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[1] The relationship between Loop Current intrusion in the Gulf of Mexico and vertically
integrated transport variations through the Yucatan Channel is examined using models and
the available observations. Transport in the model is found to be a minimum when the
Loop Current intrudes strongly into the Gulf of Mexico, typically just before a ring is
shed, and to be a maximum during the next growth phase in association with the buildup
of warm water off the northwest coast of Cuba. We argue that the transport variations are
part of a ‘‘compensation effect’’ in which transport variations through the Yucatan
Channel are at least partly compensated by flow around Cuba. Numerical experiments
show that the transport variations result from the interaction between the density
anomalies associated with Loop Current intrusion and the variable bottom topography.
The compensation effect is also shown to operate at shorter time scales (less than 30 days)
in association with wind forcing.
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1. Introduction

[2] The current system flowing through the Yucatan
Channel and Straits of Florida (see Figure 1) is important
because it is the major feeder for the Gulf Stream. Not only
is this current system thought to be part of the wind-driven
circulation of the subtropical gyre [Schmitz et al., 1992], but
it is also thought to be part of the upper limb of the North
Atlantic meridional overturning circulation [Schmitz and
Richardson, 1991] important for climate change. The
Yucatan Channel has been the subject of an intensive
monitoring study (Canek program) [Ochoa et al., 2001;
Sheinbaum et al., 2002] using shipboard acoustic Doppler
current profiler (ADCP) measurements, hydrographic/
velocity surveys using conductivity-temperature-depth and
lowered ADCP measurements, and a current meter mooring
array. The Canek program was initiated in December 1996
and completed in June 2001. On the other hand, the Florida
Current between Florida and the Bahamas has been moni-
tored almost continuously since the early 1980s, beginning
with the Subtropical Atlantic Climate Studies (STACS)
program [Schott and Zantopp, 1985] and subsequently
using submarine cables [Larsen, 1992; Baringer and
Larsen, 2001]. More recently, monitoring of the Florida
Current between Florida and the Bahamas has become an

essential part of the Research with Adaptive Particle Imag-
ing Detectors/Meridional Overturning Circulation (RAPID/
MOCHA) array for monitoring the North Atlantic meridi-
onal overturning circulation [Cunningham et al., 2007;
Kanzow et al., 2007].
[3] A distinctive feature of the Gulf of Mexico is the

intrusion of the Loop Current, connecting the Yucatan
Channel with the Straits of Florida, and the associated ring
shedding [see, e.g., Hurlburt and Thompson, 1980; Oey et
al., 2005]. The Loop Current can extend northward into the
Gulf of Mexico, even as far as the Mississippi River delta
and the Florida continental shelf [Huh et al., 1981;Wiseman
and Dinnel, 1988]. On the other hand, after shedding a ring,
the Loop Current typically has a much more direct path
from the Yucatan Channel to the Straits of Florida (port-to-
port configuration). The mechanism supporting ring shed-
ding has been widely studied, notably by Hurlburt and
Thompson [1980], and more recently studied using the
‘‘momentum imbalance paradox’’ of Pichevin and Nof
[1997] [see also Nof and Pichevin, 2001; Nof, 2005]. These
studies showed that the ring shedding can be captured by a
single-layer reduced gravity (1 1/2) layer model without the
need to consider the interaction with the variable bottom
topography.
[4] In the present paper we are not concerned with the

mechanism of ring shedding but rather with the fluctuations
in the vertically integrated transport that accompany Loop
Current intrusion and ring shedding. Previous authors have
concentrated on the connection between deep flow varia-
tions in the Yucatan Channel and ring shedding [e.g., Maul
et al., 1985; Bunge et al., 2002; Ezer et al., 2003; Oey et al.,
2005], while Maul and Vukovich [1993] used monthly mean
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data to examine the relationship between variations in the
Loop Current and the sea level difference between Cuba and
Florida but found no clear relationship. There has also been
much emphasis on the possible impact that changes in the
flow conditions through the Yucatan Channel (e.g., flow
velocity and the vorticity distribution) might play in pre-
conditioning Loop Current intrusion and ring shedding
[e.g., Sheinbaum et al., 2002; Ezer et al., 2003; Oey et
al., 2005; Oey, 2004]. Here the focus is the variation in the
vertically integrated transport through the Yucatan Channel
that accompanies Loop Current intrusion and ring shedding.
We view these transport variations as being a consequence
of Loop Current intrusion rather than the cause of the Loop
Current intrusion itself (any possible feedback from the
transport variations on the Loop Current intrusion is beyond
the scope of this paper). Such fluctuations are clearly
evident in the high-resolution model analyzed by Cherubin
et al. [2005] and are also present in the 1/12� eddy-
permitting Family of Linked Atlantic Model Experiments
(FLAME) model of the Atlantic Ocean between 20�S and
70�N driven by climatological, seasonally varying forcing
(see Eden et al. [2007] for a description of this model).
Figure 2a shows time series of the vertically integrated
transport through the Yucatan Channel and also between
Florida and the Bahamas in the FLAME model, and
Figure 2b shows the result of correlating the model sea
surface height against the Yucatan Channel time series. The
relationship between Loop Current intrusion and Yucatan
Channel transport variability in the model is evident from
the large negative correlation extending northward from the
Yucatan Peninsula and the related region of positive corre-
lation immediately to the west (correlations greater than
0.12 are significantly different from zero at the 99% level).
It is also clear from the region of positive correlation around

Cuba that fluctuations in transport through the Yucatan
Channel in the model are at least partly compensated by
flow around Cuba, another issue we investigate in this
paper.
[5] The arrangement of the paper is as follows. In section

2 the ocean model used in our study is described. Section 3
describes results from a specific experiment in which the
relationship between Loop Current intrusion and transport
variations through the Yucatan Channel is isolated. A more
complete model run, including synoptic wind forcing, is
then discussed in section 4. In section 5 we elucidate the
mechanism connecting ring shedding and the transport
variability using two diagnostic model runs. Section 6 then
discusses the evidence for the compensation effect from the
available observations, and section 7 provides a summary
and discussion.

2. Model Setup and External Forcing

[6] The three-dimensional (3-D) numerical model used in
this study is the primitive equation ocean circulation model
CANDIE (the Canadian version of DieCAST model [Sheng
et al., 1998]). CANDIE has been successfully applied to
address various modeling problems including the seasonal
circulation in the northwestern Atlantic Ocean [Sheng et al.,
2001] and the general circulation over the western Carib-
bean Sea [Sheng and Tang, 2003, 2004; Tang et al., 2006].
[7] The model domain covers the Intra-Americas Sea

(99�W to 54�W, 8�N to 32�N, Figure 1) with a horizontal
resolution in both latitude and longitude of 1/6�. The
topographic data set used in the model is ETOPO5 (5-min
gridded world elevations) from the National Geophysical
Data Center. The temperature and salinity climatology is
taken from the World Ocean Atlas Data 2001 of the

Figure 1. The model domain and major topographic features based on ETOPO5 (contour interval is
1000 m).
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National Oceanographic Data Center in the United States
and interpolated to the model grid.
[8] The model uses fourth-order numerics [Dietrich,

1998] and Thuburn’s [1996] flux limiter for the nonlinear
advection terms. The subgrid scale mixing scheme of
Smagorinsky [1963] is used for the horizontal eddy viscos-
ity and diffusivity coefficients with the minimum value set
to 15 m2 s�1, except where otherwise stated. The parame-
terization of Large et al. [1994] is used for the vertical eddy
viscosity and diffusivity coefficients.
[9] The following boundary conditions are used. At

lateral solid (or closed) boundaries, the normal flow, tan-
gential stress, and normal fluxes of potential temperature
and salinity are set to zero (free slip and insulating boundary
conditions). Along the model open boundaries, the normal
flow, temperature, and salinity fields are adjusted using a
method similar to the adaptive open boundary conditions
suggested by Marchesiello et al. [2001]. It first uses an
explicit Orlanski radiation condition [Orlanski, 1976] to
determine whether the open boundary is passive (outward
propagation) or active (inward propagation). If the open
boundary is passive, the model prognostic variables are
radiated outward to allow any perturbation generated inside

the model domain to propagate outward as freely as
possible. If the open boundary is active, the model prognostic
variables at the open boundary are restored to the monthly
mean climatologies at each z level with a time scale of
20 days. Furthermore, the depth-mean normal flows across
the open boundaries are interpolated from the seasonally
varying mean transports from the 1/12� version of the
FLAME Atlantic Ocean model used to produce Figure 2.
[10] The results from four numerical experiments are

described:
[11] 1. The control run (Exp-CR) model is forced by

6-hourly National Centers for Environmental Prediction
(NCEP) wind fields from 1996 to 2001 (converted to wind
stress using the formula of Large and Pond [1981]) and
monthly mean surface heat flux [da Silva et al., 1994] using
the method of Barnier et al. [1995]. The model sea surface
salinity is restored to the monthly mean climatology with a
restoring time scale of 20 days. The model is initialized
using January climatology for potential temperature and
salinity.
[12] 2. The experiment Mean model is forced by annual

mean (steady) wind stress and surface heat flux, and annual
mean volume transports through the open boundaries are

Figure 2. (a) Time series of the transport between Florida and the Bahamas (YFC) and through the
Yucatan Channel (YYC) in the FLAME model, both positive northward. (b) Distribution of the correlation
coefficient between the sea surface height anomalies and transport anomalies through the Yucatan
Channel calculated from FLAME model results.
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taken, as before, from the FLAME Atlantic Ocean model.
The model sea surface salinity is restored to the annual
mean climatology with a restoring time scale of 20 days. In
this experiment, the background horizontal eddy viscosity
and diffusivity coefficients are increased to 1.5 � 103 m2

s�1 everywhere except for the region of the Gulf of Mexico
and the adjacent area around Cuba in order to eliminate
eddy activity outside the Gulf of Mexico. The model run in
experiment Mean is purely prognostic.
[13] 3. In two diagnostic model runs, the time-independent

potential temperature and salinity fields are specified in the
model (the details are described in section 5). In these
experiments there is no external forcing applied at the sea
surface, and transports through open boundaries are set to
zero. The model is integrated for 120 days to achieve a
quasi steady state.

3. Experiment Mean: A Link Between Transport
Variability Through the Yucatan Channel and
Loop Current Intrusion Into the Gulf of Mexico

[14] We begin with experiment Mean. This experiment
was integrated for 6 years, and the model results (3-day
average) from day 360 to 2160 (i.e., from years 2 to 6) are
used for analysis. Since the forcing in this experiment is
time-independent, and eddy activity outside the Gulf of
Mexico is eliminated by using a large horizontal eddy
viscosity coefficient there, significant temporal variations

in the model are due entirely to the internal variability
associated with the Loop Current intrusion and ring shed-
ding. Figure 3a shows time series of the transport between
Florida and the Bahamas (YFC) and through the Yucatan
Channel (YYC) (both positive northward). The time mean
transports are 31.0 and 27.3 Sv, respectively and are similar
to the estimates given by Johns et al. [2002] based on their
transport budget for the region (there is a slight linear trend
in the transport time series due to model drift). As can be
seen from Figure 3a, YYC exhibits quasiperiodic oscillations
of a period around 5.5 months with the peak-to-peak
transport difference reaching up to �5 Sv. These quasipe-
riodic oscillations in transport are associated with quasi-
regular Loop Current ring shedding events in the model
with a period of around 5.5 months. It is notable that
although the influence of ring shedding can be seen in the
transport of the Florida Current between Florida and the
Bahamas, YFC, the transport variability is much weaker than
that through the Yucatan Channel. It should be noted that
transport between Florida and the Bahamas is free to vary in
the model despite the fact that transport through the north-
ern boundary of our model domain is fixed in this exper-
iment (flow can pass north of the Bahamas, as happens in
the FLAME model and as is implied by the region of positive
correlation centered over the Bahamas in Figure 2b). It
should also be noted that the difference in transport between
the two time series plotted in Figure 3a compares well with

Figure 3. Time series of the model-calculated transports (3-day average) in experiment Mean from
years 2 to 6 (a) between Florida and the Bahamas (YFC) and through the Yucatan Channel (YYC), (b) the
transport through the Northwest Providence Channel (YNWP), and (c) the transport through the Old
Bahama Channel (YOB). (d) Comparison between model-calculated transport anomalies (time mean
removed) Y0

YC, �Y0
OB, and �Y0

WW (YWW is the transport through the Windward Passage).
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the corresponding difference in transports found in the
FLAME model and shown in Figure 2a.
[15] It is obvious from the geometry of the region

(Figure 1) that if the transport through the Yucatan Channel
and the transport of the Florida Current between Florida and
the Bahamas do not vary together with the same amplitude,
then there must be a significant compensating transport to
the north of Cuba; in particular, through the Old Bahama
and North Providence channels. The transport time series
through these channels are shown in Figures 3b and 3c
(transport is measured positive northwestward). It is clear
that the main player in this experiment is the Old Bahama
Channel, with relatively little transport variation taking
place through the Northwest Providence Channel. Further-
more, from the comparison (Figure 3d) of the model-
calculated transport anomalies (i.e., differences from the
time mean) for Y0

YC, �Y0
OB, and �Y0

WW (YWW represents
the transport through the Windward Passage, positive north-
eastward), the temporal variability in YYC in the model is
closely matched by southwestward transport anomalies
through the Windward Passage, as well as southeastward
transport anomalies through the Old Bahama Channel. It
follows that at least in this experiment, transport variations
in the Yucatan Channel are associated with anomalous
transport around Cuba, connecting the Yucatan Channel
with the Old Bahama Channel and the Windward Passage.

The above transport variations are an example of the
‘‘compensation effect’’ being introduced in this paper,
whereby fluctuations in transport through the Yucatan
Channel can be compensated, at least partly, by flow north
of Cuba.
[16] The period of occurrence of the Loop Current ring

shedding events in experiment Mean is about 5.5 months,
which corresponds to the smaller of the two primary peaks
in the distribution of observed periods noted by Sturges and
Leben [2000]. Since the model external forcing is time-
invariant in this experiment, the shedding period of
�5.5 months can be considered as the natural period of
the ring shedding in the model. In the real ocean, the
shedding frequency is influenced by many (external) factors
such as the variability of forcing fields [Sturges, 1992] and
eddies that propagate westward across the Caribbean Sea
toward the Yucatan Channel [e.g., Oey et al., 2003].
[17] Figure 4 shows the relationship between Loop

Current intrusion/ring shedding and the Yucatan Channel
transport, YYC, in the model. As can be seen, the Yucatan
Channel transport decreases as the Loop Current intrudes
into the Gulf of Mexico (Figure 4a), reaching a minimum
(Figure 4b) when the Loop Current intrudes strongly into
the gulf (Figure 4b) just as a ring starts to be shed. During
the ring shedding, the transport starts to rise (Figure 4c) to
reach a maximum soon after the ring is formed, at which

Figure 4. Snapshots of sea surface height fields (3-day average) produced by the model in experiment
Mean and the corresponding transport variation through the Yucatan Channel (on the top right corner of
Figures 4a–4d). Model time is marked by a solid dot on the time series of the transport through the
Yucatan Channel.
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time a pool of anomalously warm water (anomalously high
sea surface height) is found off the northwest coast of Cuba
(Figure 4d). The transport variability documented here is
consistent with the transport variability shown by Cherubin
et al. [2005, Figure 3d] as well as with that in the FLAME
model. The different phases of Loop Current intrusion and
ring shedding are associated with density anomalies (depar-
tures from the time mean) in the model, and in section 5 we
show that it is the interaction between these density anoma-
lies and the underlying variable bottom topography that is
responsible for the corresponding transport variations.
[18] Experiment Mean has been repeated using a smaller

domain for which the eastern boundary cuts through Cuba.
In this experiment, transport through the Yucatan Channel is
fixed in time by the time-invariant transport specified on the
eastern boundary south of Cuba. Loop Current intrusion and
ring shedding still occur, as one expects from the model
study of Hurlburt and Thompson [1980] and the theoretical
study of Pichevin and Nof [1997]. However, the character of
the Loop Current evolution is subtly different from that in
Figure 4. In particular, the pool of warm water at the
northwest corner of Cuba is a time-invariant feature, where-
as in Figure 4, this feature varies as the transport varies. For
example, in Figure 4, the Loop Current is strongly pinched
to the north coast of Cuba when the transport is a minimum
and the warm pool is absent (Figure 4b) but bulges away the
coast when the transport is a maximum and the warm pool
also reaches its maximum intensity (Figure 4d). As we show
in section 5, the time variation of the warm pool is
important for explaining the transport variations.
[19] In an additional experiment, the Windward and

Mona passages were closed, with everything else remaining
as in experiment Mean. Loop Current intrusion and ring
shedding was found, as before, as well as the associated
transport changes through the Yucatan Channel, with very
little difference in behavior from experiment Mean. Since,
however, the Windward and Mona passages are closed in
this experiment, the transport variations connect south of the
island of Puerto Rico rather than around Cuba, as in
experiment Mean. The experiment shows that the Wind-
ward and Mona passages do not play a fundamental role in
the dynamics of the transport changes, consistent with the
analysis presented in section 5.

4. Control Run (Exp-CR)

[20] For a more general model setup, we now turn to the
control run (Exp-CR). This experiment was integrated for
6 years, and the model results (3-day average) from days
360 to 2160 (i.e., from years 2 to 6) are used for analysis.
We first describe the model validation and then move on to
an analysis of the compensation effect in the model.

4.1. Model Validation

[21] In the model, the time-mean transport between
Florida and the Bahamas, YFC, is 28.5 Sv, slightly less than
the 32.3 ± 3.2 Sv estimated from the cable data [Larsen,
1992; Baringer and Larsen, 2001]. The time-mean transport
through the Yucatan Channel, YYC, is 26.2 Sv, larger than
the mean transport of 23.8 ± 1 Sv estimated from the Canek
array [Sheinbaum et al., 2002] but in keeping with the
estimate for the Yucatan Channel transport given by Johns

et al. [2002] by closing the transport budget for the Antilles
passages (the mean transport of 26.2 Sv is also consistent
with the high-resolution model study of Cherubin et al.
[2005]). The implied time-mean transport through the Old
Bahama and Northwest Providence channels combined is
2.3 Sv and is similar to the observed estimates given by
Atkinson et al. [1995] and Leaman et al. [1995]. We note
that the time-mean transport through the Windward Passage
into the Caribbean Sea in the model is about 5.4 Sv, which
is underestimated compared to the estimate of 7 Sv made by
Johns et al. [2002] but closer to the more recent estimate of
3.5 Sv given by Johns et al. [2008].
[22] There is a total of 10 eddy shedding events during

the 5-year analysis period. The separation interval between
shedding events varies between 5 and 8 months, which
accords with the range of observed eddy separation intervals
[e.g., Vukovich, 1995; Sturges and Leben, 2000]. Overall,
our model exhibits similar behavior to that found in previ-
ous numerical studies [Dietrich et al., 1997; Murphy et al.,
1999; Oey et al., 2003].
[23] The observed vertical structure of the time-mean

flow through the Yucatan Channel can be characterized as
an intense northward flow into the Gulf of Mexico in the
western upper part of the channel and relatively weaker and
southward flow on the eastern upper and bottom layers
(Figure 5a). A similar profile of the time-mean northward
flow at the Yucatan Channel (�22�N) is produced by the
model (Figure 5b). The time-mean temperature distribution
at the same section based on the model results compares
well with the observations during the Canek program, the
isotherms being tilted to the surface in the western upper
layer of the channel, as required by thermal wind to balance
the intense northward flow. Furthermore, the location of the
current maximum in the Yucatan Channel oscillates longi-
tudinally associated with the Loop Current ring shedding
events and the associated variations of the deep outflow
(depth > 800 m) from the Gulf of Mexico, consistent with
the Bunge et al. [2002] observations from Canek and the
numerical simulations by Ezer et al. [2003] and Cherubin et
al. [2005].

4.2. Compensation Effect in the Model

[24] Figure 6a shows model-calculated transport time
series for the Florida Current between Florida and the
Bahamas, YFC, and for the Yucatan Channel, YYC. The
correlation coefficient at zero lag between the two time
series is 0.89, significantly different from zero at the 99%
level (Figure 7). (The corresponding correlation between the
daily mean transport estimates from the cable data and the
Canek data set is only 0.15, an issue discussed further in
section 6.) Nevertheless, the two times series do not
correspond exactly to each other, implying that some form
of compensation effect must be operating in the model
through the passageways north of Cuba. To examine this
effect, Figures 6b and 6c show the transport time series from
the model for the Northwest Providence (YNWP) and Old
Bahama (YOB) channels. Correlation analysis (Figure 7)
shows a significant negative correlation (0.85) between YYC

and YOB, peaking near zero lag, indicative of the compen-
sation effect, with only a very weak relationship between
YYC and YNWP. It follows that in the model it is the transport
variations through the Old Bahama Channel that contribute
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Figure 6. Time series of the model-calculated transports (3 day average) in Exp-CR from years 2 to 6
(a) between Florida and the Bahamas (YFC) and through the Yucatan Channel (YYC), (b) the transport
through the Northwest Providence Channel (YNWP), and (c) the transport through the Old Bahama
Channel (YOB). (d) Comparison between model-calculated transport anomalies (time mean removed) of
Y0

YC, �Y0
OB, and �Y0

WW (YWW presents the transport through the Windward Passage). The solid blue
vertical lines mark the events corresponding to maxima of YOB and corresponding minima of YYC

produced by the model in Exp-CR. The dashed vertical lines mark the events corresponding to minima of
YOB and corresponding to maxima of YYC.

Figure 5. The time-mean northward normal velocity (cm s�1) at the Yucatan Channel (a) observed by
the Canek program from 13 July 2000 to 31 May 2001, and (b) produced by the model in Exp-CR from
years 2 to 6. Model results are interpolated and extrapolated to the same data grid as observation data.
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to the compensation effect, with relatively little role for the
Northwest Providence Channel, the same as we found when
discussing experiment Mean in section 3. A comparison of
the model-calculated transport anomalies (i.e., differences
from the time mean) for Y0

YC, �Y0
OB, and �Y0

WW is shown
in Figure 6d. There is clearly a close relationship between
all three time series. In particular, when YYC increases, there
is a corresponding increase in the southeastward flow
through the Old Bahama Channel and also increased south-
westward flow through the Windward Passage, implying an
anomalous clockwise circulation around Cuba, with the
opposite situation applying when YYC is decreased, exactly
as we found in experiment Mean.
[25] The connection between the large transport events in

Figure 6 and the Loop Current intrusion is shown in
Figures 8 and 9. shows the model sea surface height for
all the events marked by the solid blue vertical lines in
Figure 6 corresponding roughly to maxima in the north-
westward transport through the Old Bahama Channel and
corresponding minima in the northward transport through
the Yucatan Channel. In each case, we see that the Loop
Current intrudes strongly into the Gulf of Mexico, while at
the same time it is pinched close to the northwest coast of
Cuba, as in Figure 4b. Figure 9, on the other hand, shows
the sea surface height corresponding roughly to minima
(maxima) in the northwestward (northward) transport of the
Old Bahama (Yucatan) Channel. This time we see the pool
of warm water off the northwest coast of Cuba and an
associated bulging of the Loop Current away from the coast
but no deep intrusion into the gulf as in Figure 8. A
comparison with Figures 4b and 4d shows the same features
in the sea surface height in association with the minima and
maxima in northward transport through the Yucatan Chan-
nel in experiment Mean. It is also interesting that in

Figures 8 and 9 we can see the presence of Caribbean eddies
that squeeze through the Yucatan Channel (e.g., at day 1071
in Figure 8, and days 855, 1359, and 1866 in Figure 9).
[26] We have also calculated the distribution of correla-

tion coefficients between the model sea surface height
anomalies and anomalies of the model-calculated transport
through the Old Bahama Channel (positive northwestward).
The result is shown in Figure 10a and is reassuringly similar
to the correlation map computed using FLAME model
output, based on Yucatan Channel transport (note the sign
change) and shown in Figure 2b. The presence of flow
compensation around Cuba is clearly evident, as implied by
the high negative correlation all around Cuba. The connec-
tion between Loop Current intrusion and the transport
variability is indicated by the elongated region of large
positive anomaly to the north of the Yucatan Peninsula and
the northward bulge in the region of negative correlation off
the northwest coast of Cuba.
[27] Flow compensation around Cuba is also a feature of

the model results at higher frequency. (It should be noted
that our model is driven by 6 hourly wind stress computed
from NCEP wind fields.) Using model output that has been
high-pass filtered with a cutoff time scale of 30 days, the
correlation at zero lag between the northward transport
through the Yucatan Channel and the northwestward trans-
port through the Old Bahama Channel is �0.63 and is
significantly different from zero at the 99% level. The
amplitude of the high-frequency transport anomalies pro-
duced by the model varies from 0.5 to 2 Sv. Figure 10b
shows the correlation of model sea surface height anomalies
with northwestward transport anomalies through the Old
Bahama Channel, again both high-pass filtered with a cutoff
of 30 days. The pattern is quite different from that in
Figure 10a, indicating that quite different dynamics are

Figure 7. Correlation coefficients between transports of the Florida Current (YFC), the Yucatan Current
(YYC), the flow through the Northwest Providence Channel (YNWP), and the flow through the Old
Bahama Channel (YOB) calculated from model results (3-day average) in Exp-CR from years 2 to 6.
Correlations outside the horizontal dotted lines are significantly different from zero at the 99% level.
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operating. In fact, at these high frequencies it is wind
forcing that is important, the transport through the Old
Bahama Channel being highly correlated with the along-
channel wind stress. The influence of wind forcing is
evident from Figure 10b with sea level anomalies of
opposite sign on the north and south coast of Cuba indic-
ative of Ekman divergence and convergence, respectively,
in association with a westward wind stress.

5. Diagnostic Model Results: Mechanism by
Which Loop Current Intrusion Affects Transport
Variations at the Yucatan Channel

[28] To understand the dynamics responsible for the
transport fluctuations through the Yucatan Channel, we
have run the model in diagnostic mode in which the model
potential temperature and salinity fields are specified and

held time-independent and the model otherwise has no
forcing. In particular, the model is run in diagnostic mode
using pseudohydrography constructed by adding potential
temperature and salinity anomaly fields extracted from
experiment Mean to the horizontal average of the annual
mean climatology for the whole model domain. Surface
forcing and transports through the model open boundaries
are set to zero. The bottom friction and horizontal eddy
viscosity (for momentum) are set to zero. Instead, a simple
linear friction in the horizontal momentum equations is used
at each level, i.e., a term in vector notation, �e(u, v), where
e corresponds to a time scale of 15 days (i.e., 1/e = 15 days)
and has no vertical dependence. The use of a linear friction
eliminates the possibility that rectification effects from the
friction term can drive vertically integrated transport.
[29] The model is then integrated to reach a quasi steady

state. In the first run, the model uses potential temperature
and salinity anomalies taken from day 1155 in experiment

Figure 8. Snapshots of sea surface height fields (3-day
average) for all the events marked by the solid blue vertical
lines in Figure 6 produced by the model in Exp-CR.

Figure 9. Snapshots of sea surface height fields (3-day
average) for all the events marked by the dashed vertical
lines in Figure 6 produced by the model in Exp-CR.
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Mean, associated with a minimum of YYC, and in the
second run, the model uses potential temperature and
salinity anomalies from day 1230, associated with a max-
imum of YYC (see Figure 4). The first/second model run
gives a cyclonic/anticyclonic circulation around Cuba (and
hence a southward/northward transport anomaly through the
Yucatan Channel). The volume transport stream function
difference, the second run minus the first run, is shown in
Figure 11. There is 3.8 Sv transport difference generated for
YYC, comparable to the peak-to-peak transport difference
found in experiment Mean. Of this 3.8 Sv, 2.5 Sv is
associated with compensating flow through the Old Bahama
Channel with the remaining 1.3 Sv circulating round and
through the Bahama Island archipelago. Importantly, the
results show that the compensation effect associated with

Loop Current intrusion and ring shedding can be understood
as the result of the interaction of the density anomalies and
the underlying variable bottom topography.
[30] To identify the precise mechanism, we note that a

feature of the geometry in this area is that the water depth in
the Old Bahama Channel, and in the Straits of Florida
between Florida and Cuba, is much less than that in the
Yucatan Channel and the Gulf of Mexico to the west and in
the North Atlantic Ocean to the east. As a consequence,
pressure differences across the ridge connecting Florida and
Cuba can affect the transport through the Straits of Florida
between Cuba and Florida, and hence YYC by volume
conservation, by means of the form drag effect. To illustrate
the form drag effect, we consider the vertically integrated
zonal momentum balance:

�fV ¼ � 1

ro

@

@x

Z o

�H

pdzþ 1

ro
pbHx � �U ;

where (U, V) is the vertically integrated transport vector, H
is the water depth, p is the pressure perturbation from the
undisturbed state, and pb is the value of p at the bottom
(corresponding to the bottom pressure). The second term on
the right-hand side is the topographic form drag term
associated with pressure differences across topographic
ridges [see, e.g., Hughes and de Cuevas, 2001]. We use this
equation to interpret the results from the diagnostic model.
Integrating zonally across the model domain along a line of
latitude passing between Florida and Cuba (i.e., passing
through the Straits of Florida), the first term on the right-
hand side goes to zero (it is zero at the western end of the
section where the water depth, H, on the western side of the
Gulf of Mexico goes to zero; and it is zero at the eastern end
of the section where the transport variability is zero).
Likewise, because no transport is allowed to pass through

Figure 10. (a) Distribution of correlation coefficients
between the sea surface height anomalies and transport
anomalies through the Old Bahama Channel calculated
from model results (3-day average) in Exp-CR from years 2
to 6. (b) Same as Figure 10a but for 30-day high-pass-
filtered results.

Figure 11. Differences in volume transport stream func-
tions (color shading) between two diagnostic runs (in the
steady state) driven by potential temperature and salinity
anomalies extracted from model results in experiment Mean
at day 1155 (corresponding to a minimum in transports
through the Yucatan Channel) and day 1230 (corresponding
to a maximum in transports through the Yucatan Channel).
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the boundaries of the diagnostic model, the net northward
transport across the line of latitude (the zonal integral of the
term on the left-hand side) is also zero, leaving a balance
between the friction term and the topographic form drag.
(Note that the argument is unchanged if the line of latitude
is blocked by islands and also if the line of integration is
curved in order to follow a water-only path.)
[31] To illustrate the form drag mechanism, Figure 12

shows the correlation between the temperature field along
23.9�N, at the Gulf of Mexico entrance to the Straits of
Florida, and YYC in experiment Mean. It can be seen that
increased YYC is associated with warmer (lighter) water
over the slope (this is the warm pool near the northwest
coast of Cuba noted when discussing Figure 4d). By
contrast, the hydrographic conditions on the topographic
slope east of the Bahama Islands do not change in exper-
iment Mean in relation to Yucatan Channel transport vari-
ability. As a consequence, in the run with the diagnostic
model corresponding to a maximum in YYC, the bottom
pressure is lower on the Gulf of Mexico side of the ridge,
where the water is anomalously warm, than on the Bahamas
side. The resulting pressure difference across the ridge then
drives enhanced westward transport through the Straits of
Florida by the form drag effect which, because of volume
conservation, leads to the increased YYC.
[32] It is interesting that the transport difference shown in

Figure 11 mirrors quite closely the features seen in the sea
surface height pattern implied by Figure 10a. In particular,
we can see the (negative) transport anomaly associated with
the elongated feature to the north of the Yucatan Peninsula
and, importantly, the (positive) transport anomaly off the
northwest coast of Cuba. When the transport through the
Yucatan Channel is enhanced, the latter feature is associated

with the pool of warm water off the northwest coast of
Cuba, while the former feature indicates that when transport
through the Yucatan Channel is enhanced, the deep intru-
sion by the Loop Current into the gulf is absent.
[33] We argue, therefore, that it is the interaction between

the Loop Current intrusion and the sloping topography at
the Gulf of Mexico entrance to the Straits of Florida that is
responsible for the link between Yucatan/Old Bahama
Channel transport variability and the Loop Current intrusion
and ring shedding. In particular, the evolution of the Loop
Current, as it intrudes into the Gulf of Mexico, leads both to
the pinching of the flow to the northwest of Cuba, as in
Figure 4b, and the expansion of the warm pool northwest of
Cuba, as in Figure 4d. It is the density anomalies associated
with the fluctuations in the warm pool that, through inter-
action with the sloping bottom topography, drive the trans-
port variations. This conclusion is consistent with the two
additional experiments described in section 3. In one, the
Windward and Mona passages were closed, yet the transport
variations were found as before. In the other, the transport
through the Yucatan Channel was specified to be time-
invariant by the model setup, and the warm pool northwest
of Cuba became a steady, time-invariant feature of the
model results.

6. Evidence for the Compensation Effect From
Observations

[34] Two oceanographic data sets are of particular impor-
tance. The first is the daily mean transport of the Florida
Current inferred from voltage differences across the Florida-
Bahamas submarine cable at 27�N [Baringer and Larsen,
2001]. The second is the set of daily mean transport
estimates from the 2-year observation array in the Yucatan
Current during the Canek program [Ochoa et al., 2001;
Bunge et al., 2002; Sheinbaum et al., 2002; Candela et al.,
2003; Abascal et al., 2003]. The data come from two
periods: 10 September 1999 to 15 June 2000 and 13 July
2000 to 31 May 2001. For comparison, the observed
transport estimates during the period 13 July 2000 to
31 May 2001 (when both observational data sets are avail-
able simultaneously) are shown in Figure 13. During this
period, the cable-estimated transport of the Florida Current
varied between 22.7 and 39.6 Sv and the Canek estimates of
the Yucatan Channel transport between 12.8 and 31.7 Sv.
Although there are events common to both time series (e.g.,
during March 2001) a visual inspection suggests that there
is no clear relationship between the measured transport
estimates. Indeed, the correlation at zero lag is only 0.15.
As noted in section 4, the relationship between the two
transport time series is very much stronger in the model
(correlation at zero lag of 0.89). It should be noted,
however, that we have less than 1 year of data with which
to make the comparison, which is not long enough to
properly access the impact of Loop Current intrusion in
the two transport times series, whereas the Loop Current
intrusion effect dominates the transport variability in the
model. (In an attempt to access the correlation at low
frequency, we have low-pass filtered both the Canek and
cable transport time series with a cutoff of 120 days. The
correlation between the two time series then rises to 0.5 and
is more in keeping with the model. However, given the

Figure 12. The vertical distribution of correlation coeffi-
cients along a transect at 23.9�N (the Straits of Florida
between Florida and Cuba), between the model-calculated
potential temperature field and the transport through the
Yucatan Channel (positive northward) calculated from
model results (3-day average) in experiment Mean from
years 2 to 6.
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shortness of the time series we can use for the comparison,
one cannot draw a firm conclusion.) In addition, in the
model we are lacking transport variability on daily time
scales through the boundary to the north of Straits of Florida
due to the specification of a seasonally only varying
transport time series taken from the FLAME model (see
section 2). Nevertheless, if the transport estimates from the
cable and Canek data sets are accurate, then in reality the
compensation effect must operate to a much greater extent
than we have found in the model. Of course, the low
correlation between the Canek- and cable-estimated daily
transport estimates could be because of data problems. For
example, the mean transport through the Yucatan Channel
from the Canek data set is 23.8 ± 1 Sv, as given by
Sheinbaum et al. [2002], is considerably less than the
32.3 ± 3.2 Sv for the Florida Current between Florida and
the Bahamas given by Baringer and Larsen [2001] and
verified over many years against mooring observations
(e.g., the STACS program [Schott and Zantopp, 1985]).
The difference of more than 8 Sv is roughly double the
transport estimated for the passages north of Cuba by
Atkinson et al. [1995] and Leaman et al. [1995] [see also
Johns et al., 2002]. It is also possible that the model
overestimates the link between the variations in transport
of the Florida and Yucatan currents. We note, however, that
the correlation between the transport time series shown in
Figure 2a from the 1/12� Atlantic Ocean FLAME model is
0.8 and is also considerably higher than is found between
the Canek and cable data sets. Only further detailed mon-
itoring efforts, especially of the Yucatan Channel, which has
been much less monitored than the Florida Current, will be
able to clarify this issue.
[35] Evidence for the compensation effect is also provid-

ed by Hamilton et al. [2005]. They note that variations in
the cable-estimated transport between Florida and the
Bahamas are not necessarily an accurate indicator of the

transport variability of the Loop Current as it exits the Gulf
of Mexico (and by implication, the transport through the
Yucatan Channel into the gulf), implying that in their
opinion, significant transport must pass through the passa-
geways north of Cuba and south of the cable site at 27�N.
They base their conclusion on estimated transports from
December 1990 to November 1991 based on moored arrays
at several sections in the Straits of Florida extending both
south and southeastward from Key West and between
Florida and the Bahamas, including the side channels north
of Cuba.

7. Summary and Discussion

[36] Using a number of different model experiments, we
have examined the link between variations in the vertically
integrated transport through the Yucatan Channel and the
intrusion of the Loop Current into the Gulf of Mexico in
association with ring shedding. Such transport variations are
a feature of the 1/12� FLAME model of the Atlantic Ocean
(Figure 2) and can also be seen in the model study of
Cherubin et al. [2005]. We have seen that in the models the
transport of the Yucatan Channel reaches a minimum when
the Loop Current intrusion into the Gulf of Mexico is at a
maximum, typically just prior to ring shedding. Likewise,
the maximum transport through the Yucatan Channel occurs
typically soon after a ring has been shed and is associated
with a bulging of the Loop Current away from the northwest
coast of Cuba, in contrast to the pinching of the Loop
Current close to the coast when there is a strong intrusion
into the gulf. We argued that the transport variations
associated with the Loop Current intrusion arise from the
interaction between the density anomalies associated with
the Loop Current evolution and the variable bottom topog-
raphy, the mechanism being the form drag effect across the
ridge connecting Florida and Cuba. We have also argued

Figure 13. Time series of transports of the Florida Current from the cable data (YFC, thick lines) and through
the Yucatan Channel based on the Canek program (YYC, thin line) from 13 July 2000 to 31 May 2001.
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that transport variations through the Yucatan Channel are at
least partly compensated by flow variations through the
channels north of Cuba, notably the Old Bahama Channel
(what we have called the compensation effect). Using a
version of our model driven by 6 hourly wind stress derived
from NCEP wind data, we showed that in addition to the
influence of the Loop Current intrusion, the compensation
effect also operates on time scales shorter than 30 days but
in this case the dynamics are wind driven. We note that
because of the compensation effect, transport through the
Yucatan Channel and between Florida and the Bahamas (at
the site of the submarine cable [Baringer and Larsen,
2001]) does not vary in unison in either our model or the
FLAME model, although in both models the corresponding
transport time series are highly correlated (greater than 0.8).
This contrasts with the very low correlation (0.15)
between the transport times series measured during the
Canek program [Sheinbaum et al., 2002] and the cable
estimate [Baringer and Larsen, 2001]. It should be noted,
however, that we have less than 1 year of data with which to
compute the correlation of 0.15 and that 1 year is not long
enough to allow sampling of the Loop Current intrusion
events that dominate the model transport time series. Nev-
ertheless, discrepancies of this kind argue the need for more
detailed monitoring of the flow pathways entering and
leaving the Gulf of Mexico and the Bahama Island chain.
[37] Clearly, an improvement in the model would be to

replace the seasonally varying transport on the northern
boundary by a more realistic representation of the daily
transport variability. A more realistic specification of the
time varying transport on the northern boundary would also
shed light on the mechanisms governing the daily transport
variability seen in the cable data (see Greatbatch et al.
[1995], who noted the importance in their model of forcing
north of the Florida Straits for driving Florida Current
transport variability). Another topic we have not addressed
is whether the transport variations we have discussed can
feedback and influence the intrusion of the Loop Current.
As noted in section 1, many authors have suggested that
changes in the flow conditions through the Yucatan Channel
(e.g., flow velocity and the vorticity distribution) might play
a role in preconditioning Loop Current intrusion and ring
shedding [e.g., Sheinbaum et al., 2002; Ezer et al., 2003;
Oey et al., 2005; Oey, 2004]. Clearly, further work is
required on the general topic of Florida and Yucatan Current
transport variability.
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