


has a mean residual of 135 km and is larger for small

eddies. This indicates a larger variability in the distance

at which small eddies are shed. The correlation between

the eddy size and the length of the LC is strong (r 5

0.66, significant at the 99% level). The relation found in

Fig. 12 is stronger when only eddies larger than 200 km

are considered (the correlation is 0.74 in that case). The

reason that larger eddies are always shed at small dis-

tances from Cuba is found in the shape of the LC: a

compact LC is able to shed large eddies, but the intru-

sion of a compact LC into the GoM is not very large (all

eddies larger than 200 km are shed at distances less than

450 km from Cuba). An elongated LC with a large in-

trusion into the GoM, as seen in Fig. 10, is able to shed

only small eddies near its unstable edge, so no large

eddies are shed when large LC intrusions into the GoM

occur, as pointed earlier in this work. This study com-

plements an analysis made by Leben (2005), where the

relation between the time between eddy-shedding

events and the southward retreat of the LC is studied.

As seen from Fig. 12, the LC size (or southward retreat)

is a consequence of the size of the shed eddy, and these

two factors affect the subsequent separation period.

Figure 9 also showed the relation between the size of a

shed eddy (which is related to the LC southward re-

treat) and the time until the next eddy shedding.

5. Conclusions

The mesoscale circulation of the Caribbean Sea and

the Gulf of Mexico (GoM) was examined using a 13-yr

sea surface height (SSH) dataset. Geostrophic currents

were derived from the SSH. Along with the basin-scale

circulation, we focused on the propagation characteris-

tics of Caribbean eddies. We also studied the LC eddy-

shedding events as well as a series of extreme LC in-

trusions in the GoM.

SSH variations at annual to interannual time scales

were examined by a complex EOF analysis. Whereas

for the Caribbean Sea the annual cycle consists mainly

of a steric variation (i.e., the response of the surface

layers to the heating and cooling atmospheric heat fluxes),

interannual variations, occurring over an approximate

4-yr cycle, consist of variations of the north–south slope

across the Caribbean Current, therefore affecting its

geostrophic transport. The 4-yr cycle appears to be re-

lated to changes in the intensity of the westward wind

and the wind stress curl over the Caribbean Sea (with a

correlation of 20.6) and to the El Niño–Southern Os-

cillation index (ENSO, with a correlation of 0.7). This

4-yr cycle accounts for up to 12% of the total transport

of the Caribbean Current, and it might have a large

impact on the time variability of the current down-

stream of the Caribbean Sea. For example, the transport

found by Sheinbaum et al. (2002) in the Yucatan

Channel (YC) was significantly smaller (23.8 Sv) than

what is routinely measured in the Florida Straits (32.2

Sv). However, the YC measurements were taken in

1999–2000 when the transport in the Caribbean Sea

showed a minimum of the 4-yr cycle (see Fig. 7). Al-

though the interannual variability identified here may

have affected the transport through the YC, a longer

time series of transport through this channel is neces-

sary to verify this hypothesis.

In addition to the 4-yr cycle in the Caribbean Sea,

anomalous conditions were observed in winter 2003.

The termination of the 2002 El Niño, the anomalous

position of the ITCZ, and a wetter-than-average at-

mosphere may have contributed to a positive sea level

anomaly in the Caribbean Sea during the 2003 winter,

and this may have resulted in a greater heat transport by

the Caribbean Current.

The Caribbean Current regularly exhibits eddylike

features, the propagation of which was examined in the

Venezuela–Colombia Basin using the idealized, two-

layer Phillips model. These features form and propagate

as baroclinic instabilities under the combined influence

of vertical shear and the b effect. This result highlights

FIG. 11. Transport through the Florida Straits (60-day filtered). Also included are the north LC

intrusions (squares) and the extreme LC intrusions (triangles). The moments when an eddy sheds

from the LC are marked by an asterisk (for clarity, the asterisks are also included at the top of the

figure). Labels mark 1 Jan of each year.

654 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y VOLUME 39



the importance of both the stabilizing effect of the

planetary vorticity gradient and the destabilizing effect

of shear in the propagation of Caribbean Sea meanders

and eddies.

Focusing on the GoM and the LC, we found that the

frequency of large LC intrusions into the GoM has re-

cently increased. Three events, extending as far as

928W, took place from 2002 to 2006, versus only one

such event previously (in 1993). Relative to the trans-

port through the SF, all of these events took place

during a local decreasing transport trend. Whether such

extreme LC intrusions are part of a longer cycle or just

isolated events remains a topic for future study based on

longer time series.

The entire process of LC intrusion and eddy-shedding

remains a research topic, including the conditions under

which an eddy sheds from the LC. A relationship was

identified between the distance of the LC intrusion into

the GoM and the size of a shed eddy. The interval be-

tween eddy shedding was found to depend on the LC

retreat caused by the eddy size. Large LC intrusions shed

small eddies, followed by rapid LC growth and additional

eddy shedding. With a ‘‘normal’’ LC intrusion, larger

eddies are shed, and the interval between eddy shedding

is longer. When examining the eddy-shedding phase, 12

out of 21 eddies separated between July and September,

suggesting a seasonality in these events.

From these results it is clear that much work remains

to fully understand the dynamics of the Caribbean Sea

and the GoM. Continuous measurement of the sea

surface height anomaly, and the examination of derived

variables, provides an evolving dataset that should lead

to improved understanding of these ‘‘Intra-Americas

Seas.’’
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APPENDIX

Radon Transform

The Radon transform provides the projection of the

Hovmöller diagram (containing the SSH variations in

the Caribbean Sea with time) at a specified range of

angles varying from 0 to p. The angle zero is situated

along the x axis of Fig. 3, that is, along the spatial di-

mension of the diagram, and it increases to p counter-

clockwise. The SSH data are projected at each angle,

and the summation of the projection is performed. The

propagation speed (u) is calculated from the angle (u)

that maximizes the squared sum of the projection:

u 5
Dx

tan (u)Dt
, (A1)

where Dx and Dt are the spatial and temporal incre-

ments of the Hovmöller diagram. To calculate the

standard deviation of the estimated propagation speed,

we calculated the second derivative of the squared sum

of the projection obtained by the radon transform (p):

p005
pi11 � 2pi 1 pi�1

Du2
: (A2)

The second derivative at the angle that maximizes the

radon transform (um), normalized by the value of the

radon transform at the same angle [q 5 p0/p(um)], is used

to calculate the standard deviation:

s 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

q(um)
:

s
(A3)

This gives the standard deviation in radians. The

standard deviation in meters per second is then calcu-

lated using Eq. (A1).

FIG. 12. Relation between the size of an eddy and the distance

from Cuba to the point of rupture between the LC and the eddy.
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