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Abstract

A multivariate spatial objective analysis (MVOA) assimilating high spatio-temporal resolution of hydrographic

(CTD) and acoustic (ADCP) observations near Barbados provided a comprehensive view of the local surface

circulation (0–100m) during early spring of two consecutive years (1996 and 1997). Significant submesoscale

fluctuations of the velocity and salinity fields exhibit a very dynamic environment. In the middle of each cruise, low-

salinity water originating from the Amazon and entrained by a North Brazil Current Ring (NBCR) intruded from

offshore and persisted on the west coast of Barbados throughout the rest of the survey. Principal component analysis

(PCA) of velocity relative to the vertical structure and temporal factors in the study area demonstrated that the local

circulation was mostly baroclinic and was dominated by a strong salinity front impinging on the island and large

amplitude current reversals with a periodicity of ca. 20 d. During transition times, indicated by a change of the sign of

the amplitude of the empirical orthogonal function (EOF), the flow became barotropic. This situation produced strong

southward currents followed by the onset of vertical velocity shear. Most of the flow variability occurred in the upper

40m of the water column, which was also found to be the depth of penetration of the low-salinity lenses. These results

indicate that the NBCR structure was retained during both intrusions. Lagrangian trajectories using the MVOA

currents were found to be consistent with in situ drifter trajectories, suggesting that the analyzed flow field is

representative of the near-shore circulation. Tracking of particles released in the surface layer (0–20m) from the reef

shows a maximum residence time of 18 d indicating the possibility of larval retention within the island-scale flow field.

Finally, our results suggest that MVOA, within its limitations, is a powerful tool that can be applied elsewhere to infer

circulation and larval transport, even in situations when forcing is unknown.r 2002 Published by Elsevier Science Ltd.

Keywords: Spatial objective analysis; Current data; Larval fish transport; North Brazil Current Ring; Caribbean Island

1. Introduction

At low latitudes, where oceanic waters tend to
be oligotrophic, the coastal environment of islands
is key in maintaining marine populations, in
particular, because it represents both an important
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source of nutrients for the pelagic early life history
stages and diverse habitat for the adults. Possible
accumulation of the larvae and the existence of
stable or predictable conditions within the high-
energy, complex near-shore environment are ma-
jor factors leading to retention of larvae of coastal
species near suitable habitat for recruitment. In
contrast, processes favoring diffusion, mixing, or
unstable events may lead to dispersal and loss of
larvae from local populations. Temporal and
spatial variability of the coastal environment
translated into transport and nutrient variability
may play a determinant role in the survival of
larvae (Richards, 1982). To accurately define and
predict larval transport, it is essential to quantify
the time/space scales of the complex coastal
current features that promote retention or dis-
persal (Okubo, 1994). In addition to tidal, wind
and buoyancy forces, coastal currents have a
strong spatial dependence due to bathymetric
constraints. Interference of geostrophic jets with
the topography brings inertial instabilities (Smith
and Schwing, 1991), and the resulting circulation
patterns are usually dynamic on a broad range of
spatial and temporal scales (Haidvogel et al.,
2000). Scale variability of coastal circulation
dynamics may increase for island environments
where an island is embedded in a complex incident
flow. Island-mass effects (Boden, 1952; Chopra,
1973; Hogg et al., 1978; Sanders, 1981), eddies on
the down-current side of islands (Boehlert et al.,
1992), and currents steered by local topography
(e.g., steepness of the bottom slope) inducing
friction (Hogg, 1972, 1980; Cowen and Castro,
1994) all represent additional processes that render
island circulation even more complex. Previous
studies of island circulation have described general
flow patterns based on hydrographic properties,
satellite-derived sea level anomalies, and wind
forcing (Bowman et al., 1994; Chiswell and Booth,
1999; Polovina et al., 1999). Only a few studies
based on modeling (Rosenfeld et al., 1989; Liu
et al., 1999; Simmons and Nof, 2000) and remote
sensing (Barton et al., 2000) have focused on
assessing the importance of external forcing on the
local circulation. Yet, they have not quantified the
temporal variability of the flow and its response to
variable forcing at the island-scale, which is also

critical to resolving larval transport. Description
of the near-shore dynamics in the vicinity of an
island requires a high-resolution sampling scheme,
in both time and space, combined with highly
optimized analytical methods.

In this study, the oceanic island of Barbados
was selected for its isolated location on the eastern
flank of the Lesser Antilles, minimizing the like-
lihood of larval input from upstream sources, and
its extremely dynamic environment. Barbados lies
in the path of the Guyana Current and is down-
stream of many of the rings shed by the North
Brazil Current (NBC; Fratantoni et al., 1995; Goni
and Johns, 2001). The dynamics of the island-scale
flow at Barbados is driven by the variable nature
of the incident flow interacting with the local
topography (Bowman et al., 1994). Several areas
of larval concentration were previously identified
that were clearly coupled with persistent local flow
features (Cowen and Castro, 1994). One of these
concentration areas was located off the western
shore of the island, where a slow, onshore flow was
found in the subsurface layer below the upper
25m. Two exceptional physical flow events were
identified as strong current reversals and surface
salinity fronts, each representing a potentially
large source of variation in the recruitment of reef
fishes to Barbados (S. Sponaugle, unpublished
data). The flow events are consistent with rings
generated by the NBC retroflection, which trans-
late northwestward in the Guyana Current to the
Lesser Antilles (Johns et al., 1990; Richardson
et al., 1994; Fratantoni et al., 1995), although
salinity fronts may not always be concurrent to
NBC Rings (NBCRs) (Flagg et al., 1986). Stans-
field et al. (1995) demonstrated that during the
passage of a shallow low-salinity pool south of
Barbados, strong unidirectional currents replaced
the weak and variable coastal currents. Analysis of
satellite (TOPEX) and of temperature–salinity
recorders moored off the west coast of Barbados
by Kelly et al. (2000) revealed that NBCRs pass
Barbados more frequently than previously thought
(Fratantoni et al., 1995), bringing pools of low-
salinity water from the Amazon. Clearly, these
low-salinity intrusions interfere with the already
variable island-scale flow around Barbados. These
previous reports have described the NBCR as a
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distinct mesoscale process influencing the island
circulation, but there is a need for quantitative
assessment of the effects on the temporal and
spatial variability of the near-shore flow structure.
Knowledge of the magnitude and the scales of
variability of coastal current dynamics is of
paramount importance for the study of reef fish
recruitment, since the near-shore environment
modulates the transport of locally hatched larvae
by enhancing either dispersal or retention.

The primary objective of this study is to provide
a description of the near-shore surface circulation
patterns off Barbados and establish a link between
the local circulation and the low-salinity events
identified from previous larger scale surveys
around the island (Cowen and Castro, 1994) and
from a concurrently deployed ADCP mooring.
The secondary objective is to produce a time series
of 3-D velocity fields to identify major flow
structures, quantify the temporal and spatial scales
associated with the flow dynamics, and infer larval
transport. A specific goal is to provide high-
resolution spatial and temporal measurements of
the flow regime operating at the same scales as
ichthyoplankton processes, which will serve ulti-
mately in assessing biophysical interactions in-
volved in larval transport.

In this paper, first we present an analytical
model of the circulation, based on a multivariate
objective analysis (MVOA) originally described by
Pedder (1989) for atmospheric data and further
applied to oceanography by Pinot et al. (1995a)
and Gomis et al. (2001). The MVOA generates for
each year of the study a time series of horizontal
currents at various depth levels, which give a
comprehensive view of the 3-D coastal circulation.
Second, the MVOA flow field maps are quantita-
tively analyzed by PCA, a technique that we are
using (1) to verify that the maps of horizontal
currents provided by MVOA are vertically and
temporally coherent and (2) to determine the
dominant patterns of the local circulation at
various time and space scales (Mariano et al.,
1996; Larson et al. 1999). Finally, the resulting
velocity field is used to infer Lagrangian char-
acteristics of the flow, with the future intent of
modeling larval transport on the western shore of
Barbados.

2. Methods

2.1. Field sampling scheme

The research presented here is part of a larger
interdisciplinary project investigating the physical
processes affecting the dispersal and survival of the
pelagic phase of locally spawned coral reef fishes.
To minimize the likelihood of external sources of
larvae, the study took place off the isolated
oceanic island of Barbados (131100N, 591300W),
West Indies. It consisted of two 30-d cruises on the
R./V. Seward Johnson during May–June of two
consecutive years, 1996–1997. Based on our
previous finding of the highest larval densities
along the western shore of Barbados (Cowen and
Castro, 1994), the study region was limited to an
area extending 15 km from the west coast and
25 km parallel to shore (Fig. 1). Sampling involved
repeated 3-d physical and biological surveys.
During day 1, a conductivity-temperature-depth
(CTD) survey was conducted with a Sea-Bird
SBE9 in a grid pattern covering the domain to
provide a quasi-synoptic temperature/salinity field.
CTD transects ran parallel to shore and were
spaced about 3 km apart within the sampling area
and, on average, 21 CTD casts (ca. 4 km apart)
were taken to a maximum depth of 500m or to
within 25m from the bottom. To maximize
sampling resolution, Acoustic Doppler Current
Profiler (ADCP) data were continuously recorded
along the ship track with short-term maximum
error estimates on bottom-tracked velocity of
6 cm s�1 at 400m. The ADCP data was acquired
at a vertical resolution of 4m and 300 s sampling
ensembles. During day 2, 24 vertically discrete
ichthyoplankton samples at 20-m intervals from
the sea surface to 100m were taken in a 12-h day/
12-h night paired sampling, also concurrent with
ADCP profiles. The biological data will be
presented elsewhere. Finally, during day 3, 4–8
ARGOS/GPS tracked drifters were deployed
within the study domain and retrieved at the end
of the 24-h period. To capture both the surface
layer and lower layer flow, half of the drifters were
drogued at 10m and the other half were drogued
between 40 and 70m depth. This 3-D sequence was
repeated a total of eight times (surveys) during the
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cruise. The entire experiment was repeated during
the following year.

2.2. Flow field model

MVOA was used to obtain a series of horizontal
fields of total velocities at various levels by
assimilation of CTD and ADCP data sampled
by scattered profiles. This method, described by
Gomis et al. (2001), improves the diagnosis of
currents by (1) minimizing the variance between
observation points and (2) reproducing the dy-
namic (geostrophic) balance between the variables.
The space distribution and the quasi-synoptic
nature of the CTD and ADCP sampling of our
study permitted the use of this optimal statistical
method. An advantage of MVOA is that it
generates outputs of total velocities partitioned
into non-divergent and irrotational components,
thereby allowing the evaluation of the ageos-

trophic component of the velocity field. In addi-
tion, this process of estimating velocity values in a
field is reproducible at any location without the
need of any explicit specification of external
boundary conditions. The two variables that were
used in the optimum interpolation were dynamic
height and flow fields retrieved from the sampling
as follows.

2.2.1. CTD data analysis

Assuming that the 24-h CTD observations were
quasi-synoptic, dynamic heights were computed
for each CTD survey (Pond and Picard, 1983) with
the MATLAB program file SEAWATER/
sw gpan.m r. The reference level, which repre-
sents an important assumption for the validity of
the resulting current field in the MVOA (Gomis
et al., 2001), was set to 200m since horizontal
variability of dynamic height relative to the sea
surface was negligible below this depth (maximum

Fig. 1. Sampling scheme at Barbados, West Indies: CTD stations and ADCP ship track, for each 24-h sampling period (survey).
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dynamic height difference of 0.35 dyn cm at 200m).
For the most near-shore CTD transect, this level of
reference intersected the bottom. The ‘missing’
water column (from the bottom to 200m) at each
station was replaced by the closest station on the
next CTD transect. This assumed that the compo-
nent of the geostrophic velocity below the shallow
stations depth, normal to the line between the two
stations involved, was negligible (Pinot et al.,
1995a). Distribution of dynamic height at the
surface is shown for one survey in Fig. 2a. Because
the forcing of the flow is unknown, it is important
to have independent observations of velocities,
besides dynamic heights. ADCP data are a good
candidate for that, since measurements are very
reliable on the continental margin (o400m).

2.2.2. ADCP data analysis

To produce a homogeneous ADCP data array
required in MVOA, bottom-tracking ADCP data
obtained for depths o400m were processed as fol-
lows. First, to remove erroneous velocities, all data
were filtered by elimination of velocity values greater
than the mean+1.96 standard deviation (corre-
sponding to 95% of the normalized values around
the mean; Sokal and Rohlf, 1995). Second, the on-
station data that produced a tight cluster of vectors
(Fig. 2b) were spatially averaged within 150m of
each station and a single profile was returned for
approximately each 3-km segment of underway data
for every five profiles on the ship track (or an
average of 50 ADCP profiles per survey).

2.2.3. Multivariate scheme for Barbados

The ADCP and CTD data processed as
described above were analyzed from the surface
to 100m on 5 horizontal planes (every 20m) and
returned velocities in a 12� 12 mesh, correspond-
ing to a 2.2 km� 1.1 km grid (Fig. 2c). The
maximum depth for the flow field output corre-
sponds to the depth limit of ichthyoplankton
sampling, which also approximates the depth of
the inshore CTD line. The mesh size was
determined by the density of observed data and
is a compromise between increasing precision and
minimizing error. A characteristic scale factor (Ls)
was used in the MVOA to eliminate smaller scales
that cannot be resolved by the sampling (i.e. CTD

station separation of 2–5 km). In the context of a
24-h survey, the shorter structures (oLs) are
considered transient features that are misrepre-
sented by the time and space scales in the
sampling, such as inertial motions. Based on these
considerations, Ls was set up to 7 km, which
corresponded to the smallest resolvable feature or
about twice the spacing of input data (e.g. distance
between stations; Gomis et al., 2001). This choice
of characteristic length scale also resolved the
horizontal scale of the current structure revealed
by the auto-correlation function of the meridional
velocity component; this scale ranged from 5 to
8 km. Since the ADCP measures the total current,
it includes ageostrophic flows such as wind-driven
current, tides, and near-inertial motion. Tides in
Barbados are semi-diurnal, with ca. 10 cm s�1

amplitude (estimated from the ADCP mooring,
cf. Kelly et al., 2000), and were not explicitly
removed from the total current. The ADCP data
had greater spatial resolution than the CTD data
(input includes 45–55 ADCP and 16–24 dynamic
height observations), consequently MVOA is
weighted towards the ADCP data, and dynamic
height contributes to the analysis only when it is
consistent with the velocity data.

A sensitivity analysis was performed in multiple
steps to separately assess the contribution of
different data sets to the final flow field output.
First, only ADCP data were entered into the OA
scheme (univariate analysis), and the resulting
non-divergent flow field was quantified. Second,
only CTD data were entered to establish a
geostrophic circulation. There was good agree-
ment between the ADCP flow field at the surface
(10m level) and the CTD stream functions.
Therefore, the correlation parameter between
geostrophic stream function and non-divergent
stream-function, which is usually within the range
0.9–1.0 in the ocean (Pinot et al., 1995a), was set at
0.95 for the MVOA scheme utilizing both ADCP
and CTD data. An additional parameter required
in MVOA is the noise-to-signal ratio, which serves
to determine the extent to which dynamic height
and total current estimates can deviate from
observations (i.e. observational error). This ratio
was set to 0.1 for both the geostrophic stream
function and the velocity observations, resulting in
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maximum residuals of the order of 0.1 dyn cm and
7 cm s�1 at the surface for dynamic height and
velocity, respectively. Finally, the characteristic

scale of the correlation function (Ls) was changed
stepwise from 3 to 20 km in order to check the
sensitivity of the analysis output to Ls. The effect

Fig. 2. First survey, May 8 of 1996: Dynamic heights (dyn cm) at the 10m level calculated from CTD stations (dots) in reference to

200m (a); raw ADCP velocities at the 10m level (b); flow field model output (total current) in the 0–20m layer (c); 3-D representation

of the flow field showing the five 20-m layers where the velocities are integrated (d); maximum velocity=50 cm s�1.
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of larger scales was to increase the smoothing of
gradients, although the pattern of circulation was
not really modified. The choice of 7 km was
maintained since the resulting dynamic height field
agreed well with the observed dynamic height
gradient (Fig. 2c).

Following the above scheme, dynamic heights
and observed ship ADCP velocities integrated over
20-m layers were assimilated into the MVOA to
generate 3-D horizontal velocity fields for each
survey (Fig. 2d). This technique removed noise
from scattered sampling and produced self-con-
sistent maps of the horizontal total current in the
coastal waters of Barbados.

2.2.4. Principal component analysis (PCA)

The velocity data resulting from the MVOA
were analyzed by means of PCA, a technique used
to determine variability and dominant patterns of
oceanographic factors at various time and space
scales (Mariano et al., 1996; Pedder and Gomis,
1998; Larson et al. 1999). The principal objectives
of this quantitative analysis were (1) to verify
whether the flow fields are temporally and spatially
coherent since each 20-m layer was obtained
independently, and (2) to identify and quantify
the dominant circulation variability patterns of the
island-scale circulation.

PCA on the velocity data was performed relative
to the surveys and to the layers, including all grid
points. The depth interval (0–100m) of the PCA
was limited by the five 20-m layers of the MVOA
maps (note that the data are specified for l ¼ 5
depth-layers referred as levels, and n ¼ 8 surveys).
The variables for the PCA were taken from the
(x; y; z) coordinates of the MVOA velocity maps,
having the dimensions of (12� 12� 5), or 720
values per survey, and a total of 5760 points per
cruise. Principal components (PCs) were calcu-
lated in both horizontal and vertical mode
decomposition. First, least squares were fitted
over n for each (x; y; n), where the n temporal
eigenvectors represented the set of independent
variables. Second, the fit is carried out over l for
each (x; y; l), such as l vertical eigenvectors
represented the independent regression variables.
The resulting regression coefficients are the PC
amplitudes for each significant temporal/vertical

eigenvector. The results of the PCA are visualized
through time series of modes amplitude and PCs
variance, vertical profiles of the PC amplitudes for
the first two statistical modes, and spatial maps of
the first mode EOFs.

2.2.5. Lagrangian integration

To establish trajectories and their associated
time scales, Lagrangian integration was performed
on the optimum interpolated velocities. The
MVOA velocities were interpolated stepwise (every
6-h) between each survey, producing a continuous
flow field. A turbulent field produced through a
random-flight scheme was superimposed on the
deterministic velocity field to predict diffusion
(Thompson, 1986). At constant time steps
(dt=60 s), a turbulent component of the velocity
moves the particle an extra displacement from the
deterministic displacement (dt=6s). In addition,
the evolution of the turbulent velocity uðtÞ is
assumed to be a Markov process by which each
time the particle moves through the flow field, it
loses a fraction of its momentum to the surround-
ing fluid and in turn receives a random impulse
from a Gaussian random number generator
(Dutkiewicz et al., 1993). Although this implies
discontinuous acceleration of particles, it is more
realistic than a Markov process on the particle
displacement xðtÞ that would imply a discontinuity
in the velocity field. The diffusion coefficient
(K ¼ 2� 104 cm2 s�1) resulting from the imposed
stochastic movement was adjusted to match the
horizontal eddy diffusivity characteristic of the
spatial scales prescribed by the grid size
(1.1 km� 2.2 km; Okubo, 1971). Qualitative vali-
dation of this transport model was performed by
comparing real drifter trajectories with those of
particles released at the same time and location. To
simulate fish spawning along the reef track, patches
of 1000 particles were released at each cell of the
11th column of the 12� 12 grid in the surface
(layer 1: 0–20m). Because hatching does not occur
instantaneously in most reef fish species, the 1000
particles were released progressively during a 24-h
period. Spawning was simulated for a series of 12
consecutive days, starting on day 1 of the survey.
Retention was calculated on a daily basis as the
percent of particles remaining in the domain.
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3. Results

3.1. Hydrography (CTD data)

During the first four surveys in both 1996 and
1997, the surface salinity was greater than 35 units
throughout the upper 100m (Fig. 3a and b). In
both years, a strong low-salinity front appeared
from offshore in survey 5, separating salty coastal

water from fresh and slightly warmer oceanic
waters. This front moved rapidly over the entire
domain, which remained lower in salinity for the
next three surveys. When the salinity front
penetrated the domain in both years, the stratifica-
tion intensified and was first associated with
downward isohalines towards the coast (survey
5), then with upward sloping (Fig. 4a and b). In

Fig. 3. Horizontal distribution of salinity (a, b) and temperature (c, d) from CTD observations at 3m and per sampling period in 1996

(a, c) and 1997 (b, d).
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1996 the low-salinity front was coupled to warmer
sea surface temperatures (Fig. 3c). However, in
1997, although the change in salinity was larger
(>2), warm waters near the surface lagged by two
surveys (Fig. 3d).

3.2. Velocity (ADCP data)

In general, current velocities resulting from the
ADCP data alone differed only slightly in direc-

tion and intensity (maximum difference of
6 cm s�1) from those derived from the CTD data
alone (univariate analysis). These differences are
partly due to differences in high frequency limits of
the CTD and ADCP fields (CTD sampling was
less dense than the ADCP underway profiling),
and partly to divergence in the flow represented by
the ageostrophic and irrotational components
(Fig. 5). Currents exhibited strong meridional
and zonal velocities in the upper 20m with

Fig. 3 (continued).
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infrequent maxima of 80–110 and 50–90 cm s�1,
respectively (Fig. 6). The flow was temporally
variable since the meridional component of the

velocity reversed in the upper 80–100m three times
during the 30-d sampling period each year (surveys
3, 5 and 7; Fig. 7) and exhibited maximum shear

Fig. 4. Mean alongshore vertical salinity (a, b) and temperature (c, d) fields per sampling period in 1996 (a, c) and 1997 (b, d).

Superimposed are the horizontal velocities obtained from the multivariate spatial analysis, where up is north and down is south; max

velocity=50 cm s�1.
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during those current reversals; the corresponding
standard deviations were coherent for both velo-
city components. Surface circulation was intensi-
fied in the N–S, and, in general, there was a

subsurface maximum onshore flow, except during
the intrusion of the low-salinity front, when the
subsurface flow was offshore (survey 5 in both
years).

Fig. 4 (continued).
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Fig. 5. Flow components produced by the multivariate analysis at the 10m level during the first survey of 1996 (reference level at

200m): irrotational current and velocity potentiel (dyn cm) (a); non-divergent current and stream function (dyn cm) (b); ageostrophic

current (total current minus geostrophic component) (c); non-divergent ageostrophic current (non-divergent current minus geostrophic

component) (d).
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3.3. Circulation (0–100 m)

Comparison of the dynamic height fields esti-
mated by MVOA and those measured with CTD
data shows that the MVOA procedure reproduced
well the major features observed in the salinity/

temperature field. However, for both years there
was disagreement between the geostrophic and
total currents prior to the intrusion of low-salinity
waters into the sampling area. This suggested that
ageostrophic effects were important during those
transition periods associated with changes in

Fig. 6. Frequency distribution of meridional (a) and zonal (b) ADCP velocities from the surface bin (12m) during May 8–June 2, 1996;

asterisks indicate modal values.
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density gradients. In the upper 100m, the flow was
consistently more dynamic in the surface layer (0–
20m) than in the deeper layers, where low flow
regions were found and the cross-shelf horizontal

velocity fields showed that the flow was mostly
baroclinic. Yet, preceding the low-salinity intrusion
the current became barotropic and was flowing
southward at velocities greater than 50 cm s�1

Fig. 7. Residual ADCP velocity profiles in the sampling domain and their positive standard deviation (thin lines) from 0 to 100m per

sampling period in 1996 (a) and 1997 (b); meridional velocities are solid lines, zonal are dashed lines.
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throughout all the 5 layers (Fig. 8). Subsequent
penetration of the low-salinity lens in the domain
was coupled with a maximum velocity shear in the
20–40m strata, coinciding with the depth of the
strong halocline formed during stratification.

3.4. Principal component analysis (PCA)

When PCA is performed separately for each
survey for all grid points, the motion is found to be
highly coherent in the vertical, as most of the
variance is explained by the first two modes. Time
series of the PC variance (Fig. 9) illustrates that for
most of the surveys mode 1 was greater than mode
2, both explaining most of the variance (40–90%).
This indicates that the MVOA flow is temporally
coherent and mostly baroclinic, with surface
intensification. The relative decrease in the var-
iance explained by the first mode leading and

following the low-salinity intrusion corresponds to
a relaxation from one regime to another and
coincides with the strong flow reversals. Although
the first mode peaked 6 d earlier in 1997, the
general trends in PC variance are similar for both
years, retaining the signature of a typical event (ca.
20 d cycle).

Since the circulation within each survey and
throughout the entire study period appears quite
coherent, PCA is now performed jointly on all
surveys to examine the current fluctuations over
the entire study period. Spatial and temporal
scales of the dominant horizontal current features
are obtained by plotting the eigenvectors from the
dominant mode. For this purpose, we built the
matrix of dimensions N � M; where

(1) N ¼ 8 (dimension of survey=n) and M ¼
12þ 12þ 5þ 2 (dimensions of x; y; level (l),

Fig. 8. Meridional MVOA velocity from a middle section of the sampling domain preceding and during the low-salinity intrusion for

1996 (a) and 1997 (b); velocity is contoured every 6 cm s�1.
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u; and v) for horizontal mode decomposition.
The resulting mode 1 and 2 PCs give the
amplitude time series over a month period
(Fig. 10a). The first mode is indeed mean-
ingful since it indicates that the current
reverses during surveys 3, 5 and 7 in both
years, corresponding to the observed current
reversals (Fig. 7). The first EOFs generate
velocity variability maps for each survey
whereby a positive EOF implies values greater
than the 5-layer mean, and vice versa
(Fig. 10b and c). During the first four surveys,
the variability in current direction is minor,
compared to the rest of the month. The area
of greatest variability is found in the northeast
corner during survey 5 of 1996, where the
saltier coastal waters are wedged by the
salinity front coming from offshore. In 1997,
the highest variability currents penetrate the
domain through the southwest and move
towards the northeast by survey 6.

(2) N ¼ 5 (dimension of level=l) and M ¼ 12þ
12þ 8þ 2 (dimensions of x; y; survey (n), u;
and v) for vertical mode decomposition. The
resulting PC amplitudes are similar for both
years where the first baroclinic mode is large

for the 2 uppermost layers (0–40m), and flips
sign in the 40–60m layer (Fig. 11a). This
indicates that the velocity variability increases
towards the surface; the zero crossing between
the 20–40m and 40–60m layers corresponds
approximately to the depth of penetration of
the low-salinity pools. The second baroclinic
mode has a different structure, changing sign
twice in the vertical for both cruises, with a
subsurface maximum. This mode could corre-
spond to the non-NBCR situation, when an
onshore flow is found in the 20–40m layer.
The first EOFs generate the velocity variability
maps for each 20-m layer, whereby a positive
EOF implies values greater than the 30-d mean
(Fig. 11b and c). As expected from previous
findings of Cowen and Castro (1994), the
dominant variability signal in the surface
layers is a strong alongshore current, and at
depth the dominant flow feature is onshore.

3.5. Lagrangian integration

Trajectories derived from Lagrangian integra-
tion were found to be consistent with in situ drifter

Fig. 9. Time series of the variance explained by the 1 (solid lines) and 2 (dotted lines) mode PCs in May of 1996 (circle) and of 1997

(square).
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trajectories, although they did not agree well with
drifters released right at the surface, where the
wind-driven component of the currents may
dominate the circulation (Fig. 12); this is not
surprising since the ADCP did not measure
currents in the upper 10m of the water column.
These results suggest that the flow field derived
from MVOA of hydrographic and current data is
indeed representative of the near-shore circulation.

Tracking of particles released in the surface layer
from the reef showed a maximum residence time of
18 d, indicating the possibility of larval retention
within the island-scale circulation. However, there
was some inter-annual variation in the retention
rates, reflected by differences in mean loss rates
during the first 4 d as large as 13.2%d�1 for
particles released in May 1996 compared to
4.7%d�1 for those released in May 1997 (Fig. 13).

Fig. 10. Temporal distribution of the first (solid lines) and second (dotted lines) PC amplitudes from the velocity field during May 1996

(circle) and 1997 (square) (a); map of the first mode EOF (cm s�1) relative to the eight surveys for 1996 (b) and 1997 (c).

C.B. Paris et al. / Deep-Sea Research I 49 (2002) 1363–1386 1379



Fig. 11. Vertical distribution of the first (solid lines) and second (dotted lines) PC amplitudes from the velocity field during May 1996

(circle) and 1997 (square) (a); map of the first mode EOF (cm s�1) relative to the 5 layers for 1996 (b) and 1997 (c).
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4. Discussion

The coastal environment contains more high
frequency variability than does the open ocean
environment at similar depths, because of the
occurrence of weather systems and tides at time

scales in the range of 0.1–2 cycles d�1 (Brink and
Cowles, 1991; Haidvogel et al., 2000). Similarly,
the Barbados near-shore environment is character-
ized by strong temporal variability. The near field
of Barbados is subject to large fluctuations in
current directions with a periodicity of ca. 20 d,

Fig. 12. Comparison of trajectories from real drifters released in the sampling box (circles: 1 circle every 10min) with those of virtual

drifters released in the MVOA flow field (lines: 1 segment every 6 h). Drifters were deployed in 1997 on April 29 at 25m (a), on May 6

at 2m (b), on May 9 at 55m (c), and on May 21 at 40m (d).
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and salinity fronts interacting with the energetic
currents that flow over the steep shelf slope (in
Barbados the shelf is almost non-existent and
drops quickly to 400m at a few km from the reef).

Strong incident flows can lead to a significant
distortion of the baroclinic flow and may induce
disturbances (Gordon and Hugues, 1981). In fact,
the observed switch to a barotropic mode in the

Fig. 13. Comparison of retention rates for particle released along the bank reef on the west coast of Barbados in the surface layer (0–

20m) in 1996 (a) and 1997 (b); the slope of the regression on the mean retention rates (dots) from 15 daily consecutive releases (thin

lines, n ¼ 3000 for each daily release) indicates the loss rate per day and has a value of �13.4% and �4.7% for 1996 and 1997,

respectively.
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upper 100m during both cruises and the temporal
distribution of the PCs indicate clearly that the
velocity field is strongly influenced by the dy-
namics of NBCR approaching the island.

Recent work revealed low-salinity intrusions
associated with NBCR in the vicinity of Barbados
(Kelly et al., 2000). However, it was not clear
whether the low-salinity lenses identified on the
west coast of Barbados were remnants of a NBCR
interfering with the Barbados ridge, or whether the
island intercepted its full structure. The present
study shows that when a NBCR entraining low
salinity translates towards Barbados, the island
first feels the barotropic rim, identified by coherent
southward flow (ca. 50 cm s�1). During this period,
the assumption of no motion at 200m is not valid
and the geostrophic flow prescribed by dynamic
heights alone would misrepresent the circulation,
justifying further the choice of MVOA scheme
(rejecting the dynamic height when inconsistent
with the velocity data). The barotropic motion
leads a baroclinic field, with slightly warmer waters
and low-salinity signature linked to a strong
halocline, which is consistent with trapping low-
salinity Amazon waters by the edge of the NBCR
core. This organized flow field indicates that the
low-salinity intrusions observed repetitively in
both years are not remnants of a ring but are its
coherent structure impinging on the island of
Barbados.

In addition to the direct effect of the NBCR
swirl velocities on the flow field, there is evidence
that the salinity front interacts with the local
circulation and the island bathymetry. Fresh water
fluxes are usually one of the major sources of
buoyancy, which acts to stratify the water column
(Haidvogel et al., 2000). In Barbados, near-shore
waters became vertically stratified when low
salinity intruded from offshore, providing strong
buoyancy flux relative to the small tidal energy
available for mixing. The spread of the low-salinity
water, in both the vertical and horizontal, is
variable and certainly modulated by the NBCR
occurrence. When the low-salinity lens is over-
riding the dense oceanic waters, a stronger
baroclinic coastal current is formed. Wind stress
usually generates a secondary circulation that can
move the buoyant water, by either pushing it

closer to shore or confining it to its offshore origin.
This situation can produce upwelling or down-
welling circulation associated with along shore
currents. Offshore flow at the surface induces
upwelling, producing a low horizontal gradient in
density but a high vertical one (downwelling
produces the opposite). Vertical motion in a
limited area is by definition ageostrophic, and, in
fact, current reversals coincided with a deepening
or a rising of the halocline. In particular, current
reversal during survey 5 was coupled with a strong
horizontal salinity gradient and the sloping of the
associated halocline in the cross-shelf salinity field
suggested the presence of downwelling. Vertical
motion can be the result of frontogenesis through
convergences at distorted fronts, which produce
vorticity adjustments and trigger upwelling or
downwelling (Wang, 1993; Pinot et al., 1995b).
In fact, the map of the first mode EOF in 1997
shows a cyclonic feature in the upper 40m, which
may correspond to an upwelling zone (see
Aristegui et al., 1997). Because the MVOA allows
the evaluation of the ageostrophic component of
the velocity field, irrotational velocities were
plotted separately at 10m (e.g., Fig. 5a) and
revealed horizontal variability occurring through
convergent and divergent features, a signature of
vertical motion. In both years maximum diver-
gence (upwelling) of 0.2� 10�5 s�1 was found
during surveys 7 and 8, and convergence (down-
welling) was at its maximum (�0.15� 10�5 s�1)
during surveys 4, 5, and 6. Although these relative
vorticity values are modest, they may generate
larger density gradients and induce an ageos-
trophic circulation (Wang, 1993). Further analysis
of the magnitude of the vertical velocity across the
salinity front could be investigated with the
drifters’ data. Downward velocities could repre-
sent a significant mechanism for transport and
larval retention.

The PCA of velocity relative to the vertical and
temporal factors in the study area demonstrates
that the analyzed flow field is coherent with depth
and time. These results suggest that the space
scales and frequency of the sampling, together
with the MVOA scheme, reproduce accurately the
in situ flow field in the upper 100m of the water
column and can be used for modeling larval
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transport. The maximum residence times of water
masses in the sampling domain of 8–20 d indicate
that locally spawned larvae could be retained in
the vicinity of the island during their early stages,
and perhaps throughout their larval duration.

5. Conclusions

This study of 3-D circulation in the vicinity of
Barbados reveals that external forcing by the
NBCR plays a dominant role in the flow field
variability. Multivariate OA of high spatio-tem-
poral resolution CTD and ADCP data, together
with quantitative PCA, helped in obtaining the
detailed flow structure of a dynamic salinity front
intercepting the island of Barbados. In both years
a NBCR intruded from the south, bringing
Amazon waters onto the western shore of the
island, and persisting in the domain throughout
the rest of the survey. Forcing by the NBCR had a
similar effect on the velocity field during both
years, within the same temporal and spatial scales.
This study constitutes the first evidence that a
NBCR can maintain its structure and remain quite
coherent as it passes the Tobago–Barbados ridge.
Local recruitment variability thus may often result
from the influence of those low-salinity events on
larval retention and survival, and further, may be
predictable. Similarly, when a NBCR continues its
course after intercepting Barbados, as indicated by
the recent NBCR Experiment (Fleurant et al.,
1999; Glikson et al., 2000), it could entrain larvae
from Barbados towards the Lesser Antilles and
become an agent of population genetic mixing if
not significant downstream recruitment (Cowen
et al., 2000). This work can be applied to examine
larval transport in other island scale flows and help
identify the physical parameters affecting the
retention and consequent recruitment of coral reef
fishes.
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