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Abstract. A set of numerical simulations is used to investigate the connectivity of
mesoscale variability in the Atlantic Ocean, the Caribbean, and the Gulf of Mexico. The
primitive equation models used for these simulations have a free surface and realistic
coastline geometry including a detailed representation of the Lesser Antilles island arc.
Two simulations have 1/4° resolution and include a 5.5-layer reduced gravity and a 6-layer
model with realistic bottom topography. Both are wind forced and include the global
thermohaline circulation. The third simulation is from a 1/2° linear wind-driven model. In
the two nonlinear numerical simulations, potential vorticity from decaying rings shed by
the North Brazil Current retroflection can be advected through the Lesser Antilles. This
potential vorticity acts as a finite amplitude perturbation for mixed barotropic and internal
mode baroclinic instabilities, which amplify mesoscale features in the Caribbean. The
eddies associated with the Caribbean Current are primarily anticyclonic and transit a
narrow corridor across the Caribbean basin along an axis at 14° to 15°N with an average
speed of 0.15 m/s. It takes them an average of 10 months to transit from the Lesser
Antilles to the Yucatan Channel. Along the way, many of the eddies intensify greatly. The
amount of intensification depends substantiaily on the strength of the Caribbean Current
and is greatest during a multiyear period when the current is anomalously strong owing to

interannual variation in the wind forcing. Some Caribbean eddies squeeze through the
Yucatan Channel into the Gulf of Mexico, where they can influence the timing of Loop
Current eddy-shedding events. There is a significant correlation of 0.45 between the Loop
Current eddy shedding and the eddies near the Lesser Antilles with a time lag of 11
months. However, Caribbean eddies show no statistically significant net influence on the
mean eddy-shedding period nor on the size and strength of shed eddies in the Gulf of
Mexico. Additionally, no significant correlation is found between eddy shedding in the
Gulf of Mexico and transpott variations in the Florida Straits, although transport
fluctuations in the Florida Straits at 27°N and the Yucatan Channel and showed a
correlation of about 0.7 with a lag of 15 days. The linear solution exhibited a multiyear
anomaly in the strength of the Caribbean circulation that was concentrated in the central
and eastern Caribbean due to a multiyear anomaly in the wind field over the basin. In the
nonlinear simulation this anomaly extended into the western Caribbean and across the
entire Gulf of Mexico. This westward extension resulted from the nonlinearity and
instability of the Caribbean Current, the westward propagation of the eddies, and the
passage of Caribbean eddies through the Yucatan Channel into the Gulf of Mexico.

1. Introduction

The Caribbean is a semienclosed sea bounded on the east
and the north by a chain of closely spaced islands that act as a
sieve for inflow from the Atlantic Ocean. The islands from
Guadaloupe south to Grenada (Figure 1) comprise the Lesser
Antilles, while the larger islands to the north (Cuba, Hispani-
ola, and Puerto Rico) are referred to as the Greater Antilles.
Westward flow between the islands of the Lesser Antilles en-
ters the Caribbean and forms the westward flowing Caribbean
Current (Figure 2), the principal current within the region. A
great deal of uncertainty exists, however, about the distribution
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of inflow through the various Caribbean passages. The Carib-
bean Current exits the basin to the northwest through the
Yucatan Channel and flows into the Gulf of Mexico to form
the Loop Current (Figure 3). Both the Caribbean Current and
the Loop Current are essential components of the Gulf Stream
system, which is partly wind driven but which is also augmented
by a contribution from the global thermohaline circulation
[Schmitz and Richardson, 1991; Schmitz, 1995].

Many aspects of Caribbean circulation, including mesoscale
variability, are summarized by Kinder et al. [1985). Maul [1993]
also presents an overview including the environmental and
socioeconomic implications of global climate change in the
Caribbean.

In this paper we investigate the connectivity of eddy vari-
ability in the Caribbean Sea, the Guif of Mexico, and the
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Plate 1. Snapshots of upper layer thickness (meters) and ve-
locity vectors (meters per second) from simulation 1 for (a)
September 2, 1992, where a ring from the North Brazil ret-
roflection is impacting the Lesser Antilles, and (b) September
8, 1992, where potential vorticity from the ring is advected
through the Lesser Antilles.

Atlantic Ocean. This includes (1) the influence of eddies that
impinge on the eastern side of the Lesser Antilles, principally
rings shed from the North Brazil Current retrofiection [Johns
et al., 1990; Fratantoni et al., 1995]; (2) the role of mesoscale
flow instabilities in the Caribbean Current; and (3) the influ-
ence of the Caribbean eddies on eddy shedding by the Loop
Current in the Gulf of Mexico, including eddies from the
easternmost Caribbean.

Caribbean eddies have been discussed in the literature {Fu
and Holt, 1983; Heburn et al., 1982; Ingham and Mahnken,
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1966; Kinder, 1983; Lemming, 1971; Molinari et al., 1981; Nys-
tuen and Andrade, 1993}, but these studies have been limited in
spatial and temporal resolution and coverage. The utilization
of a global numerical model allows for research at time and
space scales currently unfeasible observationally.

Three versions of the Naval Research Laboratory (NRL)
Layered Ocean Model (NLOM) {Wallcraft, 1991} are used in
this study. All are global in domain and contain detailed Ca-
ribbean geometry. The simulations include a reduced gravity,
thermodynamic version (simulation 1, Table 1) with 1/4° reso-
lution and a finite depth, hydrodynamic version (simulation 2,
Table 1) also with 1/4° resolution. Finally, a linear, reduced
gravity version (simulation 3, Table 1) with 1/2° resolution is
utilized. After spin-up to statistical equilibrium, all of the sim-
ulations were forced by daily averaged winds from 1981 to
1994, so that interannual variability is also present. The for-
mulation for the NLOM is presented in section 2 with detailed
equations for the thermodynamic version. The modifications
necessary to create a hydrodynamic version are also presented
as well as a more detailed discussion of the design of the three
simulations. specifically used in this study.

These simulations contain different physics, which are used
to include or exclude dynamical processes that may be relevant
to the simulation of mean currents and variability in the Ca-
ribbean. For instance, simulation 2 contains realistic bottom
topography. Simulation 1 is reduced gravity and therefore ex-
cludes the barotropic mode and the bottom topography. Since
eddies are observed in both simulations, these differences pro-
vide a means to investigate (1) the influence bottom topogra-
phy and baroclinic instability involving the barotropic mode on
the simulated eddies in the Caribbean and (2) topographic
effects on eddy formation and pathways of mean currents.
Simulation 1 is also thermodynamic and therefore contains
more accurate stratification that can influence eddy generation
and propagation speeds. This simulation also has a more ac-
curate representation of the return flow of the global thermo-
baline circulation, which affects the mean transports through
the Lesser Antilles. The linear simulation excludes flow insta-
bility dynamics, providing a linear, deterministic ocean model
response to the atmospheric forcing. It is used to demonstrate
the impact of nonlinearity on a multiyear anomaly seen in the
interannual simulations and to isolate the cause of this anomaly.

This investigation can be viewed as an attempt to use the
model simulations to extend our understanding of a region
with limited observations after comparing the simulations with
the observational data currently available. However, additional
observations are required to adequately assess the model re-
sults. Hence some of the results must be viewed as model
predictions subject to future verification.

The connectivity of eddy variability in the Caribbean, Gulf of
Mexico, and Atlantic Ocean is discussed in section 3. Topics
include (1) the influence of the Atlantic Ocean on the forma-
tion of Caribbean eddies; (2) a description of the eddies, their
mean pathways, and velocities; (3) a comparison between Ca-
ribbean eddies observed by Geosat altimetry and model ed-
dies;-(4) the relationship between Caribbean eddies and the
eddy shedding from the Loop Current in the Gulf of Mexico;
(5) discussion of an intradecadal cycle simulated in Caribbean
variability and its potential origins; and, finally (6) a discussion
of variability connectivity within the Gulf Stream system. Sec-
tion 4 contains the summary and conclusions.
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Plate 2. Snapshots of upper layer thickness (meters) and velocity vectors (meters per second) from simu-

lation 1 on (a) August 18, 1991, when a North Brazil Current (NBC) ring impacts the Lesser Antilles, and (b)

September 4, 1991, when fully formed eddy A is observed. The eddy labeled A is tracked through subsequent
plots.

2. Ocean Model and Numerical Experiments R .
The NRL Layered Ocean Model [Wallcraft, 1991] is used for = =iy 2 {Gﬂvu’l —H) +hVGy]

the numerical simulations in this study. It is based on the ‘ St

semi-implicit, free surface model of Hurlburt and Thompson

P \
{1980]. The model is formulated using an Arakawa C grid g ASJ h+ /774) Vo + (=, — )
[Mesinger and Arakawa, 1976}, an explicit numerical scheme P AR N A (Ti-r = T/ po
for the reduced gravity simulations, and a semi-implicit scheme - /
for the finite depth simulations. The equations for the n iayer + max (0, —ws_)vs-, — [max (0, we.))

finite depth, thermodynamic model are, for layers k = 1,+++, n,

v + max (0, —wy)]v, + max (0, wves,
\ ,
FTI (V-Vi+ V- Vv + kX fV, + max (0, —~Cuwy_){(Vi-y ~ Vi)
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Figure 2. Schematic Caribbean «iceulation drawn from pilot charts {from Duncan et al., 1982].
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a radius of the Earth (6371 km);

A, ocoefficient of horizontal eddy Viscos ity:;

C, coefficient of bottom friction; '

C, ocoefficient of interfacial friction;

C,, ooefficient of additional interfacial friction

associated with entrainment;

D(¢, 0) ocean depth at rest;

f Coriolis parameter;
g acceleration due to gravity;
Gu=9,! = k;
Gu=9 — 9(px = PMpo, I < k;
h, kth layer thickness;
h; kth layer thickness at which entrainment starts;
h; kth layer thickness at which detrainment starts;
H,=100 m and the reference layer thickness that
forms part of a density relaxation e-folding
timescale coefficient that equals 1/o, when
Hy = h,;
H, kth layer thickness at rest;
H,=D(4, 0) — 25 Hy
#, j, k unit vectors positive eastward, northward, and
upward, respectively;
K,, coefficient of horizontal density diffusivity;
Q surface heat flux;
t time; )
v, kth layer velocity;
Vi hv
9 latitude;
¢ longitude;
P, kth layer density;
(&, 8) kth layer density climatology;
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Figure 3. Topography of the 22°C isothermal surface, August 4-18, 1966 (Alaminos cruise 66-A-11) [from
Leipper, 1970).

po constant reference density;

o, reference coefficient of density climatoiogy
relaxation;

T,, wind stress;

T%=T.,. k = 0;

Te=CuPolvi — viial(wi —

Ve hk=1n—1;
Te=Cppol¥alv.. & = n;

Table 1. World Ocean Simulations

0,=0,k =0, n;

Wm0y — w0 — Qe k= 1---n -1

w{ =@, [max (0, hy - h)h]%

wi =@,[max (0, h, — hi )b )%

ay=wi [f (0 — o) Ny

@, kth interface reference diapycnal mixing velocity;

A, m*s 300

Stratification o, kg/m? varies in time and space
Layers 55

Type nonlinear, reduced gravity
Thermohaline circulation,* Sv 14

H, 80, 160, 160, 250, 350, =

A is coefficient of horizontal eddy viscosity; H, is kth layer thickness at rest.

Simulation

2 3
300
25.24, 26.47, 26.99, 27.23, 27.39, 21.77 25.45, 21.55
6 . 15
nonlinear, realistic bottom fincar, reduced gravity
8 * not present
155, 185, 210, 225, 225, variable 250, =

*North Atlantic outflow ports used have a net vertical profile of 1, 1, 2.1, 2.5, and 1.4 Sv (fork = 1, ..., 5)
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Table 2. Additional Model Parameters
Simulation
Definition 2

C, bottom drag coefficient 0 2x1073 0
C, kth interfacial stress coefficient 0 0 0
g, m/s®  acceleration due to gravity 98 938 9.8
hy, m thickness of layer k at which entrainment starts 50 (k = 1), 40 (k = 2 $) S50(k=1),40(k = . 5) NA
A#, deg latitudinal grid resolution 0.25 0.25 050
A¢, deg  longitudinal grid resolution 03515625 0.3515625 0.703125
w,, cmis  kth interface vertical reference mixing velocity ~ 0.001 for all layers 0.001 for all layers N/A

N/A is not applicable.

Q,($, 8) kth interface weighting factor for global
diapycnal mixing designed to conserve volume
within a layer in compensation for explicit
diapycnal mixing due to h, < h; (e.g., wf — @)
and net transport through the lateral boundaries
of layer k.

A hydrodynamic version of this model is obtained by setting
p = constant within a layer. This includes neglecting the den-
sity equation and retaining only the hydrodynamic part of the
pressure gradient in the momentum equation:

G N(h,— H)

m_‘/ﬁ“

1

In reduced gravity simulations with n active layers, the equa-
tions are identical to the (n + 1) layer finite depth equations,
except that

H, =constant
Gu=g(Pnv1 — Pe)Po 1 =k
Gu=9(Pnsr1 — P)Ipo 1> k;

%=T.. k = 0;
‘fk=CkPo‘Vk - "k+1|("k -
o,=0 k=0
o=wp — o

Ve k=1-n

-0, k=1--n

A modified version of the 1/2° ETOPOS bottom topography
[National Oceanic and Atmospheric Administration (NOAA),
1986) was used in the finite depth simulation that included
realistic bottom topography. The topography data set was first
interpolated to the model grid and then smoothed with a
nine-point real smoother. This smoothing is to reduce energy
generation on small scales that are poorly resolved by the
model.

The model includes realistic coastline geometry, based on
ETOPOS, which has been extensively modified in the Carib-
bean region by Youtsey [1993]. In most locations this geometry
is determined by the 200-m depth contour of the topography,
which is the minimum depth in the model and which represents
the nominal shelf break. The model domain is global, exclud-
ing the Arctic, and extends from 72°S to 71°N. The horizontal
resolution is 0.25° in latitude and 45/128° in longitude for each
variable for the two main simulations and is 0.50° by 45/64° for
the linear 1.5-layer reduced gravity simulation.

In the finite depth model simulation the amplitude of the
topography above the maximum depth of 6500 m was multi-
plied by 0.78 to confine it to the lowest layer. This removes the
numerical difficulty that arises when moving interfaces inter-.
sect sloping topography [Hurlburt and Thompson, 1980). Flow
through straits with a shallow sill is constrained to small values
below the sill depth.

Figure 4. Mean currents over 1981-1991 for layer 1 of the nonlinear rcdixced gravity simulation.
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Volume is conserved within each layer by requiring no net
transfer of volume across each layer interface. The net volume
flux across interface k, due to (1) outcropping and/or (2) any
net transport of volume into or out of the layer above via ports
in the lateral model boundaries, is balanced by the domain inte-
gral of cross-interfacial mixing across layer interface k (Jf Q,a).
The weight function for this cross-interfacial mixing £, is
nonuniform in the NRL global model and has both positive
and negative values based on oxygen saturation, as discussed in
detail by Shriver and Hurlburr [1997). This allows broad, slow
upwelling over much of the world ocean interior in addition to
regions of downwelling, e.g., the Labrador Sea. The model
boundary conditions are kinematic and no slip at solid
boundaries.

The thermal forcing in the thermodynamic version of the
model is relaxation to annual mean density values derived from
Levitus [1982). Temporal variations in the layer interface
depths are assumed to be nearly adiabatic. Therefore the den-
sity relaxation is always to the layer-averaged density based on
layer interfaces at their temporal mean depth. Because most of
the information about oceanic anomalies is contained in the
interface depth, the density relaxation causes little damping of
the oceanic anomalies and observationally verified anomalies
in the thermodynamic simulation used here have been found
that last for at least a decade [Jacobs et al., 1994).

The model also includes interfacial friction that is quadrati-
cally proportional to the velocity shear between the adjacent
layers. In the simulations used here, this type of interfacial
friction is excluded by setting C, = 0. However, an interfacial
friction effect is retained via the diapycnal mixing.

Three versions of the model were used in this study. Table 1
provides details about their configurations, while other model
parameters are listed in Table 2. The first simulation contains
a representation of the first five baroclinic modes, while the
second represents these modes plus the barotropic mode. The
thermodynamic experiment was spun up from rest at 0.5° for
259 years and then at 0.25° for 36 years using the Hellerman
and Rosenstein [1983] (hereinafter referred to as HR) monthly
wind stress climatology. Similarly, the hydrodynamic experi-
ment was spun up for 199 years at 0.5° and then for 29 years at
0.25°. The linear simulation was spun up until the annual mean
reached a steady state, the two nonlinear simulations until they
were near statistical equilibrium,

The simulations were then forced from 1981 to 1994 using
winds from the European Centre for Medium-Range Weather
Forecasts (ECMWF) [ECMWF, 1994] with the 1981-1994
ECMWF mean replaced by the Hellerman-Rosenstein annual
mean. Use of this hybrid wind set is discussed by Metzger et al.
[1992) and Hurlburt et al. [1996]. With the hybrid winds the
long-term temporal mean is driven primarily by the HR winds,
while the variability is driven by the ECMWF component and
flow instabilities. The use of hybrid winds is compatible with
the spin-up simulation, which was forced by the HR winds. The
hybrid winds retain continuity in the temporal mean fields
throughout the spin-up and the interannual portions of the
simulations.

Both nonlinear simulations also include the global thermo-
haline circulation and the associated meridional overturning
cell. This cell is driven primarily by deepwater formation in the
far North Atlantic and by upwelling in the Antarctic Circumpo-
lar Current (ACC) region [Toggweiler and Samuels, 1993;
Schmitz, 1995; Shriver and Huriburt, 1997}. These two regions
of strong water mass transformation are connected by a south-

MURPHY ET AL.: CONNECTIVITY IN INTRA-AMERICA SEAS

ward Deep Western Boundary Current in the abyssal layer and
by a northward return flow in the upper ocean which contrib-
utes 13 of the 32 Sv (1 Sv = 10° m® s™') through the Straits of
Florida at 27°N [Schmitz and Richardson, 1991]. The relation
of the Caribbean Sea to the region of the path of this return
flow makes the global thermohaline circulation an essential
element in this study.

In the model, deepwater formation is parameterized (1) by
using ports along the northern boundary with prescribed out-
flow in the upper ocean and prescribed inflow in the abyssal
layer and (2) by downwelling in the Labrador Sea via the
oxygen-based cross-interfacial mixing scheme described ear-
lier. Both simulations 1 and 2 have an imposed outfiow of 8 Sv
in the top five layers at two ports, one located between Green-
land and Scotland, the second in the Davis Strait (Table 1). In
the finite depth simulation (simulation 2), 8 Sv is injected into
the bottom layer at ports located in the Denmark and Davis
Straits. The remainder of the deepwater formation occurs via
downwelling in the Labrador Sea with 6 Sv downward in sim-
ulation 1 and 1 Sv in simulation 2.

With respect to the return flow, the abyssal to upper ocean
upwelling occurs primarily in the region of the ACC where all
the model interfaces outcrop, although some occurs as broad,
slow upwelling via the cross-interfacial mixing scheme. In the
reduced gravity simulation the abyssal layer is infinitely deep
and inert, but the upper ocean northward return flow branch of
the global thermohaline circulation can still be included via the
outflow port, downwelling in the subpolar Atlantic, the ACC
upwelling, and the broad, slow cross-interfacial upwelling over
the ocean interior. The resulting transport of the northward
upper ocean return flow across 9°N is 14 Sv in simulation 1
(realistic based on the observational analysis of Schmitz and
Richardson [1991]) and 9 Sv in simulation 2 (too weak). For a
more comprehensive discussion of global thermohaline circu-
lation simulation and dynamics in the NRL Layered Ocean
Model, see Shriver and Hurlburt [1997): :

The subdomains of the global model used for this study are
(8.0°-31.0°N, 61.0°-100.0°W) for the reduced gravity simula-
tion (simulation 1) and (0.0°-31.0°N, 45.0°-100°W) for the
finite depth simulation (simulation 2) and the linear simulation
(simulation 3). They comprise the Caribbean/Guif of Mexico
regions and part of the North Atlantic. Model output of both
velocity components (4., v,) and layer thickness anomaly
(h. — H,) is available at every grid point at 3.05-day intervals
for 14 years (1981-1994). In addition, time series of mass
transport for each layer are output at daily intervals across
selected sections, including the passages of the Caribbean.
Comparison of simulated mean mass transport values with the
available observational data from the region would provide a
valuable assessment of the accuracy of the simulations. Unfor-
tunately, transport data for passages of the Caribbean are
limited, and few sets of existing surveys have produced highly
variable results. Mazeika et al. {1983] indicated that this uncer-
tainty was probably due to strong variations within the passages
at tidal and subinertial scales, which means that any single
shipboard occupation of a passage is unlikely to reproduce the
mean. Additionally, some passages have been studied in
greater detail than others, which results in an incomplete com-
parison,

Transports for the three southern most passages (Grenada,
St. Vincent, and St. Lucia) have been reported as 9, 10, and 6
Sv, respectively (25 Sv total) {Stalcup and Metcalf, 1972; Metcalf
et al., 1971; Stalcup et al., 1971], and 4.7, 3.4, and 0.9 Sv,
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Plate 3. Eddy A on (a) October 6, 1991, when it has transited to 66.5°W, and (b) November 26, 1991, when

it has transited to 71°W and intensified.

respectively (9.05 Sv total) [Wilson and Johns, 1997). The cor-
responding simulated total mean transports from simulations 1
and 2 are 9.9 and 7.7 Sv, respectively.

Transport through Windward Passage has been estimated
using an inverse model to have a mean inflow value of 7 Sv
[Roemmich, 1981]. A more recent estimate is 4 Sv [Schmitz,
1996]. Both simulations have contradictory flows with mean
outflow transports for simulations 1 and 2 of 0.8 and 3 Sv,
respectively.

The mean transport of 29 Sv through Yucatan Channel has
been estimated based upon its presumed contribution to the
mean transport of the Florida Current [Schmitz and Richard-
son, 1991]. The mean simulated value of the Yucatan Channel
transport for simulations 1 and 2 is 21.4 and 21.5 Sv, respectively.

The transport of the Florida Current has been quite accu-
rately measured at 27°N [Larsen, 1992] with a mean value of
32.3 Sv. The model transport in this region for simulations {
and 2 are 22.7 and 20.7 Sv, respectively.

The preceding comparisons indicate that in the southern
Caribbean the simulations agree quite well with the latest
observational data. Since this is where the Caribbean eddies
form and intensify, this is an important conclusion. The dis-
crepancies in the transports of the Florida Current at 27°N, the
Yucatan Channel, and Windward Passage are caused by a
known error in the topographic configuration of the eastern
coastline of Florida and the geometry of the Bahamas [Hurl-
burt and Townsend, 1994] and do not affect the results pre-
sented in this paper regarding the transit of Caribbean eddies
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Plate 4. Eddy A on (a) January 4, 1992, when it is advected northwestward by the Caribbean Current to
75°W, and (b) February 16, 1992, when it is advected southwestward to 79°W.

into the Gulf of Mexico. This phenomenon has been simulated
in other versions of the NRL model that possess accurate
transports and topography in the western Caribbean, Bahamas,
and Straits of Florida. Several of these versions are configured
with significantly higher resolution than the ones used in this
study, but unfortunately, none of these simulations was forced
by daily interannual wind forcing for more than a decade.
All three of the model simulations described above are im-
portant to this study, although many of the results presented in
the paper depend primarily upon simulation 1. Simulation 1 is
more realistic because it is thermodynamic and has more ac-
curate stratification than simulation 2. Simulation 1 also has a
thinner upper layer; higher current velocities in this layer,
which results in greater flow instabilities; higher eddy kinetic

energy; and stronger Caribbean eddies. As will be discussed
later, flow instabilities are required to demonstrate the North
Brazil Current ring and Caribbean eddy connectivity that is the
primary focus of this paper. Additionally, by using a reduced
gravity simulation, we are able to show that bottom topography
and baroclinic instability between the barotropic and the in-
ternal modes are not essential in our results and, in fact, play
no role. Simulation 1 also has a more accurate representation
of the return flow of the global thermohaline circulation, which
also results in higher eddy kinetic energy as well as more accurate
mass transport through the passages of the Lesser Antilles.
Simulation 3 has a very specific purpose in this paper. It is
used (1) to isolate the cause of an anomaly in the Caribbean
Current (discussed later) because any anomalies in this simu-
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Plate 5. Eddy A on (a) March 3, 1992, when it moves northward and starts to merge with a large eddy west
of Jamaica, and (b) March 28, 1992, when the merged eddy transits to 81°W.

lation are a linear, deterministic response to the atmospheric
forcing, and (2) to help demonstrate the impact of nonlinearity
and eddies on this anomaly.

3. Results
3.1. NBC Rings and Caribbean Eddy Formation

The mean Caribbean circulation represented in Figure 2 is
simulated by the numerical model including the Caribbean
Current, cyclonic circulation in the Colombian Basin, and the
Loop Current in the Gulf of Mexico (Figure 4).

Mesoscale features in the Caribbean are observed in both
nonlinear model simulations. The formation of these features
is due in part to potential vorticity being advected through the

Lesser Antilles from the Atlantic Ocean. The source of this
potential vorticity can be seen in Plate 1a, where a large anti-
cyclonic ring shed from the retroflection of the North Brazil
Current (NBC) is observed in the model on the eastern side of
the Lesser Antilles. Plate 1b demonstrates flow from the NBC
ring into the Caribbean and the formation of an eddy on the
western side of the Lesser Antilles. An analysis of potential
vorticity for 1986 on either side of St. Vincent passage resulted
in a cross-correlation value of 0.54 at lag 90 days for simulation
1. This indicates that potential vorticity is not a constant
through the passage, and at least some of the vorticity from the
eastern side is advected to the west.

Since a pioneering investigation into NBC rings by Johns et
al. [1990], they have been observed in Geosat data [Didden and
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Plate 6. Eddy A on (a) June 12, 1992, when it is approaching the Yucatan Channel. The previous eddy has
transited through the Yucatan Channel and into the Loop Current Eddy. (b) Eddy A on June 27, 1992, when
material from the leading edge of it passes through the Yucatan Channel into the Loop Current.

Schout, 1993], by drifters [Richardson et al., 1994}, by current
meter arrays, and in numerical models [Fratantoni et al., 1995).
In all of these studies, approximately three NBC rings per year
transit up the coast toward the Lesser Antilles. Fratantoni et al.
[1995] reported that both the observed and modeled eddies
decayed within 120 days of reaching the ridge between Tobago
and Barbados (essentially the Lesser Antilles). It appears from
the model simulation (Plate 1) that as the NBC rings decay,
some of their vorticity can be advected into the Caribbean.

3.2. Eddy Amplification Within the Caribbeéan

The initial eddy formation is weak, but the potential vorticity
advected through St. Vincent passage is a finite amplitude

perturbation on which flow instabilities can grow. A beta
Rosshy number analysis of both nonlinear simulations was
used as one tcst of the hypothesis that the eddies form as a
result of barotropic instability. The beta Rossby number is
defined as »/Br*, where v is the maximum swirl velocity of an
eddy averaged around the eddy, B is the variation of the Co-
riolis parameter with latitude, and r is the mean radius of the
eddy from the center to the maximum swirl velocity. The di-
ameter (2r) and maximum swirl velocities were determined for
six representative eddies. The average diameter for simulation
1 was 330 km, and for simulation 2 it was 365 km. The beta
Rossby numbers for these eddies were order 1 for both simu-
lations with an average of 0.47 for simulation 1 and 0.77 for
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simulation 2. A beta Rossby number of the order of 10 is
indicative of baroclinic instability involving the barotropic
mode, while a beta Rossby number of order 1 is indicative of
an equivalent barotropic instability of the first baroclinic mode
[see McWilliams and Flierl, 1979; Hurlburt and Thompson,
1982, 1984].

The low beta Rossby number in both simulations 1 and 2,
the similarity of the eddies in the two simulations, and the
similarity of the eddy trajectories serve as justification for
studying the Caribbean eddies with a reduced gravity simula-
tion. These similarities imply that there is little or no baroclinic
instability between the barotropic and first baroclinic modes
nor influence of the bottom topography. However, a vertical
analysis of layer thickness anomaly revealed a mixture of baro-
tropic and internal mode baroclinic instability between layers 1
and 2. This was indicated by some eddies being barotropic with
depth while others were baroclinic while they strengthened.
Additionally, several eddies were observed to change from
barotropic to baroclinic and back again in the course of a life
cycle. Finally, one double-lobed eddy was observed with one
lobe baroclinic with depth and the other barotropic. Note that this
analysis was performed during periods of eddy intensification.

3.3. Life Cycle of Caribbean Eddies

The resulting anticyclonic eddies are observed to transit
from the Lesser Antilles along an axis of 14°-16°N until they
are deflected northward by the Nicaraguan coast (Plates 2-5).
Here the eddies often merge and intensify until they pass
through the Yucatan channel (Plate 6b).

Plates 2-7 are a sequence of model snapshots that represent
a case study for a typical anticyclonic eddy track through the
Caribbean from simulation 1. Snapshots are available at the
frequency of the model output (3.05 days), and the position of
the eddy has been conclusively verified in every snapshot. For
the sake of brevity, however, only 12 out of the possible 100
snapshots are presented.

Plate 2a shows an NBC ring impacting the Lesser Antilles
with flow from the ring entering the Caribbean. The eddy that
is beginning to form on the western side of the islands has been
labeled eddy A. In Plate 2b a fully formed eddy A is observed.
In Plates 3a and 3b, eddy A is observed to continue its west-
ward transit and it begins to intensify. This intensification is
due to flow instabilities of the Caribbean Current. In Plates 4a
and 4b the path of eddy A is perturbed first northward and
then southward by the Caribbean Current. Eddy A begins to
merge with the large eddy near Jamaica (Plate 5a). In Plate 5b
the merged eddy A has transited farther westward. Note also
that in Plate 5b, there is a large eddy west of eddy A. In Plate
6a the eddy west of eddy A has squeezed through the Yucatan
Channel. In this figure, eddy A transits to the Yucatan Chan-
nel. In Plate 6b the leading edge of eddy A is squeezing
through the Yucatan Channel, but as we can see from Plate 7a,
the entire eddy does not make the transit before the Loop
Current Eddy is shed. In Plate 7b the Loop Current Eddy is
making its westward transit across the Gulf of Mexico. This
eddy is labeled eddy A since part but not all of eddy A is
present. This particular eddy track was chosen, because it
shows a wide variety of typical features associated with the
simulated Caribbean eddies, including (1) formation from an
NBC ring fragment that passes into the Caribbean through a
narrow passage in the Lesser Antilles, (2) intensification due to
instability of the Caribbean Current as it propagates westward
through the Caribbean, (3) eddy merging, and (4) passage
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of part of the eddy through the Yucatan Channel. Also, it is
easily followed on a Hopfmuller diagram of eddy tracks
(section 3.5).

Many Caribbean eddies only exhibit some of the features
seen during the life span of eddy A. Compared with other
Caribbean eddies, however, eddy A is not one of the strongest,
nor is it the most dramatic example of NBC ring intrusion into
the Caribbean nor of an eddy passing through the Yucatan
Channel and influencing eddy shedding in the Gulf of Mexico.
Many of these points are discussed in greater detail throughout
the remainder of section 3.

On average, an eddy takes approximately 10 months to tran-
sit the basin. Throughout Plates 2-7 other anticyclonic eddies
can be seen in various stages of transit. This is indicative of the
complex and continuous flow of mesoscale variability that
crosses the region.

34. Model Data Comparison

There is a paucity of observational data in the Caribbean
with which to conduct model-data comparisons. In one case,
eddies observed in the reduced gravity simulation can be re-
lated to eddies observed by Geosat. It should be noted that the
model eddies are not caused by a deterministic response to the
atmospheric forcing, and therefore a comparison between ob-
served and modeled eddies can be done only in a statistical
sense, not as individual eddies. Nystuen and Andrade [1993]
reported two eddy tracks (Figure 5) over a 1-month time span:
June-July 1987 and April-May 1988. The Geosat eddy A
(1987) tracks approximately 1° farther south and 2° farther
west than the model eddy A (Figure 6a).

For the second Geosat sequence (Figure 6b), satellite eddy
C tracks 1° farther north and 2° farther east than the model
eddy C (Figure 6b). Intensity variations are approximately the
same as the previous sequence.

3.5. Caribbean Eddy Trajectories

The model-simulated anticyclonic Caribbean eddies transit
westward in a fairly narrow corridor. This corridor was deter-
mined by tracking upper layer thickness maxima averaged
within a sequence of small rectangular boxes along the corri-
dor. The size of each box was chosen to best capture the
average pathway of the maxima so that the corridor encom-
passed most of the ensemble of eddy tracks. There are a total
of 32 rectangles, each containing a time series of upper layer
thickness averaged over the box (12 years long). The long-term
mean (1981-1992) is subtracted. Figure 7 depicts these boxes,
shaded together to illustrate the corridor.

A phase piot of the upper layer thickness anomalies along
the corridor for simulation 1 (Plate 8) clearly traces the Ca-
ribbean eddies from the Lesser Antilles (0 ki) through the
Yucatan Channel (3000 km) and into the Loop Current eddy-
shedding regime. The propagation speed of the eddies along
the track is fairly uniform for the first 2000 km of the track. At
2000 km (approximately 80°W) the track turns northward and
the eddies intensify and accelerate. The average propagation
speed to the Yucatan Channel (3000 km) is 0.15 m/s. The
average transit time from the Lesser Aantilles to the Yucatan
Channel is 10 months, with values as short as 7 months and as
long as 17 months. The black dots starting in 1991 in Plate 8
correspond to the positions of eddy A observed in Plates 2-7,
while the black square comresponds to the Loop Current Eddy
observed in Plate 7b. Plate 8 also demonstrates that only part
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Figure 5. Geosat sea surface height (SSH) anomalies [from Nystuen and Andrade, 1993] on (left) June 17, July 4, and July 21,
1987, and (right) April 13, April 30, and May 17, 1988. Contour interval is 10 cm.
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of eddy A transits the Yucatan Channel. Part of the eddy west
of eddy A also transits through the Yucatan channel (Plate 5b).
That eddy transits the entire Caribbean but does not stay on
the average eddy track which is depicted graphically in Figure 7;

: et i b s £
EEERERESS A L B

Figure 7. Path representing the average eddy track through
the Caribbean.
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Figure 6. SSH anomalies, corresponding in time with Figure 5, from simulation 1. Contour interval is 10 cm,
and dashed lines are negative contours.

so there is a false break in the resulting track depicted in Plate 8.
The corresponding plot for simulation 2 (Plate 9) is similar, ex-
cept for the frequency of eddy shedding by the Loop Current.

3.6. Loop Current Eddy Shedding

The observed frequency for separation of the Loop Current
cddies is of the order of a year. The data sets of ring separa-
tions are gappy, the eddy-shedding period varies, and an in-
sufficient number of ring separations have been observed. This
hinders statistical analysis, and different analyses show differ-
ent spectral peaks. For example, Vukovich [1995] compiled two
data sets, one 22-year data set (1972-1993) and one 17-year
data set (1977-1993), from various sources. Sturges [1992) also
reported atechnique to develop a continuous data set. Sturges
found a primary spectral peak at 8.5 months and secondary
peaks at 6, 13.4, and 25 months. Multiple spectral peaks were
also reported by Vukovich [1988}, Maul and Vukovich [1993} (6,
10.9, and 17 months), and Vukovich [1995] (9, 14 months). A
single frequency of 8- months was reported by Maul et al. [1985}.

It is unclear whether this variability in frequency reflects the
natural variability of ring separation or problems associated
with the data sets, such as their length. For example, Vukovich
[1995] reported a primary spectral peak at 9 months and a
secondary peak at 14 months. The mean period of the Loop
Current eddy shedding (11 months) would have a frequency
equal to the secondary spectral peak, with only one more data
occurrence at 11 months, and it would have a frequency equal
to the primary spectral peak with only two more data occurrences.

In the 12.5 years of reduced gravity model results, there were
18 Loop Current eddies. This number was determined by av-
eraging the reduced gravity upper layer anomalies at 89.8°W
from 21.0 to 30.0°N (Plate 10). This resulted in a mean period
of 8.3 months between eddies. In the finite depth simulation
there were 24 eddies in 12 years (Plate 9) or an average of 6.0
months between eddies. The eddy shedding in simulation 2
may have a weak contribution from baroclinic instability. Huri-
burt and Thompson [1982] show that such a contribution can
increase the westward propagation speed of the Loop Current
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Figure 8. Sum of total upper layer thickness anomaly
(meters X 10%) along the path depicted in Figure 7 for 1981-
1992 for (a) simulation 1 and (b) simulation 2. Total track
distance is approximately 3800 km.

into an unstable configuration. In their paper the eddy peri-
odicity was about 60 days in simulations where baroclinic in-
stability was dominant. The observed eddy-shedding periods
[Vukovich, 1995] are much more variable than those exhibited
in the model, although 8.3 months matches the primary spec-
tral peaks reported by Maul et al. [1985], Sturges (1992}, and
Vukovich [1995).

Historically, ring separation was thought to result from sea-
sonal variations in transport through the Yucatan Channel,
which affected the penetration distance of the Loop Current
into the Gulf of Mexico [Cochrane, 1965]. Using a set of nu-
merical simulations, Hurlburt and Thompson [1980, 1982} dem-
onstrated that an eddy-shedding period similar to that ob-
served was possible with constant inflow transport. They also
demonstrated that a 1.5-layer reduced gravity model was the
simplest model that could reproduce the basic eddy-shedding
cycle, eliminating baroclinic instability as a determining factor
in the periodicity. Instead, they found horizontal shear insta-
bility in the first internal mode. It should be noted that while
horizontal shear instability was used to explain the final eddy
pinch-off in that model, the authors showed that the westward
bending of the Loop Current and its tendency to bend back on
itself could be understood without invoking an instability
mechanism. Thus the eddy-shedding frequency was not deter-
mined by a flow instability but, rather, by the time required for
the loop to penetrate into the Guif of Mexico and bend west-
ward into an unstable configuration. This timescale is propor-
tional to the diameter of shed eddies divided by the nondis-
persive internal Rossby wave speed. The dynamics are

discussed in more detail by Hurlburt and Thompson [1982,
section 5].
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3.7. Caribbean Eddies and Loop Current Eddy Shedding

Connections between Loop Current eddy shedding and Ca-
ribbean eddies in simulation 1 are evident graphically in Plates
6-8. In addition, a cross correlation between the upper layer
thickness time series of increment 27 in the corridor (repre-
senting the Loop Current Eddy) and the first increment (rep-
resenting the initial input of eddies into the Caribbean) shows
a significant value of 0.45 at a lag of 11.4 months for simulation
1. Statistical significance was determined using the technique
described in the appendix.

A comparison, however, between the five Loop Current ed-
dies shed between March 1984 and November 1987 (the period
of high Caribbean eddy activity from Figure 8) and the five
eddies shed between December 1987 and March 1991 in sim-
ulation 1 (the period of low Caribbean eddy activity from
Figure 8) showed no influence of Caribbean eddy activity on
the mean eddy-shedding period (8.8 months in both cases).
Additionally, there was no significant difference in the average
Loop Current eddy propagation speed as determined from
Plate 10, nor in eddy diameter measured from the maximum
swirl velocity averaged around the eddy. Finally, there was no
significant difference in the average maximum swirl velocities.
This might not be evident from Plate 10, but note that the
background sea surface height was higher during the period of
high Caribbean eddy activity. Note that significance was deter-
mined by a single classification analysis of variance (ANOVA)
[Sokal and Rohlf, 1981]. Thus we see Caribbean eddies that (1)
cross the entire Caribbean from east to west, (2) squeeze
through the Yucatan Channel, (3) influence the strength of the
closed anticyclonic circulation inside the Loop Current, and
(4) influence the timing of individual eddy-shedding events
(including a statistically significant lagged correlation with ed-
dies in the easternmost Caribbean). We do not see, however, a
net impact on the mean eddy-shedding period nor on the size
or strength of eddies that are shed, a topic which bears further
investigation with higher-resolution models.

3.8. Multiyear Anomalies in the Caribbean

A closer examination of Plates 8 and 9 reveals substantial
interannual variation in the Caribbean eddy formation and
propagation. The sum of the upper layer thickness anomalies
along the corridor (Figure 8) shows the extent of this variabil-
ity. In addition, large interannual variations in the strength of
the Caribbean Current are found from the Lesser Antilles to
the Yucatan Channel (Figure 9). The mean pattern of a mul-
tiyear anomaly where the Caribbean Current strengthened
(simulation 1) is depicted in Plate 11a. The variations in the
strength of the Caribbean Current and the flow through the
Lesser Antilles affect the strength of the mesoscale variability
forming in the Caribbean (Plate 8). The anomaly depicted in
Plate 11a is mainly confined to the Caribbean and Gulf of
Mexico. The part in the central Caribbean, south of Hispaniola
and Jamaica, is consistent with a strong anomaly in the re-
gional wind stress curl (Figure 10), with a negative anomaly
north of 15°N and a positive anomaly south of 15°N. To further
investigate the ocean model’s response to this anomaly, the
nonlinear results from simulation 1 are compared to corre-
sponding results from a linear simulation (simulation 3), which
has an entirely deterministic response to the wind forcing and
which tends to adjust toward Sverdrup flow closed by western
boundary currents [Sverdrup, 1947; Munk, 1950]. Compared to
the linear solution anomaly (Plate 11b), the nonlinear anomaly
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is stronger in the western Caribbean and extends across the
entire Gulf of Mexico (Plate 11a). The westward extension of
the anomaly in the nonlinear simulations is a consequence of
the strengthened flow instabilities in the Caribbean Current,
the associated strong eddy generation, the westward propaga-
tion of these eddies, and their ability to squeeze through the
Yucatan Channel (Plate 6). Most of these aspects are well
illustrated in Plate 8. The comparison of linear and nontinear
anomalies in Plate 11 illustrates the large impact that nonlin-
earity, flow instabilities, and eddies can have on forced anom-
alies with much larger space and timescales than mesoscale
variability. It also shows the large impact that variability in the
Caribbean can have on anomalies in the Gulf of Mexico via
nonlinear dynamical mechanisms. As noted in section 3.7, this

130 146
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Plate 7. The Loop Current Eddy on (a) July 9, 1992, when it begins to separate, and (b) August 27, 1992,
when the Loop Current has shed an eddy.

impact does not affect the mean eddy-shedding period, Loop
Current eddy diameter, or maximum swirl velocity. [n addition,
in the south central Caribbean it shows the ability of these
nonlinear dynamics to increase the strength of the cyclonic
gyre in the Colombian Basin south of the Caribbean Current.

3.9. Connections to Florida Current Variability

Finally, several cross correlations were calculated between
the transport of the Florida Current at 27°N (Subtropical At-
lantic Climate Studies (STACS)) and aspects of the circulation
in the Caribbean and Gulf of Mexico. These results are report-
edly due to the continued interest in understanding the trans-
port variability at 27°N. A cross correlation between transport
through the Yucatan Channel and transport at 27°N yielded a
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Figure 9. Upper layer transport time series in sverdrups (10° m® s~ ') for various combinations of Caribbean
passages from simulation 1. Values were sampled daily and filtered using a 1-year running mean to emphasize
interannual variability. (a) Windward plus Mona plus Anegada (northern Caribbean passages), (b) all Lesser
Antilles, (c) Guadeloupe plus Dominique plus Martinique (northern passages of the Lesser Antilles), (d)
Grenada plus St. Vincent plus St. Lucia (southern passages of the Lesser Antilles), (¢) Yucatan Channel, and

(f) Florida Current at 27°N.
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Plate 10. Hopfmuller diagram of free surface deviation (cen
tHmelers) versus time at 89.8°W in the Gulf of Mexico showing

passage of eddies shed by the Loop Current,

value of 0.64 at a lag of 15 days for simulation 1 and 0.77 at a
lag of 15 days for simulation 2. No significant correlation was
found between the Loop Current eddy shedding and transport
at 27°N.

4. Summary and Conclusions

The connectivity of mesoscale variability in the Atlantic
Ocean, Caribbean, and Guif of Mexico has been studied using
three simulations by the Naval Research Laboratory’s global
ocean model. Two simulations have a horizontal resolution of
1/4° for each variable and include a 5.5-layer reduced gravity
and 6-layer finite depth with realistic bottom topography. The
third simulation is a linear 1.5-layer reduced gravity, which has
horizontal grid resolution of 1/2°. All were forced by daily
ECMWEF hybrid winds over 1981-1994. Mesoscale features are
observed in both of the nonlinear simulations. These features
dominate the geostrophically balanced surface layer variability
of the Caribbean circulation (Plates 2-7).

The formation of the Caribbean eddies is due in part to
potential vorticity that originates in rings from the retroflection
of the North Brazil Current (NBC) and that is advected
through the Lesser Antilles. This potential vorticity acts as a
finite amplitude perturbation for mixed barotropic and inter-
nal mode baroclinic instabilities (Plate 2a), and mesoscale fea-
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Plate 11. The 1985-1987 mean minus 1981-1991 mean SSH anomaly in centimeters for (a) simulation 1
with a contour interval of 1.0 cm and (b) simulation 3 with a contour interval of 3.0 cm.

tures form as a result. The Caribbean eddies are primarily
anticyclonic and transit a fairly narrow corridor westward
across the basin (Figure 7) with an average speed of 0.15 m/s.
This results in a 10-month travel time from the Lesser Antilles
to the Yucatan Channel.

With only limited drifter tracks, satellite altimetry, and
sparse hydrographic data, there is a scarcity of observational
data in the Caribbean region with which to conduct model-data
comparisons. However, eddies similar to those in the model
(Figure 5) have been observed by Geosat altimetry [Nystuen
and Andrade, 1993}). In a model phase plot of upper layer
thickness (Plate 8), eddies from the Lesser Antilles can be

traced across the Caribbean and through the Yucatan Chan-
nel. In addition, a statistically significant (11.4-month lagged)
correlation of 0.45 was found between eddy shedding by the
Loop Current in the Gulf of Mexico and eddies in the east-
ernmost Caribbean. However, no net influence of Caribbean
eddies was found on the mean eddy-shedding period in the
Gulf of Mexico nor on the size and strength of shed eddies.
Considerable interannual variation exists in eddy formation
and strength. The initial intensity of the Caribbean eddies is
weak compared with their NBC counterparts, but as the Ca-
ribbean eddies transit the basin, they intensify into larger-scale
features (with average diameter of 330 km in simulation 1).
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Figure 10. The 1985-1986 mean minus 1981-1991 mean European Centre for Medium-Range Weather

Forecasts (a) wind stress curl with contour intervals
square meter.

The amount of intensification is strongly affected by interan-
nual variations in the strength of the Caribbean Current, which
lies along the axis of eddy propagation (Plate 11a). Similar
interannual vanability exists in the flow through the Lesser
Antilles (Figure 9), which also plays a role in Caribbean eddy
strength.

The anomaly depicted in Plate 11a is consistent with a strong
anomaly in the regional wind stress curl (Figure 10). The linear
simulation, which is forced by the same winds, also depicts an
anomaly in the central Caribbean (Plate 11b). A striking dif-
ference exists between the areal extent of the anomaly in the
linear and nonlinear simulations. The nonlinear anomaly (sim-
ulation 1) is stronger in the western Caribbean and extends
across the entire Gulf of Mexico. The anomaly in the linear
simulation (simulation 3) is confined to the Caribbean. This
difference is a consequence of the flow instabilities in the
Caribbean Current, the associated eddy generation, the west-
ward propagation of the eddics, and their ability to squeeze
through the Yucatan Channel (Plate 6).

Both nonlinear simulations show similar complex eddy
fields. These simulations were forced by daily winds for 14
years. The variability of these winds greatly enhanced the Ca-
ribbean mesoscale variability over a similar global simulation
forced by Hellerman and Rosenstein climatological winds. The

at 6.0 Pa/m X 10~2 and (b) wind stress in newtons per

latter exhibited significantly less eddy kinetic energy in the
Caribbean (E. J. Metzger, personal communication, 1995).

A Caribbean model that is forced by a constant inflow
through the Lesser Antilles [Heburn et al., 1982] can produce
some eddies but does not capture the periodicity, connectivity,
or cycles of Caribbean eddies. Even prescribing a variable
inflow similar to the transports observed in the model (Figure
9) would mask the dynamical contributions of the Atlantic,
unless they came from an Atlantic model. Any successful mod-
cling of Caribbean variability must therefore consider the in-
fluence of the Atlantic.

The results of this study depend on the ability of the model
to represent the necessary mesoscale variability and the geom-
etry of the islands surrounding the Caribbean, especially the
Lesser Antilles island arc. With higher model resolution one
would expect greater mesoscale variability and more accurate
representation of the island arc. However, great care was ex-
ercised in representing the island arc present in the model and
detailed maps were used to make many improvements over the
standard ETOPO5 topography used by most ocean modelers.
These results show that the model represents the geometry
well enough and has sufficient variability to demonstrate the
main features of interest, including (1) production of strong
rings from the retroflection of the North Brazil Current, (2)
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connectivity between NBC rings and eddy generation in the
eastern Caribbean that is strongly affected by the Lesser An-
tilles, (3) strong mesoscale variability with the Caribbean, (4)
eddies that transit the entire Caribbean and amplify in the
process owing to flow instabilities, and (5) eddy shedding in the
Gulf of Mexico. Accurate representation of the island arc is
critical. In the present study the NBC rings decay on the
castern side of the Lesser Antilles because the island arc serves
as a barrier to propagation into the Caribbean. If the Lesser
Antilles were climinated or represented with unrealistically
large gaps, the NBC rings could continue a northwestward
pathway into the Caribbean unimpeded.

As described earlier, we find a less direct influence of NBC
rings in the Caribbean and Gulf of Mexico because some
potential vorticity from the rings is advected into the Carib-
bean through passages of the Lesser Antilles, providing finite
amplitude perturbations for flow instabilities within the Carib-
bean. In the model this impact is sufficient to yield a significant
correlation (0.45) between eddy shedding in the Gulf of Mex-
ico and eddies near the Lesser Antilles. However, no signifi-
cant correlation is found between eddy shedding in the Gulf of
Mexico and transport variations in the Straits of Florida, al-
though the correlation between transport fluctuations in the
Yucatan Channel and the Straits of Florida at 27°N is about 0.7
with a lag of 15 days.

Appendix: Significance Test

Given two time series 7(j) and S(j) (wherej = 1, N and
N is the total number of observations) and their time-lagged
cross-correlation function CCF(-L, +L) (L is maximum
lag), a significance test on CCF can be conducted using the
following procedure: first, compute the autocorrelation func-
tion a of T; second, calculate surrogate T time series STS by

STS(j) = aSTS(j) + k(j)

where k is a random number between 0 and 1 andj = 1,1000.
The surrogate time series preserves the autocorrelation func-
tion of the original function, and the addition of k is equivalent
to the addition of random noise.

Third, calculate the cross-correlation function between each
of the surrogate time series and the other original series S and
rank the values in ascending order by lag. The 975th and 25th
rankings represent two-tailed 95% confidence limits about the
original CCF.

The addition of random numbers is frequently used in
Monte Carlo techniques [Hammersley and Handscomb, 1964}
to create surrogate time series. The ranked correlations be-
tween the surrogate and S represent the highest values one
would statistically expect for a correlation with noise. There-
fore, if the original CCF is higher than a correlation for noise,
it is considered significant.
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