Reef Atoll (LRA, blue), Turneffe Islands Atoll (TIA, red), Glovers Reef Atoll (GRA,
magenta), and South Water Cay (SWC, green), respectively, in the Belizean shelf.
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Figure 9. Distributions of retention indices in the Belizean shelf based on the horizontal movements of
near-surface particles advected by monthly mean near-surface currents produced by the nested grid inner
model in (a) February, (b) May, (c) August, and (d) November. The contour interval is 0.1.
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for near-surface particles advected by model currents for
five days in each of the four months have similar large-scale
features, characterized by relatively high retention indices of
about 60–80% over the inner BS between the Belize coast
and Belize Barrier Reef (BBR), and lower retention indices
of less than 20% over the eastern margins of LRA and TIA.
The retention indices for 10 days have similar large-scale
horizontal features as those for 5 days, but with reduced
magnitudes. The relatively higher retention (or lower dis-
persion) of near-surface particles over the inner BS, and
lower retention (or higher dispersion) of particles over the
eastern margins of LRA and TIA are consistent with the
general circulation features of the monthly mean currents
shown in Figure 7. For particles advected by the monthly
mean model currents for 20 days, retention indices are about
40% within most of the Inner Channel and over the Gulf of
Honduras, and near zero over the outer BS in the three
months other than February.
[38] The calculated retention indices exhibit large month-

to-month variability (Figure 9). The retention indices for
20 days of particle movements in the southeastern BS
remain high and are about 50% in February, but near zero
in the other three months. The result is consistent with the
fact that the monthly mean circulation in the region is much
weaker in February than that in other three months. In the
southern SWC, the retention indices for 20 days are about
70% in February and 50% or less in other three months.
Over coastal waters between the Belizean coast and Am-
bergris Cay, the retention indices for 20 days are about 70%
in May and August and about 40% in November.
[39] To further examine the month-to-month variability in

retention indices, we calculate area-mean retention indices
averaged over four coral reef areas at LRA, TIA, GRA and
SWC during a 12 month period. In the LRA area
(Figure 10a), the near-surface retention indices for 5 days
of particle movements are about 20% in the winter months
(December to March), and 5–10% in other months. After
10 days the retention indices in the LRA area reduce to less
than 5%, indicating high dispersions due to strong and
persistent near-surface currents in the area (Figure 7).
[40] For near-surface particles released in the Turneffe

Islands Atoll (TIA) area (Figure 10b), the retention indices
for 5 days are about 65% in January and February, and
reduce to about 40% in spring (April to June) and summer
(July to September). After reaching a minimum value of
about 30% in September, the retention indices in the area
increase to about 50% in fall (October to December). The
retention indices in the TIA area reduce significantly from
day 5 to day 10, and reach a constant value after 10 days,
which is about 50% in winter, and 40% in other three
seasons. The time-invariant retention indices after 10 days
can be explained by the fact that a large number of near-
surface particles seeded in the central and south lagoons of
TIA remain within the lagoons for more than 20 d
(Figure 8). For near-surface particles in the Glovers Reef
area (GRA) the retention indices for five days are about
50% in winter and early spring and 30–40% from June to
August (Figure 10c). After reaching a high value of about
60% in September, the retention indices reduce to 30% in
October and December and a minimum value of about 5%
in November. After 15 days, the retention indices in the
GRA area reduce to about 30% in winter, 15% in spring,

summer and later fall, with near zero in October and
November.
[41] For near-surface particles inserted in the South Water

Cay (SWC) area (Figure 10d), the retention indices for
5 days are high, which are about 80% in winter and early
spring, and about 70% from June to September. In fall, the
retention indices vary from about 80% in October to about
60% in December. The retention indices in the SWC area
reduce continuously with time from day 5 to day 20. For the
near-surface particles advected by the model currents for
20 days, the retention indices are about 50% in winter and
early spring, 40% in June and summer, 40% in October and
20% in November and December.

3.4. Physical Connectivity of Surface Waters in the
Belizean Shelf

[42] To examine hydrodynamic connectivity of surface
waters of the Belize shelf, we specify putative source and
sink regions associated with each reef area in which
particles were inserted (i.e., TIA, GRA) by calculating the
upstream and downstream areas of coral reef using the
horizontal movements of near-surface particles carried by
the monthly mean near-surface (5 m) currents produced by
the middle model (Figure 7). We use the intermediate-
resolution model results rather than the fine-resolution
(inner) model results mainly because the upstream areas
of the two atolls extend beyond the domain of the inner
model (Figure 11). The upstream area of a given coral reef

Figure 10. Area mean retention indices for 5, 10, 15, and
20 days of particle movements averaged over reef areas at
(a) Lighthouse Reef Atoll (LRA), (b) Turneffe Islands Atoll
(TIA), (c) Glovers Reef Atoll (GRA), and (d) South Water
Cay (SWC) in the Belizean shelf. The retention indices are
calculated on the basis of the horizontal movements of the
near-surface particles advected by monthly mean near-
surface currents produced by the nested grid inner model.
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in this study is defined as the sum of all subareas from
which more than 2% of near-surface particles inserted
within each subarea reach the designated sink area within
30 days. Similarly, the downstream area of a given coral
reef is defined as the sum of all subareas to which more than
2% of particles originally inserted are advected from the
source area within 30 days.
[43] Physically, the upstream area defined above repre-

sents a potential area from which the passive particles could
be imported to a given reef site within 30 days; and the
downstream area is a potential area to which the passive
particles could be exported from the given reef site within
the same period. We have chosen these criteria to be
consistent with those of Roberts [1997]. The dimension of
the subareas used in the calculation is the same as used in
the calculation of retention indices (previous section).
[44] The 30-day upstream area for the Turneffe Islands

Atoll (TIA) reef site includes shallow waters of TIA and an
offshore corridor connecting deep waters to the southeast
margin of TIA with those to the north of the Bay Islands
(BI) of Honduras (Figure 11). The horizontal dimension of
the offshore corridor is about 200 km by 30 km in February
and November and 170 km by 80 km in May and August.
Mainly because of a small-scale cyclonic recirculation in the

GOH in February and November, the southeastern part of
the offshore corridor is located in the deep waters to the
north of BI during these two months. In May and August,
the southeastern part of the corridor connects the coastal
waters off BI, indicating that the near-surface particles
released in the coastal waters of BI could affect the TIA
reef site within 30 days during this season.
[45] The upstream area of the GRA also includes shallow

waters surrounding GRA and an offshore corridor connect-
ing GRA and BI (Figure 11). The offshore corridor in
February is a curved shape due to the direct effect of the
cyclonic recirculation in the GOH. In May and August, the
offshore upstream areas for GRA site are more regular with
the horizontal dimension of about 110 km by 50 km, with
the southeastern part of the corridor connecting the coastal
waters off BI, indicating the strong hydrodynamic connec-
tivity from BI to GRA for passive particles in the surface
waters over periods of less than 30 days. In November, the
offshore corridor is oriented more east-westward, due again
to the effect of the recirculation in the GOH.
[46] The downstream area of the TIA area covers the

inner and mid BS between the SWC and AC, with the
dimension of about 60 km in the four months (Figure 12).
The downstream areas are relatively larger in August and

Figure 11. Distributions of upstream areas for coral reefs at Turneffe Islands Atoll (red) and Glovers
Reef Atoll (blue) in the Belizean shelf within 30 days calculated from the monthly mean currents
produced by the middle model in (a) February, (b) May, (c) August, and (d) November.
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smaller in February. The downstream area of the GRA
covers the IC in August and more southwestern IC in other
three months. Therefore the TIA and GRA reefs are
potential sources of particles in the inner BS within 30 days
if the particles behave conservativelywith respect to thewater
mass.

4. Summary and Conclusion

[47] Because most species of coral reef fish have a pelagic
larval stage lasting for weeks to months, an important issue
for the development of ecosystem-based management is the
degree of larval exchange among populations of marine
organisms inhabiting distinct geographic regions. This flux
is difficult to measure directly, but it may be inferred from
models of water flow and gene flow, both of which are
modified by the behavior of larvae through their capacities
to detect and respond to environmental cues and their
abilities to orient their vertical and horizontal position by
swimming. Our approach in the ECONAR (Ecological
Connections Among Reefs) is to first separate this complex
interaction into a physical and biological model, and then to
recombine them to predict actual dispersion and connectiv-
ity, which can be tested using genetic analyses.

[48] This first application of a nested grid, three-
dimensional ocean modeling system portrays the hydro-
dynamic circulation, retention and physical connectivity
of surface waters of the Belizean shelf (BS) at spatial and
temporal scales relevant to the duration of many larval
fish. The novel, two-way nesting technique based on the
smoothed, semiprognostic method [Sheng et al., 2005a]
exchanges information between subcomponents of the
nested model system and specifies the open boundary
conditions of the middle and inner models. The main
advantage of the nesting technique is that it prevents
unrealistic drift of the middle and inner models by adjusting
large-scale circulations produced by the two models using
the outer and middle model results, respectively, while
the model temperature and salinity of the nested system
are fully prognostic.
[49] The nested grid system appears to robustly predict

the annual and monthly mean circulation in the upper ocean
of the WCS, as determined by a comparison of the annual
mean currents at 16 m produced by the outer model for the
WCS and the middle model for the southern MBRS with the
time-mean currents inferred from trajectories of satellite-
tracked drifters drogued at 15 m depth in the 1990s
[Fratantoni, 2001].

Figure 12. Distributions of downstream areas for coral reefs at Turneffe Islands Atoll (red) and Glovers
Reef Atoll (blue) in the Belizean shelf within 30 days calculated from the monthly mean currents
produced by the middle model in (a) February, (b) May, (c) August, and (d) November.
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[50] The annual mean near-surface circulation in the BS
produced by the fine-resolution inner model is characterized
by a strong and persistent northwestward flow over the
seaward areas of Lighthouse Reef Atoll (LRA) and Turneffe
Islands Atoll (TIA), apparently as a direct result of the
interaction between the strong, directional Caribbean Cur-
rent, and weak, spatially variable currents in the southern
and inner BS. The monthly mean circulation produced by
the nested system also has significant month-to-month
variability, with relatively weaker near-surface currents in
the shallow waters off LRA and TIA in February and
November and stronger in May and August. These patterns
reflect variation in the surface wind stress.
[51] We calculated horizontal movements of near-surface

particles that are advected passively by the model currents
in the BS from the monthly mean near-surface currents
produced by the fine-resolution inner model. Within
10 days, most of the near-surface particles inserted initially
in the LRA and GRA areas leave the originally seeding
areas, while most of the particles seeded initially in the
South Water Cay (SWC) and inner BS are retained within
the regions. Most of the particles inserted in the central and
southern lagoons of ITA are retained in those areas. On the
basis of the horizontal movements of near-surface passive
particles, we calculated the retention index in the BS, which
is defined as the proportion of near-surface particles that are
inserted initially in a subarea of 80 km by 80 km remaining
within the subarea at later time. Once the retention index R
is known, the dispersion rate can be calculated on the basis
of (1 � R).
[52] Distributions of retention indices after 15 days indi-

cate that horizontal dispersion of near-surface particles is
relatively small in the inner shelf and large in the outer
shelf, particularly over the northeastern shelf around the
GRA. On the basis of the dispersion indices for four,
distinct reef areas over 12 months, the dispersion rate after
15 days is large and more than 90% for the LRA reef, about
85% for the GRA reef, and about 50% for the SWC and
TIA reefs.
[53] To allow comparison with the predictions of hydro-

dynamic connectivity of surface waters in the Caribbean Sea
made by Roberts [1977], we calculated the upstream and
downstream areas of dispersion of passive particles in the
MBRS. The 30-day average interaction distances of upstream
areas are much larger than those of downstream areas in all
seasons. For the regions of TIA and GRA the sources of
particle supply are potentially extended to the Bay Islands
near the north coast of Honduras, suggesting that the large
areas upstream of these two atolls may be important sources
of recruits to their fish populations. The downstream areas of
TIA and GRA reefs cover mainly the central and southern BS
to the west, indicating the potential passive retention of
particles in these two regions. Comparisons of these results
with those of models incorporating larval fish behavior will
provide an indication of the importance of biological pro-
cesses in determining source-sink relationships among reef
fish populations in the MBRS.
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