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Abstract The characteristics and forcing mechanisms of
high-frequency flow variations (periods of minutes to days)
were investigated near Gladden Spit, a reef promontory off
the coast of Belize. Direct field observations and a highresolution (50-m grid size) numerical ocean model are used
to describe the flow variations that impact the initial
dispersion of eggs and larvae from this site, which serves
as a spawning aggregation site for many species of reef
fishes. Idealized sensitivity model experiments isolate the
role of various processes, such as internal waves, wind,
tides, and large-scale flow variations. The acute horizontal
curvature and steep topography of the reef intensify the
flow, create small-scale convergence and divergence zones,
and excite high-frequency oscillations and internal waves.
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Although the tides in this area are relatively small (∼10-cm
amplitude), the model simulations show that tides can
excite significant high-frequency flow variations near the
reef, which suggests that the preference of fish to
aggregate and spawn in the days following the time of
full moon may not be coincidental. Even small variations
in remote flows (2–5 cm s−1) due to say, meso-scale
eddies, are enough to excite near-reef oscillations. Model
simulations and the observations further suggest that the
spawning site at the tip of the reef provides initial strong
dispersion for eggs, but then the combined influence of the
along-isobath flow and the westward wind will transport
the eggs and larvae downstream of Gladden Spit toward
less turbulent region, which may contribute to enhanced
larval survival.
Keywords Numerical modeling . Internal waves . Reef
promontory . Spawning aggregation . Turbulence

1 Introduction
Multispecies spawning aggregation sites along the MesoAmerican Barrier Reef in the western Caribbean Sea have
been described in various studies (Heyman et al. 2001,
2005; Kobara and Heyman 2010). These reef promontory
sites provide spawning habitat for at least 17 species of reef
fishes from nine families (Heyman and Kjerfve 2008;
Kobara and Heyman 2010) and exhibit a similar geomorphology over a broad geographic range (Heyman and
Requena 2003; Kobara and Heyman 2010; Wright and
Heyman 2008). Aggregations tend to occur at reef
promontories in 20–40-m water depth near sharp shelf
edges and are immediately adjacent to deep (>100 m)
water. The timing and location of these spawning
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aggregations are likely beneficial for species survival,
but the reasons that these sites are attractive are not
clear (Heyman et al. 2008). Some hypotheses suggest
advantages for enhanced larval dispersal and thus survival
(Barlow 1981) while other hypotheses center on offshore
transport of eggs and larvae that presumably reduces egg
predation by reef-based egg predators (Johannes 1978;
Lobel 1978).
The focus of our study is Gladden Spit Reef off Belize
(Fig. 1a) where fish aggregation events have been studied
extensively over recent years. For example, Heyman et al.
(2005) documented Cubera snapper spawning at the same
location off the Gladden Spit Reef promontory over a 6year period. The aggregation starts around full moon and
spawning occurs usually 4–8 days after full moon in May,
at sunset, and near the shelf edge at the Gladden Spit reef
promontory (near the location of the instruments M1–M4 in
Fig. 1b). The most common deep water currents at Gladden
Spit are from north to south along the reef, but as shown by
Ezer et al. (2005) and Heyman et al. (2008), the
meandering of the Caribbean Current and the westward
propagation of meso-scale eddies can occasionally reverse
the flow near the Belize reefs. Heyman et al. (2005)
described the rapid expansion of the cloud of eggs
produced by the spawning (they estimated the cloud’s
volume to increase 30 fold within 1 min) and the drifting of
the eggs north or south-westward, toward the reef, until
hatching occurred (within ∼20 h). In a model, the drifting
eggs may be considered as passive tracers moving with the
prevailing flow for about a day or so, until larvae’s
swimming is more significant and can reach up to
∼10 km per day (Heyman et al. 2005; 2008). These
observations motivate us to focus on turbulent mixing and
the small-scale spatial pattern of the currents at time scales
of minutes to a few days and length scales of ∼10 m to
∼1 km. We do not deal here with the connectivity between
reefs on scales of ∼10–100 km as discussed by Cowen et al.
(2006); for those scales our high-resolution model will have
to be coupled with larger, basin-scale models.
A numerical ocean model can be an important tool to
study the flow pattern and variability near fish spawning
aggregation sites and to understand the flow–topography
interactions, forcing mechanisms and implications for
physical-biological consequences (e.g., see Werner et al.
2007 for a review of physical-biological modeling and fish
population connectivity studies). However, numerical simulation models of reef fish connectivity in the western
Caribbean Sea (e.g., Ezer et al. 2005; Sheng and Tang
2004; Tang et al. 2006) often have grids that are not fine
enough to resolve the initial transport fate of spawned
materials from spawning aggregation sites. The relevant
scale of the initial dispersion is a few meters to at most 10
to 100 s of meters compared to common model grid size

of a few kilometers. The goal here is thus to simulate the
typical small-scale (10–100 s meters spatial scales) and
high-frequency (minutes to hours temporal scales) variability of the flow near the reef and to investigate the
impact of the particular topography of the reef. Other
attempts of using high-resolution numerical models to
support conservation efforts of coral reefs include for
example the simulations of small-scale flows near Palau,
as part of studies of the impact of climatic changes on
coral bleaching (Skirving et al. 2005).
The numerical ocean model simulations with reef
topography resembling Gladden Spit aim to study particular
processes and forcing mechanisms, such as the role of the
wind, tides and offshore currents; comparing the simulated
variability of different sensitivity experiments with the
measurements will tell us which forcing mechanism may be
responsible for the observed variability. A similar modeling
approach using sensitivity experiments with an idealized
topography has previously been used to study highresolution variability and bottom mixing of gravity currents
flowing over sills (Ezer 2005, 2006); the same terrainfollowing generalized coordinates ocean model (Mellor et
al. 2002; Ezer and Mellor 2004) is used here and in the
other past studies.
Several mechanisms and forcing parameters need to be
considered for the particular topography and location of
the reef. Unlike many shallow coastal areas, the currents
near the reef are not directly wind driven and often wind
and currents are not correlated (Armstrong 2003;
Heyman et al. 2008). This is partly due to the fact that
the shallow reef is located immediately adjacent to the
continental slope and very deep waters, such that near-reef
flows are strongly connected with the deep water currents.
However, the passage of weather systems, i.e., tropical
waves, tropical storms, and hurricanes, across the Caribbean Sea can significantly impact the currents for short
periods, as shown by the numerical simulations of Oey et
al. (2007) and Sheng et al. (2007). There are currently no
local meteorological observations at Gladden Spit, so
satellite-derived QuikScat data (obtained from JPL/
NASA) will be used to evaluate the general winds pattern
in the area.
The warm surface waters during the time when
aggregations occur create a strong and shallow (10–
50 m) seasonal thermocline. This stratification coincides
with strong bottom slopes, thus increasing the likelihood of turbulence generated by the interaction of
internal waves with the topography (Legg and Adcroft
2003). The critical parameter (α) for such interaction is
defined by
a¼

s
½ðw2



f 2 Þ=ðN 2

 w2 Þ1=2

ð1Þ
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Fig. 1 a Map of the west Caribbean Sea region and the Gladden Spit
reef. b Image of Gladden Spit (from Landsat TM satellite) and the
location of the observations used in this study. c Temperature (red)
and salinity (blue) profiles at Gladden Spit taken in May 1999. d The
model domain and bottom topography. The observed temperature
records at the four locations (R1–R4) at ∼16°30.5′ N and the observed

velocity record (S4) at ∼16°31.5′ N in (b) are compared with the
model results at the locations indicated in (d) by “X”s. The
instruments in (b) were deployed a few meters off the bottom at
depths of about 10, 30, 40, and 50 m for the temperatures and about
25 m for the velocity; the model locations are approximately similar in
their depths and distance from the shelf break to the observations
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where s is the bottom slope, ƒ the Coriolis parameter, g the
gravity constant, ρ density and N, the Brunt–Väisälä
(buoyancy) frequency, is defined by

N¼

g @r
ro @z

1=2
ð2Þ

When α=1, incoming waves with frequency ω will be
reflected up and down the slope, which will lead to
increased mixing and the generation of reflected waves
with higher frequencies (Rattray 1960; Wunsch 1969;
Garrett and Munk 1979; Eriksen 1982). Most of the known
multispecies spawning aggregation sites in the Caribbean,
including Gladden Spit, have convex vertical shelf edge
shapes (Kobara and Heyman 2008, 2010), thus the slope s
in (1) quickly changes between very small values near the
reef to large values at the adjacent continental slope.
Therefore, a critical vertical angle between the incoming
internal waves and the slope is likely to be found in the
vicinity of the shelf break for a range of frequencies,
resulting in α=1 and maximum mixing energy. Numerical
simulations of internal waves reflected from slopes with
various shapes show especially large increase in mixing
energy for convex shaped slopes (Legg and Adcroft 2003).
For the stratification in our area (Fig. 1c shows typical
temperature and salinity profiles during the time of year
when fish aggregations occur), the maximum frequency of
internal waves, N, has a period of ∼5–10 min; therefore, we
analyzed model and observed records at 1-min intervals to
capture the highest frequency and associated turbulent
mixing. Since a hydrostatic numerical model is used here,
where subgrid-scale mixing is modeled by the Mellor and
Yamada (1982) turbulence scheme, the details of the
internal waves are not captured as well as in a nonhydrostatic model such as that used by Legg and Adcroft
(2003). Note however that mixing obtained from our
hydrostatic model compares well with that obtained by
non-hydrostatic models with much higher resolution, as
shown by Ezer (2005). In any case, our model does provide
a useful tool to study the mixing associated with the
interaction of the currents with the reef topography.
Tides in the area are mixed typed, dominantly semidiurnal (mostly M2) with relatively small amplitude of
∼10 cm or less (Ezer et al. 2005) and thus at first seem to
be of little influence. However, numerical simulations will
show that the tides have non-negligible influence on
subsurface mixing near the reef, a result that may be
explained by the early work of Rattray (1960) who showed
that even relatively small surface tides can generate
significant internal tides and standing waves in coastal
regions with large spatial variations in topography. It is
interesting to note that spawning aggregations of several
species occur predictably in the days after full moon at

Gladden Spit (Heyman and Kjerfve 2008) and other sites in
the Caribbean (Claro and Lindeman 2003). This is
intriguing and leads to the question whether the full moon
serves as a visual biological trigger or if the higher spring
tides at the beginning of the aggregations may confer some
ecological advantage to the eggs spawned at that time,
possibly increased access to food, tidal mixing, or enhancing egg dispersion.
The main goal of the study is to describe the highfrequency variability near a Caribbean reef through analysis
of observations and numerical model simulations. Better
understanding of the variability and physical processes may
shed light on potential implications for the survival of
larvae and eggs in the spawning area. In particular, the
initial dispersion of eggs by turbulence and the transport of
eggs by the prevailing currents during the first hours may
be critical factors explaining why multispecies spawning
aggregations occur so often at reefs with particular shapes.

2 Observations
2.1 Field measurements
North of the promontory, an InterOcean S4 electromagnetic
current meter was moored a few meters above the bottom in
∼25-m water depth (Fig. 1b). Measurements of current
speed and direction, water temperature, salinity and water
level were made at 2 Hz and averaged over 2 min every
half hour. Additional measurements of water temperature
near the bottom were measured using four RBR wave and
tide gauges deployed along transect from the shelf edge to
the reef edge near the bottom at depths of about 10, 30, 40,
and 50 m (Fig. 1b). Temperature records averaged over 1min intervals will be analyzed and compared with model
fields output every 1 min. The first deployment of instruments was for June to December, 2009, and a second
deployment of 6 months started in January, 2010. A
separate study now underway will describe the seasonal
variations and other long-term changes, the focus here will
be on high-resolution variability within a 45-day period,
June 7 to July 21, 2009. Since the variability of interest
here is on scales of minutes to hours, and the sampling
interval is 1 min, the analyzed period is sufficiently long
enough to capture and analyze high-resolution temperature
variability.
2.2 Remote sensing data
Altimeter data from the AVISO analysis (Ducet et al. 2000;
http://www.aviso.oceanobs.com/) is used to evaluate the
large-scale processes and forces that influence the small
study area, during the period of the field measurements.
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The data include a composite obtained from several satellite
altimeters, daily interpolated into a 1/4°×1/4° box near our
study site (centered around 87.75° W, 16.50° N). Sea
surface height anomaly (SSHA) and derived geostrophic
velocity will provide information on nearby eddies and
mean circulation fields. In particular, it is interesting to
know if the large-scale flow is correlated with the local
observed currents, since previous studies (Ezer et al. 2005;
Heyman et al. 2008) indicated that eddies have strong
influence on the reef and may occasionally cause reversals
of the prevailing near-reef flow. Since there are no local
meteorological observations within the study area, satellitederived QuikScat data from JPL/NASA will be used to
estimate large-scale wind patterns.
2.3 Large-scale, long-term variability of currents, wind,
and sea surface height
Figure 2 shows the daily variations of currents and wind
from June 7 to July 21, 2009 (the period in which highfrequency variations will be analyzed). The observed
currents at S4, north of the tip of the reef promontory,
are predominantly southeastward, along the isobaths, and
vary in speed between 0.05 to 0.25 m s−1 (Fig. 2a). On the
other hand, the large-scale geostrophic flow is mostly
flowing northwestward, parallel to the offshore Caribbean
Current (Fig. 2b), generally flowing in the opposite
direction of the local currents. The anomalies of both the
large-scale geostrophic flow and the local currents, show
variations with periods of weeks (Fig. 2c, d) which are
(a) S4 Obs Currents (b) AVISO Geos. Vel.
Jul-21
40

(c) S4 Anomaly

(d) AVISO Anomaly

(e) QScat Wind

Jul-13

30

Jul-05

20

Jun-27

Day

likely associated with offshore eddies (Ezer et al. 2005;
Heyman et al. 2008). The large-scale wind (Fig. 2e) is
mostly westward (easterlies, trade winds) with daily wind
speeds ranging from 5–10 m s−1. While it does seem at
first look that the current variations are mostly uncorrelated with the large-scale circulation and wind, in some
cases, such as the weakening of the southeastward current
in July, strong westward winds at that time and its
associated Ekman transport may contribute to this change.
In any case, it is clear that considerable variations do occur
in the large-scale circulation of the western Caribbean Sea,
but the impact on the local currents is indirect and must
take into account the local topography and local dynamics.
The typical variations in the wind and in the large-scale
flow seen here will be used later as a basis for idealized
conditions that will be imposed on the numerical ocean
model.
Figure 3a shows the altimeter SSHA over a 6-month
period. Higher values represent warmer waters due to
warm-core eddies or southward shift of the Caribbean
Current and lower values (e.g., day 135) represent the
presence of cold-core eddies. Local SSH is also influenced
by tides that are predicted using the 5 constituents given in
Ezer et al. (2005), and shown in Fig. 3b. The tides are
mixed, predominantly semidiurnal (Kjerfve 1981) with the
form factor at Gladden Spit, F=(K1 +O1)/(M2 +S2)=(2.7+
2.4)/(5.8+3.0)=0.58. Note also the large tidal amplitude
difference between Neap (2–5 cm) and Spring (10–15 cm)
tide. The observed pressure (Fig. 3d) shows variations
other than tides, so in Fig. 3c, the combined SSH of the
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Fig. 2 Daily observations of a currents at S4, b geostrophic velocity derived from altimeter data, c anomaly currents of a relative to the mean, d
anomaly geostrophic velocity of b relative to the mean, and e satellite-derived QuikScat winds
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(a) Altimeter SSHA (7-JUN-2009 to 1-DEC-2009)
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Fig. 3 Six-month time series of
sea surface height. a Sea surface
height anomaly (SSHA) from
0.25°×0.25° composite altimeter
data near the study site (centered
at 87.75° W and 16.50° N); b
predicted tidal sea level at
Gladden Spit based on the five
tidal constituents given in Ezer
et al. (2005); c tides plus SSHA;
d observed water level from
bottom pressure measurement at
S4
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large scale from the altimeter data plus the higher
frequency tides is shown to compare better with the
observations than tides alone. Additional variations may
be due to storm events and possibly eddies. For example,
the impact of an offshore eddy (not shown) around
day 135 may have caused the change in surface height
(Fig. 3a) and the abnormal pressure peak (Fig. 3d). During
this time, around October 21, 2009, the southeastward
current was two to three times stronger than normal and
the bottom temperature dropped by ∼2.5°C (not shown);
detail analysis of these unusual observations is left for
future studies.

2.4 High-frequency oscillations of observed temperatures
After describing the general pattern of the potential largescale forcing (eddies, wind, and tides), the focus now will
shift to analysis of the local observations of near-bottom
temperature variations at the five locations, four along a
transect at the center of the reef (M1–M4) and one (S4)
about 2 km north of the tip (Fig 1b). Time series of
temperature data recorded at 10-m depth show mostly daily
variations, while those recorded between ∼25–40-m depths,
showed mostly high-frequency variations (Fig. 4). In the
middle of this period, from about June 25 to July 5, the
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Fig. 4 Time series from June 7
to July 22, 2009, of observed
temperatures at the five sites
shown in Fig. 1b. The record
interval is 1 min for R1–R4 and
30 min for S4
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thermocline became shallower and the stratification more
stable with warmer surface water at 10 m and colder water
below 25-m depth. This change in temperature coincides
with the shift toward weaker currents (Fig. 2a). The change
in stratification (and thus N) should affect the frequency of
internal waves. The highest fluctuations seen below the
thermocline have periods of 5–10 min, close to the
theoretical minimum period of T=2π/N (more evidence
for internal waves in the observations and the model will be
presented later). To analyze the variability, an Empirical
Mode Decomposition based on the Hilbert–Huang transform (HHT, Huang et al. 1998) has been applied to the data.
The HHT analysis is especially useful for non-stationary
processes; it divides the time series into a series of modes,
but unlike a Fourier Transform where each “mode” has a
constant frequency and a cosine or sine shape, the HHT
allows each mode to have a time-dependent frequency and
amplitude. Reconstructing all the modes together describes
the distribution of variability as a function of frequency and
time (Fig. 5). The analysis for the three instruments below
25 m are similar, but distinct from the 10-m record, so only
analysis of the 10- and 40-m records are shown. At 10-m
depth (Fig. 5a) most of the high variability is limited to
periods longer than 6 h (tides, diurnal heating/cooling, etc.),
with some variations at periods shorter than ∼1 h (may be
related to wind bursts, etc.). At 40-m depth (Fig. 5b),
energetic fluctuations can be seen every few days with

periods ranging from a few minutes to a few hours. The
transfer of energy between different scales by turbulence
will be discussed later when observed spectrum is compared with the model. Note that during the first 7 days and
the last 15 days of the record when the stratification is
weaker (Fig. 4), the variability is smaller at all scales, again,
pointing to the possible role that internal waves may play.
Focusing on a short period of a few hours during day 7,
Fig. 6 shows an example of the first HHT mode with the
highest frequencies (i.e., variations with periods longer than
a few minutes are filtered out) at three locations from 30- to
50-m depth. Groups of waves seem to propagate from the
deeper site to the shallower ones; it takes them ∼0.5 h to
move from the 30- to the 40-m site (a horizontal distance of
∼220 m) and ∼1 h to move from the 40- to the 30-m site (a
distance of ∼380 m). Therefore, the propagation speed is
just over 0.1 m s−1. Although there are no profiles of
density taken at the time, from Fig. 4, one can estimate N∼
0.0125 s−1. Thus, if we assume a two-layer ocean with the
top layer’s thickness about ΔH=10 m, the theoretical phase
speed of internal waves would be c=[(gΔρ/ρ)(ΔH)]1/2 =
NΔH=0.125 m s−1. In a continuously stratified ocean the
waves will propagate in all three directions, including a
vertical angle θ, so the group velocity is perpendicular to
the phase velocity and has speed in the x direction of cg =
(N/K)sin2θ, where K=2π/L is the wave number for a wave
with wavelength L. The waves seen in Fig. 6 are likely the
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Fig. 5 Variability of temperature as a function of time and frequency
for the records of Fig. 4 at a 10- and b 40-m depths. The calculations
are based on the Empirical Mode Decomposition of the Hilbert
spectrum (Huang et al. 1998); the units are normalized logarithmic
scale with red/blue indicating high/low variability

result of internal waves and they have a vertical component
since they seem to propagate at least between 50- and 30-m
depths, but three instruments are clearly not enough to fully
describe the 3D nature of the waves. More evidence of
internal waves will be shown from the model simulations
later.

3 Numerical modeling
3.1 The ocean model setup
The numerical ocean model used is the generalized
coordinate, terrain-following ocean model of Mellor et
al. (2002) which is derived from the Princeton Ocean
Model. The generalized coordinate version, also used in

Ezer and Mellor (2004) and Ezer (2005, 2006), allows
optimization of the vertical coordinate for complex
topography, a feature that may be implemented in future
simulations when realistic reef topography is used. In the
case presented here, simple smooth bathymetry, resembling the general shape of the Gladden Spit Reef is used
in a 5×5-km domain (Fig. 1d). Similar to the asymmetry
found in the real reef topography (Heyman et al. 2007),
slopes are steeper to the south of the reef promontory than
they are to the north; however, the real rough and detailed
shallow topography of the reef seen in Fig. 1b could not
be simulated here. The minimum depth in the model is
5 m. Note that Gladden Spit also has a shallow reef
channel (<20-m depth) that bisects the barrier reef
leeward of the promontory (Fig. 1b); this feature is not
included in the idealized model topography. The model
used horizontal grid cells of 50×50 m and 21 vertical
sigma layers, evenly distributed between the bottom and
the surface. For the 50-m grid used here, the model time
step for the barotropic (vertically averaged) equations was
0.2 s and for the baroclinic (three-dimensional) equations
was 2 s.
There are three open boundaries in the model. A
radiation condition with zero net flow is applied on the
eastern boundary, while barotropic southward flow is
imposed on the north and south boundaries, resembling
the mean southward flow in the region. The initial
condition is a spatially independent temperature and
salinity, T(z), S(z), resembling the stratification at the
beginning of the record shown in Fig. 4. There are no heat
and water fluxes at the surface since the focus is on short
simulations of only a few days. Because of the small
domain and the imposed boundary conditions, spin up is
extremely fast; it takes barotropic gravity waves a few
minutes to travel the entire domain while typical currents
travel the entire domain in 2–6 h. In this respect, our
analyses neglect the first 5 days and neglect the 500-m area
near the boundaries.
Several sensitivity experiments were conducted:
1. “No-wind” case, where wind components are nil, Uwind =
Vwind =0, and the only forcing is a constant southward
boundary flow imposed on the north and south
boundaries with vertically averaged value of U=0,
V=−0.2 m s−1.
2. “Variable wind” case, where an easterly wind (westward vector) of U(t)wind =−6 m s−1 ±ε(t)wind, Vwind =0,
is applied, with ε(t)wind representing random hourly
wind variations with maximum amplitude and standard
deviation of 3 and 1.5 m s−1, respectively. This wind is
close to the typical summertime wind seen in Fig. 2.
The imposed southward boundary flow is the same as
in case 1.
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(a) Temp. Amplitude, Mode=1 (30m)
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Fig. 6 An example of a ∼6h period (day 7 of Fig. 5) of the
first mode (highest frequency)
of the Hilbert–Huang transform
(HHT). a–c The observed
records at 30, 40, and 50 m,
respectively. Dashed lines and
numbers indicate examples of
group of waves that seem to
propagate from deep to shallower water at about the speed
of internal waves
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3. “Variable transport” case, with no wind (as case 1), but
with imposed boundary transport of V(t)=Vmean ±εtrans(t),
with Vmean =−0.1 m s−1 and ε(t)trans representing random
transport variations with maximum amplitude and
standard deviation of 0.05 and 0.025 m s−1, respectively.
These small variations represent flow variability of
remote forcing outside the domain due to eddies,
circulation changes, offshore storms, etc. It will be
shown later that this boundary transport results in quite
realistic flow variations inside the domain.
4. “Tidal forcing” case, where idealized semidiurnal tides
with a period of T=0.5 days (near the 12.42-h period of
the M2 tide) and amplitude of ηo =0.1 m are applied on
the north and south open boundaries. The barotropic
tidal flow along a boundary with depth H is thus
approximately Vtide(x, t)=Vmean +ηocos(2πt/T)[g/H(x)]1/2.
This case represents typical conditions during Spring

Tide. In this case, Vmean =−0.1 m s−1 is the same as in
case 3.
Comparisons between the various experiments and between the model and the data can tell us about the relative
contribution to ocean mixing from wind variations, remote
flow variations and tides. It is emphasized again that given the
idealized model configuration and simplified forcing, the
simulations are not expected to reproduce the observations
exactly, but rather illustrate the relative importance of various
forces. Nonetheless, several of the runs produce variability
that is quite similar to the observations.
3.2 Sensitivity experiments and model-data comparison
Experiments 3 and 4 produce variations in the southward
mean flow imposed on the model’s boundaries. The
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(a) Observed Velocity at S4 (30min interval)
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(b) Model Velocity (1min interval) var transp.
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(c) Model Velocity (1min interval) with M2 tide
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resulting flow at ∼30-m depth and ∼1,700 m south of the
north boundary is compared with the observations at S4 for
a typical 4-day period at the middle of June during Spring
Tide (Fig. 7). Note first that the model is able to correctly
reproduce the direction of the flow, toward the southeast
along the slope. Secondly, the mean current speed and
variability in the model are intensified with values
approximately twice those imposed on the boundary. The
observed flow variations (Fig. 7a) include high-frequency
variations with time scales of hours, similar to those in the
variable transport experiment (Fig. 7b), as well as longer
variations with time scales of 12 h to a few days which may
include the impact of tides (Fig. 7c). Therefore, the
simulated flow variability in those simplified experiments
is reasonably represented, at least at this location during this
time period.
The observed temperature variations near the shelf
break at 30 m depth (Fig. 8a) are compared with
temperatures from the different simulations (Fig. 8b–e).
In experiment 1 (Fig. 8b), with constant transport, no wind
and thus without any time-dependent forcing, there are
only very high-frequency oscillations. Spectral analysis
will show later that these oscillations are consistent with
the observed high-frequency oscillations. Because all the
external forcings are eliminated in this experiment, the
only remaining mechanism for those small variations is
the instability of the thermocline due to the vertical shear,
resulting in its interface fluctuating up and down and the
generation of internal waves. Adding wind variations
(Fig. 8c) increases the amplitude of the temperature
variations, but the result still does not resemble the
observed variations (Fig. 8a), indicating that local wind
is not the main forcing mechanism for flow variability in
this region.
While wind does not seem to be the dominant force here,
both tides and far-field ocean currents do appear to affect
localized flow variability and produce large temperature
fluctuations. Random remote transport variations (Fig. 8d)
create abrupt temperature variations of over 0.5°C, similar
to those seen in the observations (e.g., around days 45 and
90; Fig. 8a). Quite surprisingly, the idealized smooth cosine
tidal forcing in experiment 4, does not result in a similar
periodicity in the temperature record, but instead induces
high-frequency oscillations, which are modulated by variations over longer periods (Fig. 8e). While the cooling trend
and other observed variations cannot be reproduced by the
simple model, the general variability is reproduced quite
well in experiments 3 and 4. The results for the other
instruments (not shown) are qualitatively similar to Fig. 8.
Comparisons of observed and model variabilities of
temperature and velocity for a 4-day period at 1-min
interval sampling are summarized in Fig. 9. About 10–
30% of the observed standard deviation at those short
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Fig. 7 Time series of 4 days of east–west (U) and north–south (V)
velocity at 30-m depth: a observations at S4 for June 17–20, 2009, b
model simulations with imposed boundary flow of 0.1 m s−1
southward transport plus random noise (maximum of ±0.05 and
standard deviation of ±0.025 m s−1), c model simulations with
imposed boundary conditions of an M2-like Spring tide with
amplitude of 0.1 m and a period of 12 h. Note that the observations
are at 30-min intervals and the model at 1-min intervals

periods can be attributed to internal waves (experiment 1),
with increased variability contributed by wind, tide and
transport variations, respectively. Velocity variations (left
group of bars) are quite realistic in the model if either tidal
or variable transport forcing is applied.
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(a) Observed Temperature at R3 (30m)
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(d) Model Temperature at 30m (var transport)
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(c) Model Temperature at 30m (var wind)
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(e) Model Temperature at 30m (with tides)
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Fig. 8 Time series of 4 days of
temperature records at 30-m
depth. a Observations at R3 for
June 17–20, 2009, b model
simulations with constant transport boundary conditions and no
winds, c model simulations with
additional westward wind of
6 m s−1 plus random noise, d
model simulations with boundary conditions of transport variations, and e model simulations
with tidal forcing
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To further study the high-frequency variability in the range
of periods from a few minutes to several hours (Fig. 5),
spectral analysis of the observed and modeled temperatures
were conducted from 4-day long-time series sampled at 1min intervals. Analysis of longer records produced similar
results. Observed (top panels of Fig. 10) and modeled results
were compared for the shallowest site (10 m; left panels of
Fig. 10) and the deepest site (50 m; right panels of Fig. 10).
The observed records and all the model simulations show
higher variability at all frequencies at 50 m than at 10 m. The
−5/3 spectrum slope (on a log–log scale), is more evident at

50-m depth, indicating that a turbulent flow drives the
temperature oscillations. In our case, for Reynolds numbers
(Re=UL/ν, where U, L, and ν are velocity scale, length scale
and molecular viscosity, respectively) in the range ∼105–106,
the length scale is ∼1–10 m, and the flow follows that of
classical turbulence (e.g., see Fig. 8.7 in Tennekes and
Lumley 1972). Even for experiment 1, with no timedependent forcing, there is a −5/3 slope at 50 m depth for
periods between ∼15–100 min (Fig. 10g), but the spectrum is
flat at 10 m (Fig. 10b), indicating that the turbulence is
generated where there is strong stratification, but wind is
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Fig. 9 The standard deviation of velocity (at 30-m depth at S4; left
group of bars) and temperature (at 10-, 30-, 40-, and 50-m depth at
R1–R4) for the observations (black bars) and for the four model
experiments (color bars)

needed to generate turbulence near the surface. Adding wind
variations does increase the variability at frequencies of 1–
6 h. Tidal forcing results in the most realistic spectrum at
50 m (Fig. 10i) compared with all the other experiments,
with spectrum slope a little larger than −5/3. At 10 m, the
low frequency signal at 12 h period is evident (Fig. 10d).
However, both experiments 3 and 4 (Fig. 10e) underestimate
the highest variability (periods less than 15 min) at 10 m
depth compared with the observations and with experiments
1 and 2. The reason is that in experiments 1 and 2 the
transport was fixed with larger mean flow (−0.2 m s−1) than
in experiments 3 and 4 (−0.1 m s−1 ±ε(t)). The results thus
suggest that at the shallow site turbulence was generated by
velocity shear due to the bottom friction whereas shear was
larger in experiments 1 and 2 due to the stronger flow.
Bottom friction may also cause the discrepancy between the
model and observed variability at 10-m depth, since the
model does not take into account the exact rough topography
of the reef (Fig. 1b).
3.3 Flow–topography interactions and internal waves
in the model
The interaction between the mean flow and the reef
topography triggers high-frequency temperature oscillations
(Fig. 10) when variations in the forcing seem relatively
small- (few centimeters per second in experiments 3 and 4)
or even zero (experiment 1). Fig. 11a shows that the surface
velocity (experiment 1, with no forcing other than the
southward constant transport) converges and intensifies
along the shelf break north of the promontory, with current

speeds reaching two to three times the speed imposed on the
north boundary. On the downstream side, south of the reef
promontory, the strong flow is deflected away from the reef
while some weak clockwise circulation occurs in shallow
regions in the south. Fig. 11b shows the near-bottom flow
and the divergence, DIV=∂u/∂x+∂v/∂y, where u and v are the
velocity components at the lowest model layer above the
bottom. The near-bottom flow is complicated with more
organized southward flow in the northern half of the domain
and more chaotic flow in the southern half of the domain.
Because of the asymmetry of the topography, a deep
northward return flow is generated, creating small-scale
convergence and divergence zones, resulting in alternating
near-bottom downwelling and upwelling at the center of the
domain. This spatial upward/downward motion will uplift/
deepen the thermocline and thus may trigger the generation
of internal waves when flow is changing.
The interaction of the flow with topography seems to
generate high-frequency oscillations. Are those variations
consistent with the nature of internal waves? To answer this
question, we take a closer look at the temperature variations
in space and time during a short period of 12 h (Fig. 12);
this period, from a model simulation with wind and
transport variations, was randomly chosen and other
periods look quite similar. A high variability region is
found under the mixed layer, at depths between 20 and
60 m, within ∼1 km from the shelf break, and along the
bottom (Fig. 12a), which may indicate the area where
incoming internal waves are reflected up and down the
slope. Hovmöller diagrams of the temperature variations as
a function of time and depth (Fig. 12b) and distance and
time (Fig. 12c), indeed seem to indicate the propagation of
internal waves. The temperature interface is fluctuating up
and down in a similar fashion to classic measurements of
internal waves (e.g., Eriksen 1982, various seamounts,
islands and continental slopes; Hotchkiss and Wunsch
1982, Hudson Canyon; Hsu et al. 2000, the China Seas).
The time scale of the fluctuations include peaks every 1–
4 h, similar to the group of waves in Fig. 6, but also higher
frequency oscillations with periods of 10 s to minutes (e.g.,
at 20 m depth on hours 4–5 in Fig. 12b), similar to those in
Fig. 6. The latter high-frequency waves may not be fully
resolved in the model because of its horizontal grid. The
waves seem to propagate from the ocean toward the shelf
break (Fig. 12c) with speeds of ∼0.15 m s−1 (similar to the
observations of Fig. 6) when they are more than 500 m
from the shelf break, but then their speeds seem to increase
near the shelf break. The wavelength of the waves is
∼150 m, which is a reasonable value for internal waves.
The results here are somewhat similar to other observations,
such as those of Hotchkiss and Wunsch (1982) who
measured internal waves propagating from deep waters up
the Hudson submarine canyon.
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Fig. 10 Spectral analysis of 4day temperature records at 1min interval at depth of 10 m
(left) and 50 m (right). From top
to bottom are the observations (a
and f) and the model experiments for the cases with no wind
(b and g), variable wind (c and
h), tidal forcing (d and i), and
transport variations (e and j)
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Fig. 11 Instantaneous model fields after 10 days simulation of the
base experiment with no winds and no tides, driven only by a constant
barotropic southward flow of 0.2 m s−1 at the northern boundary. a
Surface velocity vectors and speed (color). b Bottom velocity vectors
and bottom divergence (color, see text for details). The model domain
within 500 m from the boundary is not shown

3.4 Implications for transport from the spawning area
The flow pattern around the reef will impact the initial drift
of freshly fertilized fish eggs from the spawning area. To
evaluate the sensitivity of this drift to southward mean flow
with forcing variations, trajectories are calculated from the
simulated surface flow when both wind and transport
variations are included (Fig. 13). In our simulations, tidal
currents will play a similar role as the transport variations
experiments, with larger velocity variations during Spring
tide and smaller during Neap tide. Examples of the resultant
surface trajectories from the spawning area are shown in
Fig. 13a–d, by releasing model drifters at the surface in an
area where water depths is 10–50 m. For each of the 4 cases
a different model flow is used (representing different winds
and boundary transports), but the flow is assumed constant

during the 1/2 h of the simulated trajectories. The most
common drift direction in the model, toward the southwest
is similar to the direction of most observed drifters
(Fig. 13e), though occasionally drifters may move northwest with unusual wind or flow pattern. Most of the
observed drifters in Fig. 13e, which moved toward the
southwest, were deployed over ∼3-day period (April 24–26,
2000) and stayed in the water for ∼1–4 h each. During this
time the winds were from the northeast or the southeast at
speed of ∼3–6 m s−1 and the estimated water flow speeds
calculated from the distance traveled were ∼0.1–0.2 m s−1,
somewhat slower than the model simulated drifters. The
“overnight drifter” in Fig. 13e, which moved northwestward at ∼0.05 m s−1 was deployed at different time, on
April 11, 2004, when the wind was similar (easterly at
∼5 m s−1) to the other cases. It is obvious that the
(unknown) large-scale mean flow and the influence of
meso-scale eddies at the time of the drift observations in
2000 would have been completely different than at the time
of the observations in 2004, thus yielding very different
drift directions.
Direct comparisons between the model simulations and
drifters data is left for follow-up simulations using a model
with more realistic topography and forcing, but some
conclusions about the trajectories behavior can be drawn
from the model results. The trajectories in the model seem
to be affected by two competing forces, the mean flow and
the wind. On one hand, if the southward imposed mean
flow is relatively weak, but the westward wind is strong,
the eggs will drift toward shallower waters (Fig. 13a, b), but
on the other hand, if the wind is weak and the mean flow is
strong the eggs will drift toward somewhat deeper waters as
the strong currents tend to “overshoot” the curved reef
(Fig. 13c, d), though still not much deeper than the original
depth of spawning. If the mean flow is reversed (northward,
not shown) which has been demonstrated to occur when
anti-cyclonic eddies impact the reef (Ezer et al. 2005), north
westward drift is expected as the flow will bend around the
reef in a similar, but reversed pattern to the experiments
presented here. In any case, both, the observations and the
model drifters indicate the tendency of the flow to bend
around the curved reef and transport the eggs and larvae
toward the wake of the reef. There is no indication, at least
in the limited observations and idealized model presented
here, that eggs will tend to drift eastward offshore into deep
water currents.

4 Discussion and conclusions
Multispecies spawning aggregation sites along the MesoAmerican Barrier Reef in the western Caribbean Sea tend to
be associated with promontories with curvature and sharp
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Fig. 12 Temperature variations
at the center of the domain (Y=
2,500 m in Fig. 1c) over a 12h period sampled every 1 min. a
Mean east–west cross section of
temperature (in color, °C) and
the standard deviation (contour
interval of 0.05°C). b Variations
of temperature as a function of
time and depth at X=1,100 m in
(a). c Variations of temperature
as a function of distance from
the reef and time at depth of
40 m for X>750 m in (a) and at
the bottom layer of the model
for 0<X<750 (where water
depth is shallower than 40 m)

edges adjacent to steep slopes and deep water (Heyman et
al. 2001, 2005; Heyman and Kjerfve 2008; Kobara and
Heyman 2008, 2010). This suggests a survival advantage
for the eggs and larvae that are dispersed in huge numbers
from those locations. The first 18 h after spawning, during
which time eggs disperse passively and drift with the
currents may be a critical period for their survival. The eggs
generally hatch in the following days to produce motile
larvae which have more effect on their own destiny and are
also more difficult to track. Therefore, this study aimed to
understand the flow–topography interactions during the

critical initial trajectory of freshly released and fertilized
eggs from reef fish spawning aggregations. To achieve this
goal, observations and numerical model simulations with
sampling intervals of 1 min are analyzed. Observations near
the spawning locations in Gladden Spit show that there is
no direct simple relation between forcing by wind and
large-scale flow variations and the observed local currents
(Fig. 2). However, the remote forcing may induce strong
turbulence and high-frequency oscillations (periods of
minutes to hours) in velocity and temperature near the
spawning location near the tip of the reef. The likely
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Fig. 13 a–d Bottom topography (in color) and simulated flow
trajectories for half an hour after release; white dots represent the
released locations and white arrowheads, the final location. The
imposed wind and transport for each period are indicated; the left/right

are examples of times when the southward transport was relatively
weak/strong. (e) Observed drifters released for 2–4 h at various times
in Gladden Spit near the spawning site (see Heyman et al. 2008 and
the text for detail)

mechanism involved here is flow–topography interactions
through bottom friction and internal waves.
To identify the various mechanisms involved, sensitivity
studies with a high-resolution numerical ocean model were
conducted, using an idealized topography that resembles
the Gladden Spit reef promontory. Each model run includes
a particular process and neglects others, allowing us to
evaluate the relative contributions of different forcing
mechanisms on resulting flow patterns. Three particular
forcing sources were tested: wind variations, tides and
remote flow variations. Quite surprisingly, even in the
simplest experiment with constant southward transport and
no wind, high-frequency oscillations in temperature with
periods of minutes to a few hours were generated below the
surface mixed layer, similar to the observed oscillations in
this range of frequencies (see Fig. 10f, g). Without external
forcing, the mechanism suggested here for generating those
oscillations is vertical motion of the isotherms due to
divergence and convergence when the mean flow interacting with the topography. These variations generate internal
waves that in turn generate turbulence when interacting
with the bottom topography (Rattray 1960; Wunsch 1969;

Eriksen 1982; Legg and Adcroft 2003). Our hydrostatic
model is not capable of resolving the details of the internal
waves, but clearly suggests that they may play an important
role here. Adding variable wind to the model increases the
amplitude of the oscillations and generates more realistic
turbulence in shallow regions, but wind variation alone
does not seem sufficient to reproduce the full spectrum of
the observed variations in velocity and temperature. Rather
it seems that the forcing is primarily due to variations in the
large-scale remote currents, either due to eddies or tides.
Even small variations in the mean flow of a few centimeters
per second or tidal forcing with less than 10-cm amplitude,
are amplified by the shape of the reef and create variations
two to three times larger than the original variations in the
open ocean.
What are the implications of the study to the survival of
eggs spawned at huge amounts in those reefs? Can the
model shed light on plausible explanations why Caribbean
fish choose reefs with particular shapes? Two issues must
be considered during the first few hours after the spawning
aggregation events. Firstly, the importance of the initial
dispersion of the eggs, noting that Heyman et al. (2005)
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described a rapid expansion of the cloud of eggs with its
volume increases 30 fold within minutes. Second, the
importance of the initial direction of the drift of eggs by the
currents, noting that Heyman et al. (2008) and Fig 13e
show the tendency of drifters to bend around the promontory, rather than move offshore. Furthermore, the trade
winds generate constant swells from the east-north-east and
these surface waves observed to impinge onto Gladden
Spit, creating additional wave drift towards the reef. The
initial dispersion and drift direction seen in the model and
observations may help more eggs and larvae survive initial
predation and provide a safer environment for juvenile to
grow. The results confirm that the spawning site at the tip
of the reef is probably the most turbulent region of the reef
due to the convergence and divergence of flows there and
the fact that even small variations in the mean flow (which
always exist) are amplified. The turbulence at the spawning
location may also enhance fertilization by mixing eggs and
sperm, but further research on this hypothesis is needed.
The study suggests that the Caribbean tides, though
small (Kjerfve 1981), may play a more important role than
previously thought. The occurrence of spawning aggregations during the days following a full moon provides
turbulent environment and large initial dispersion of eggs
during the Spring Tide, but then in the following days, the
tidal amplitude decreases toward the Neap Tide period,
which may help the larvae and juvenile settle in the reef and
survive. The model simulations also suggest that the shape
of the promontory ensures that the initial transport of eggs
and larvae will most likely be around the tip of the reef
toward the downstream wake area that has weaker currents.
This direction of the drift is affected by the local
topography and probably less sensitive to changes in the
mean flow or wind (Fig. 13) relative to straight coastlines.
The location of the spawning sites on the eastern side of
promontory reefs, coupled with the predominantly westward wind, further help assure that the drift is toward the
reef and the southerly channel rather than toward the open
ocean. In this respect, the spawned eggs are not entrained
into larger currents resulting in long-distance transport, but
rather are entrained by topographically controlled currents
resulting in local transport possibly into the back reef
environment.
In fish connectivity studies, there has been a growing
debate about the relative role of long-distance transport of
eggs and larvae from spawning sites, versus their “local
retention”. These studies are often inconclusive in their
results, but recent papers are favoring local retention as the
predominant case with important role in the retention
played by local small-scale eddies (Sponaugle et al. 2002;
Paris and Cowen 2004; Werner et al. 2007). Our data
analysis and model results seem to support the “local
retention” hypothesis, though the interaction between the

small-scale local flow and large-scale currents needs further
explorations.
The study presented here is the first step, or proof of
concept demonstration, of the usage of a high-resolution
numerical model to better understand the physicalbiological interactions near the reef. Further studies,
analyzing longer observed records, and using more realistic
model configurations are clearly needed. Ideally, very highresolution reef models should be nested within coastal
ocean models which are nested within basin-scale models,
so that reef connectivity can be studied from scales of a few
meters to hundreds of kilometers.
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