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ABSTRACT

Four years (September 2012 to August 2016) of simultaneous current observations across the Yucatan

Channel (;21.58N) and the Straits of Florida (;818W) have permitted us to investigate the characteristics of the

flow through the Gulf of Mexico. The average transport in both channels is 27.6 Sv (1 Sv 5 106m3 s21), in ac-

cordance with previous estimates. At the Straits of Florida section, the transport related to the astronomical tide

explains 55%of the observed variance with amixed semidiurnal/diurnal character, while in the Yucatan Channel

tides contribute 82% of the total variance and present a dominant diurnal character. At periods longer than a

week the transports in the Yucatan and Florida sections have a correlation of 0.83 without any appreciable lag.

The yearly running means of the transport time series in both channels are well correlated (0.98) and present a

3-Sv range variation in the 4 years analyzed. This long-term variability is well related to the convergence of the

Sverdrup transport in the North Atlantic between 14.258 and 18.758N. Using 2 years (July 2014–July 2016) of

simultaneous currents observations in the Florida section, the Florida Cable section (;26.78N), and a section

across the Old Bahama Channel (;78.48W), a mean northward transport of 28.4, 31.1, and 1.6 Sv, respectively, is

obtained, implying that only 1.1 Sv is contributed by the Northwest Providence Channel to the mean transport

observed at the Cable section during this 2-yr period.

1. Introduction

The flow through the Gulf of Mexico (GoM) is an

integral part of the North Atlantic subtropical gyre cir-

culation.According to Schmitz andMcCartney (1993), the

long-term mean flow between Florida and the Bahamas

at the Cable section (;26.78N) amounts to 31 Sv

(1 Sv 5 106m3 s21) and is composed of roughly equal

parts by the compensation of the Sverdrup transport due

to the wind stress curl over the North Atlantic and to

the upper branch of the global meridional overturning

cell (MOC), which compensates the export of North

Atlantic DeepWater (NADW) to the southern Atlantic.

This work reports, for the first time, simultaneous current

measurements across the Yucatan Channel and on a

section in the Florida Straits at ;818W for a period of

4 years (September 2012–August 2016). Contrary to

what is measured at the Florida Cable, this section only

considers flows through the GoM, without inputs from

theOld Bahama or theNorthwest Providence Channels,

which, as shown later, even though contributing just a

few Sverdrups to the mean flow, can add important

variability to the observed flow (Fig. 1). Therefore, the

flow measured through this section at ;818W is a more

accurate indicator of the Loop Current flow out of the

GoM than what is measured at the Florida Cable, as

noted earlier by Hamilton et al. (2005).
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The motivation for simultaneously measuring the

Yucatan and Florida sections was twofold. First, it was

realized that controlling the entrance and exit of the

GoM throughflow would shed light for understanding

important features of the GoM dynamics and partic-

ularly of the Loop Current behavior, a subject not to

be addressed in this article. Second, previous efforts

to measure the current structure and transport in the

Yucatan Channel (Sheinbaum et al. 2002; Abascal et al.

2003; Ochoa et al. 2003; Athié et al. 2015) had revealed

a very variable and complex channel, both oceano-

graphically and bathymetrically, that was complicated to

measure and therefore it would be convenient to have

some independent measurement to verify at least its

total transport. Considering the surface area of theGoM

(;1.6 3 1012m2), a 1-Sv imbalance between Yucatan

and Florida transports for a day would imply a ;5-cm

sea level change within the GoM, therefore the total

transports between the two sections have to coincide

quite strictly in periods longer than a few days. Since

the western Florida Straits, between the Florida Keys

and Cuba, has a more regular and simple cross section,

measuring the transport there seemed to be a good op-

tion to obtain an independent estimate of total transport

to compare with that obtained in Yucatan.

The first effort made tomeasure the transport through

Yucatan Channel from continuous current series was

carried out between 1999 and 2001, with a 21-month

average transport of 22.8 6 0.3 Sv (Sheinbaum et al.

2002; Ochoa et al. 2003). Further studies with a similar

mooring array, but with more instruments and two

additional moorings, reported a transport of 26.16 0.5Sv

from 23 months of velocity measurements (Athié et al.

2015; 27.1Sv between May 2010 and May 2011 and

25.0 Sv between July 2012 and June 2013). Both the

anomalous low transport values measured in 1999–2001

and these latter larger transport values obtained in

2010–13 were well correlated with a transport proxy

based on 20 years of altimetry data (Athié et al. 2015).

In particular, the low transport values during 1999–

2001 were consistent with quite anomalous geostrophic

velocities from altimetry in the Yucatan, Florida, and

Old Bahama Channels. These authors suggested that

significant compensation through other channels off the

GoM was required to match the 32-Sv mean transport

from cable measurements of the Florida Current at 278N

(Meinen et al. 2010), as also suggested in the work of

Hamilton et al. (2005). In that regard, ourmeasurements

in the Old Bahama Channel discussed below in section 4

corroborate the relevance of that flow to understand the

variability of the Florida Current and the plausibility

of substantial transports even if the mean is small, in

contrast to suggestions of the contrary (Rousset and

Beal 2011).

FIG. 1. Location of moorings in the Yucatan Channel, Florida Straits, and Old Bahama Channel sections.
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In the next section the mooring observations are de-

scribed along with the transport interpolation method

used. Section 3 reports the transport estimates and their

relation to the Sverdrup transport, calculated using

the ERA-Interim wind product (Berrisford et al. 2011)

in the North Atlantic. Section 4 relates estimates of

transport at the Cable section and at the Old Bahama

Channel, both outside the GoM, with two years of si-

multaneous measurements at the Florida section. The

implications of the results are discussed in section 5

followed by some concluding remarks.

2. Data and methods

Ten moorings across the Yucatan Channel and seven

moorings across the Florida Straits section were initially

installed in the summer of 2012 and maintained until the

summer of 2016, with yearly services during the sum-

mers of 2013, 2014, and 2015. Each mooring in the two

sections, that is, Yucatan and Florida, were designed

to measure current in the whole water column with a

suite of acoustic Doppler current profilers (ADCPs)

and single-level current meters (see Figs. 2a,b). All

instruments, ADCPs and point current meters, also

recorded temperature measurements. Most ADCPs

and current meters measured pressure in order to

monitor the instantaneous depth of each instrument

on the mooring. The nominal sampling depth, time,

and parameters measured by each instrument in the

mooring deployments are indicated in Tables 1 and 2.

Independent of the initial sampling time of each instrument,

all data series used were resampled to hourly values.

Figure 2a corresponds to the fourth deployment in

Yucatan (CNK39) and had 28 point measuring current

meters distributed in the deep part of moorings YUC5

to YUC9. The previous three deployments had about

half as many deep current meters in these moorings

with 11 in CNK29, 11 in Cnk34, and 15 in CNK37 (see

Table 1). As discussed later, this thinner instrument

coverage in the deep part of the Yucatan section

during the first three deployments had important

consequences on the reconstruction of the transport

time series. In the case of the Florida section all four

deployments had equivalent amounts of instrumen-

tation, and a reasonable coverage of the section was

obtained in all four deployments (Fig. 2b, Table 2).

Transport interpolation method

A basic optimal estimation method (Bretherton et al.

1976; Roemmich 1983) with iterations is used to in-

terpolate the current structure in each section. The it-

eration procedure is implemented to determine themost

appropriate reference mean field, being aware that the

objective interpolation is most suitable for anomalies.

The procedure is as follows: a set of horizontal and

vertical scales is chosen for objectively interpolating the

hourly current maps in the channel section. Initially, an

arbitrary mean current is chosen as the mean reference

field (this can be a zero current map or any other ap-

propriate mean field). At each hourly time step, the

available current anomaly observations in the channel’s

section are determined considering their instantaneous

FIG. 2. (a) Instruments in the Yucatanmooring array. The labels on top indicate the name of themooring. Dashed or dotted lines on the

ADCPs indicate their nominal profiling range which for the 300-kHz ADCP is 100m and for the 75-kHz ADCP is 500m. The 1-MHz

ADCP at YUC1 profiles 20m. (b) Instruments in the Florida Straits mooring array. The labels on top indicate the name of the mooring.

Dashed or dotted lines on the ADCPs indicate their nominal profiling range which for the 300-kHz ADCP is 100m and for the 75-kHz

ADCP is 500m.
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position [the horizontal position is not considered to

vary, but the vertical position (depth) of the observation

point is calculated based on the known vertical positions].

The iteration’s mean field is sampled at these positions

and appropriate current anomalies are then calculated and

objectively interpolated with the chosen horizontal and

vertical scales into a regular grid with a resolution of

0.058 in the horizontal and 20m in the vertical for both

the Yucatan and Florida sections. These resolutions

provide a section with 2101 regular cells in Yucatan and

1081 in the Florida sections. The full set of hourly-

interpolated maps provides an updated mean map that

substitutes the initial reference map and the mapping

process is repeated. The procedure converges quite rap-

idly, after a few (;5) iterations, reaching a mean map

with nearly null update, therefore producing a ‘‘stable’’

mean current field consistent with anomalies for the

scales used. It is worth remembering that the mean field

obtained is a function of the dataset (their quantity and

distribution on the section) and of the scales (horizontal

and vertical) used for the objective interpolation of the

current anomalies.

Initial decorrelation scales were obtained based on

the correlation between the current observations time

series as a function of their vertical and horizontal

separation. Fitting exponential functions one obtains

(536m, 51 km) for the (vertical, horizontal) scales in

Yucatan, while in Florida one obtains (490m, 26 km;

these calculations are included in the online supple-

mental material). In both sections the spreading of the

correlation values is such that other similar scales could

by determined by fitting other functions. However, the

proposed method of analysis described above is to ex-

plore different scales and from them chose which scale

combination in each channel produces transport esti-

mates that best conserve mass in the GoM. For both

sections the space of scales explored were from 20 to

100km with 10-km increments (20:10:100) for the hori-

zontal scales and from 300 to 1000m with 100-m in-

crements (300:100:1000) for the vertical scales; therefore,

72 interpolation iteration procedures were performed in

each section. Observation to signal error variance was

assumed to be 10% in all interpolations on both channels.

In the Florida section the mean transport obtained over

these 72 scale combinations, for the 4 years, fluctuated

from 27.3 to 27.9Sv, however, in the Yucatan Channel it

varied from 15.8 to 28.1Sv. This high scale-dependent

variability of the 4-yr mean transport in Yucatan is a

consequence of the poor sampling of the currents below

800m during the first three deployments as mentioned

above. In the Florida section the mean maps obtained

with different scales are very similar and consistent,

however for the Yucatan section there are larger
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variations. To choose the most appropriate interpola-

tion for each section it was decided to compare their 4-yr

mean transport and the very low-pass-filter (annual

running mean) series between the 72 iterations in the

two channels and seek those that guaranteed volume

conservation as much as possible, since the Yucatan and

Florida sections are the only two open boundaries of the

GoM with the surrounding ocean and it is desirable if

not mandatory that the flows through them should

conserve mass. Based on this physical argument, the

most consistent results between the transports mea-

sured at both channels corresponded to a (vertical, hori-

zontal) scale combination of (700m, 60km) for Yucatan

and (600m, 80km) for the Florida section. This is further

explained when discussing Fig. 7 in the next section.

3. Results

The mean current structure obtained in the Yucatan

Channel is dominated by the surface intensifiedYucatan

Current (YC) core flowing into theGoM, on the western

side of the Channel, with maximum mean currents

reaching 120 cm s21 (Fig. 3a, left panel). Considering the

10 cm s21 contour as a boundary for the YC, it is clear

that it occupiesmore than three-fourths of theChannel’s

surface and extends to depths around 800m up to the

center of the Channel. On the Cuban side, there is the

presence of an intense (.20 cm s21) surface counter-

current extending to about 350-m depth and then a weak

broad countercurrent at depth, between 600 and 1400m.

At depth, on the Yucatan side, there is a countercurrent

flowing into the Caribbean centered at 1200m with a

relatively large maximum current of around 10 cm s21,

which might be a consequence of the interpolation

procedure due to the poor sampling of the currents in

this area of the section. Except for this relatively large

magnitude of the deep Yucatan side counter current, in

general, this description of the mean current structure in

Yucatan is in agreement with previous measurements

(Sheinbaum et al. 2002; Ochoa et al. 2003; Abascal et al.

2003; Athié et al. 2015) and also with numerical model

simulations (Ezer et al. 2003; Candela et al. 2003;

Cherubin et al. 2005; Lin et al. 2009). The standard de-

viation (STD) of the current is larger than the mean in

most of the channel section, except in the western sur-

face region occupied by the YC surface core (Fig. 3a,

right panel). Both the eastern surface Cuban counter-

current and the currents below 800m present a high

degree of variability. In the Florida section the mean

current structure is dominated by the presence of the

Florida Current (FC) occupying the whole channel

above 800-m depth and flowing toward the Atlantic, with

a surface northward off-centered maximum . 110cms21

(Fig. 3b, left panel). The upward-sloping current’s STD

contours in the middle of the channel are indicative

of a very stable FC core and, in general, of currents

above 600-m depth. Mean current sections obtained

from carefully contouring all of the mean values of

the observed current series longer than 365 days in

each section (Fig. 3c) are similar and have the same

characteristics as the mean sections obtained by imposing

the continuity restriction described above (Figs. 3a,b, left

panels). It is worth mentioning that the maximum yearly

mean current observed at the surface on the Florida sec-

tion is 115cms21 (Fig. 3c, right panel). Leaman et al.

(1987) analyzed data from a different section in the Florida

Strait at 278N, between Florida and the Bahamas, and

observed a maximum surface mean current of 180cms21.

In understanding this relatively large discrepancy of max-

imum mean surface current between these two sections in

the Florida Straits, two aspects are to be considered:

1) The section at 278N has a maximum depth of less

than 800m and the width at the surface is 80 km; the

section discussed in this article has a maximum depth

of 1400m and a width of 130 km at the surface.

2) Also, as further discussed in section 4, the section at

278N has additional flow contributions from the Old

Bahama and Northwest Providence Channels.

An important consideration in understanding theGoM

throughflow is the restriction imposed by the shallowest

sill in the system that corresponds to the ;800-m

depth of the Bimini section at around the latitude of

Miami (Niiler and Richardson 1973). This implies that

in the Yucatan (Fig. 3a) and Florida (Fig. 3b) sections

the throughflow is mainly related to the contribution

above 800m (or about the 68C isotherm), with flows

below this depth necessarily averaging out to zero

transport in the two sections.

Time series of the calculated hourly transports in each

Channel are shown in (Fig. 4). Although both have a

mean of 27.6 Sv for this 4-yr period, the transport’s STD

is twice as large in Yucatan (11.4 Sv) than in Florida

(5.7 Sv), with the hourly transport in Yucatan presenting

even reversals as large as 10Sv into the Caribbean. The

tidal contribution to these transport time series has a strong

diurnal character in Yucatan, with a tidal index (TI)5 8.2

[where TI is the ratio of tidal transport amplitudes of the

4 main diurnal to the 4 main semidiurnal constituents, i.e.,

(Q1 1 O1 1 P1 1 K1)/(N2 1 M2 1 S2 1 K2)], while in the

Florida section it has a more mixed character (TI5 1.4).

The strong diurnal character of the exchange through

the Yucatan Channel is likely related to the excitation

of a gravitational barotropic normal mode between the

GoM and the Caribbean Sea, with a node in theYucatan

Channel, that has a period close to diurnal (;27h).
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This normal mode was calculated from a barotropic

spectral model that superposes rotational and irrotational

basis functions constructed over real bathymetry of the

GoM–Caribbean Sea system. These basis functions are

complemented with special island functions, to resolve

the circulation around principal islands, and boundary

functions to resolve the connections with the Atlantic

Ocean (Sheinbaum et al. 1996). Another interesting

feature about the observed exchange in each channel is

that the harmonic synthesis of the transport series,

without the annual and semiannual harmonics, can only

explain 55% of the total transport variance at the Flor-

ida section, while at the Yucatan Channel the tidal

synthesis can explain up to 82% of the observed trans-

port variance. Certainly the less explained variance of

the total transport in Florida has to do with the strong

baroclinic tidal structure observed in this section, where

the phase of the main diurnal tidal constituents of the

FIG. 3. (a) Four-year (September 2012–August 2016) (left) mean current and (right) current standard deviation in theYucatanChannel.

The mean section is obtained by the iterative method described in the text using the observed hourly data distribution and using a

horizontal decorrelation scale of 60 km and a 700-m vertical decorrelation scale. Positive currents in red indicate currents into the Gulf of

Mexico, negative currents in green are toward the Caribbean, and the zero contours are indicated in black. Contour interval (c.i.)

magnitudes are indicated in the lower-left corner of each panel. The inverted triangles at the top indicate the mooring locations across the

section. (b) Four-year (September 2012–August 2016) (left)mean current and (right) current standard deviation in the Florida Straits. The

mean section is obtained by the iterative method described in the text using the observed hourly data distribution and using a horizontal

decorrelation scale of 80 km and a 600-m vertical decorrelation scale. Positive currents (red contours) indicate flow out of the Gulf of

Mexico. Contour interval magnitudes are indicated in the lower part of each panel. The inverted triangles at the top indicate the mooring

locations across the section. (c) Mean current in (left) Yucatan and (right) Florida sections obtained from interpolation of mean currents

at locations with more than 365 days of measuring period (small black dots) during the 4 years of observations. In the Yucatan section two

extra points were added (marked with small red dots): a linear interpolation mean current at the center of the section (mooring 7) at 1390-m

depth, and the extrapolation of the value measured at;1280m in mooring 9 toward the Cuban side to avoid unrealistic large extrapolation

values on the Cuban deep side by the interpolation method. The contours follow the actual mean values very closely on both sections as

indicated by the root-mean-square (rms) between the observed and interpolated values. The red contours indicate positive values, green

contours indicate negative values, and black indicates the zero contours. Mean total transport, rms, and contour interval magnitude are

indicated in the lower part of each panel.
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along-channel currents tend to be 1808 out of phase

between being above or below 800-m depth. By contrast,

the Yucatan diurnal tidal phases of the along-channel

currents have a small and smooth transition from the

surface to the bottom (Carrillo et al. 2007).

Applying a 7-day low-pass filter to the transport series

reveals a very coherent behavior between the transports

in the two channels (Fig. 5). Eliminating the high fre-

quency (.1/7 days) mainly due to tides, the maximum

and minimum transport, which varies between 12 and

FIG. 4. Hourly time series of the total transport (1 Sv5 106m3 s21) measured in the Yucatan

Channel (black) and the Florida Straits (red). The maximum and minimum of each series is

indicated aswell as the total variance due to the astronomical tide contribution and the tidal index

of each series.

FIG. 5. Seven-day low pass of the transport measured in the Yucatan Channel (black) and the

Florida Straits (red). The correlation between the filtered transport series is 0.83.
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39Sv, is similar on both sections. The correlation be-

tween these two series is 0.83 with no appreciable lag,

indicative of the simultaneousness of the processes af-

fecting the transport at both channels. The 20-day low-

pass-filtered transport series (Fig. 6) have a correlation

of 0.87 and better reveal the presence of an appreciable

seasonal cycle. The annual cycle over the 4 years has

an amplitude of ;3.1 Sv (3.09 6 0.62, 2108 6 128, Flor-

ida; 3.146 0.73, 2118 6 128, Yucatan) with amaximumat

the end of July and the semiannual signal an amplitude

around 1Sv (0.95 6 0.58, 58 6 358, Florida; 1.33 6 0.73,

168 6 338, Yucatan) with a maxima in January and July in

accordance with previous reports (Niiler and Richardson

1973;Meinen et al. 2010; Athié et al. 2015;Athiéet al. 2018,

manuscript submitted to J. Phys. Oceanogr.).

The annual running mean (ARM) of the transport

through Yucatan and Florida shows a 3-Sv range within

the period analyzed. Figure 7 shows the ARM of the

measured transport; each point on these plots is a yearly

mean and therefore the seasonal or annual signal has

been removed from the series. Strictly speaking, these two

series should coincide, but this seems to be the best that

can be done with the available data in the two channels,

which, nonetheless, represent an unprecedented oceano-

graphic effort. Even though the overallmean of both series

is 27.6Sv for the observed 4 years, the yearly mean varies

61.5Sv over this 4-yr period. This variability has to be

imposed by a large-scale forcing outside of the GoM.

A natural question arises, which is to what extent these

low-frequency variations (periods longer than a year)

FIG. 7. ARMof observed transports in theYucatanChannel (black) and in the Florida Straits.

The correlation between the filtered transport series is 0.98.

FIG. 6. Twenty-day low pass of the transport measured in the Yucatan Channel (black) and

the Florida Straits (red). The correlation between the filtered transport series is 0.87.
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can be connected to the Sverdrup transport in the

North Atlantic.

According to the Sverdrup balance, the meridional

transport of the entire water column in the vast ocean

interior, outside of the intense western boundary cur-

rents, is directly related and locally determined by the

curl of the wind stress, that is,

V5

ð0
2H

y dz5
1

br
o

curl(t) ,

whereV is the vertical integral of themeridional velocity

y from the bottom of the oceanH to the surface, b is the

northward spatial derivative of the Coriolis parameter,

ro is the average value of the seawater density, and t is

the wind stress at the ocean surface (Pedlosky 1996).

Using the 6-hourly wind fields from ERA-Interim

(Berrisford et al. 2011) for the North Atlantic, with a

spatial resolution of 0.758, the wind stress at every grid

point is calculated and averagedmonthly over the North

Atlantic Ocean. With these monthly wind stress aver-

ages, the wind stress curl is computed at every grid point

using central difference approximations. The wind stress

curl is then integrated zonally across the North Atlantic

at all available latitudes from 58 to 308 and multiplied

by 1/(rob) to obtain the zonally integrated Sverdrup

transport as a function of latitude. The Sverdrup balance

is a steady solution that, if anything, might apply to the

very long period (more than a year) ocean circulation

patterns. The monthly Sverdrup transport time series

thus obtained are quite noisy and are smoothed by

performing an ARM similar to the one applied to

the transports measured in Florida and Yucatan. These

smoothed Sverdrup transport series at each latitude

are then correlated to the observed transport through

Florida. It is interesting to notice that the correlation

oscillates between positive and negative values from

0.71 at 14.258N to 20.78 at 18.758N (Fig. 8a). The high

correlations of the zonally integrated Sverdrup transports

across 14.258 and 18.758N imply a convergence of the

FIG. 8. (a) Correlation between the Sverdrup transport integrated zonally at different latitudes and the annual runningmean transport in the

Florida section. The correlations are calculated at zero lag with 35-month-long time series. (b) ARM Sverdrup transport (SvT) across 14.258N

(cyan line), SvT across 18.758N (green line), their sum (blue line), and theARMof the transport measured in the Florida Straits (red line) from

Fig. 7. (c) Sketch of the convergence of the Sverdrup transport across 14.258 and 18.258Nand its flow into theCaribbean and theGulf ofMexico.

The background color map indicates theWSC standard deviation of the ARM-filteredWSC series from January 2012 to December 2017. The

WSC is computed from the ERA-Interim wind database (Berrisford et al. 2011).
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Sverdrup transport across these latitudes that correlates

very well with the observed ARM transport through the

Florida section. Figure 8b shows the plot of the de-

meaned measured ARM transport in Florida and the

demeaned ARM Sverdrup transport at 14.258 and

18.758N; the amplitude of the variability is similar on

the two series;61 Sv. The transport through 18.758N is

southward and part of the anticyclonic North Atlantic

Subtropical Gyre, while the flow through 14.258N is

northward and part of the cyclonic North Atlantic

Tropical Gyre (Mayer and Weisberg 1993). Consider-

ing these two contributions, the differential Sverdrup

transport (blue line in Fig. 8b) is obtained, which has a

correlation of 0.94 with the transport observed at the

Florida section. These two transports imply a convergence

between these latitudes and therefore a flow directed to

the west into the Caribbean, the GoM, and out into the

North Atlantic through the Florida section (Fig. 8c).

This interpretation may appear to contradict the

theoretical result obtained by Anderson and Corry

(1985), indicating that the nontopographic Sverdrup

balance is unlikely to hold for the seasonal/annual cycle

observed at the cable section at 278N, mainly because

of the relatively slow westward propagation speed of

the Rossby waves at this latitude. However, Figs. 7 and 8

relate to a lower-frequency response at periods longer

than a year. By applying a yearly running mean filter,

the seasonal/annual cycle is eliminated from the transport

series; hence, Fig. 8b is addressing the ocean’s lower-

frequency response where the Sverdrup nontopographic

balance seems to hold. The main point here is that

two independent transport estimates are derived from

different datasets and appear to be connected. Possible

explanations are addressed in more depth in the discus-

sion section below.

4. The flow through the Old Bahama Channel

Three moorings, each of them equipped with an

upward-looking 75kHz ADCP, were deployed across

the Old Bahama Channel (;78.48W; Fig. 1) for a 2-yr

period (July 2014–July 2016). The hourly current ob-

servations were interpolated using the same optimal it-

erative procedure into a regular grid with a resolution

FIG. 9. Two-year (July 2014–July 2016) (left) mean current and (right) current standard deviation in the Old

Bahama Channel section. The mean is obtained by the iterative method described in the text using the observed

hourly data distribution and using a horizontal decorrelation scale of 15 km and a 300-m vertical scale. Negative

current values (green contours) correspond to northwestward flow, i.e., toward the Florida Cable section. Contour

interval magnitudes are indicated in the lower-left corner of each panel. The inverted triangles at the top indicate

the mooring locations across the section.
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of 0.028 in the horizontal and 20m in the vertical. This

resolution provided 224 regular cells in the section. A

direct decorrelation estimation with the measurements

provided a horizontal scale of 15 km and a vertical scale

of 300m as the most appropriate to use in this section.

The mean current structure presents a midchannel deep

jet centered at around 290-m depth with a maximum

mean current core around 50 cm s21 (Fig. 9, left panel).

This core is quite stable according to the current’s STD

(Fig. 9, right panel). The surface layer above 150m ismore

variable and presents a weak mean current on the Cuban

side flowing southeastward. The hourly transport time

series (not shown) has a mean of 1.6Sv toward the Straits

of Florida, with a relatively large standard deviation of

1.9Sv, a maximum of 6.9Sv toward Florida, and a mini-

mum southeastward transport of 3.9Sv. Both the ob-

served current structure, as well as themean transport, are

consistent with previous measurements made with a

year-long time series from a four-current meter mooring

located at the center of the channel in 1991 (Atkinson

et al. 1995; Hamilton et al. 2005).

The simultaneously observed 7-day filtered trans-

port time series in Yucatan Channel, the Florida

Straits (;818W), the Florida Cable section (;26.78N),

and a section across the Old Bahama Channel (;78.48W)

for these two years (July 2014–July 2016) are shown in

Fig. 10. For this period the mean transport in Yucatan is

28.6 and 28.4Sv in Florida; this discrepancy is well within

the standard error of bothmeans, while at the FloridaCable

section and at the Old Bahama Channel mean northward

transports of 31.1 and 1.6Sv, respectively, are observed.

These numbers imply that the Northwest Providence

Channel only contributes with 1.1Sv to the mean transport

observed at the Cable section during this 2-yr period. It

is interesting that the correlation between the transport

at the Florida section and that measured at the Cable

section is low (0.53); however, if the transport measured

at theOld Bahama section is added to the Cable section

series, the correlation with the Florida section im-

proves to 0.69.

5. Discussion

The differences observed in the low-pass time series of

the computed transport throughYucatanChannel and the

Florida Strait, specifically the differences in the 20-day low

pass (Fig. 6) and ARM (Fig. 7), emphasize the difficulties

of obtaining such estimates—a problemdescribed in other

channels or straits (Godin et al. 1981; Bryden et al. 1994).

Furthermore, the high dispersion of transport estimates in

the Yucatan Channel, based on the different vertical and

horizontal scales explored in the interpolation, imply that

the flow through Yucatan is much more complex than

previously expected. A straightforward improvement

might be the addition of observations in places where

the current structure is poorly resolved, that is, in the

deep Cuban and Yucatan sides of the channel. A major

difficulty in the Yucatan section is the complex topog-

raphy on the Cuban side, where several seamounts are

present along, northward, and southward of the section.

FIG. 10. Seven-day filtered time series of transport at Yucatan Channel (black), Florida

Straits (red), Florida Cable section (blue, ;26.78N) (Meinen et al. 2010), and at a section

across Old Bahama Channel (green, ;22.88N; 110 Sv for clarity, note that the transport is

negative because at the Old Bahama section the mean flow is westward, i.e., toward the

Florida Straits). For the location of these sections, see Fig. 1.

1398 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 49

Unauthenticated | Downloaded 08/20/22 05:32 PM UTC



A thorough demonstration that the nontopographic

Sverdrup balance is at work in the relation obtained in

Fig. 8 is the subject of an ongoing study, but there are

several arguments, described below, that support this as

the most likely explanation. According to Anderson and

Corry (1985) ‘‘the Sverdrup balance is unlikely to hold at

annual period for the North Atlantic. For periods much

less than the time taken for the wind-generated baroclinic

Rossby waves to pass over bottom topography, the ocean

response is primarily that for a homogeneous ocean and

thus strongly modified by topography. For periods much

longer than this time, the Rossby waves compensate

for the effect of topography and the nontopographic

Sverdrup balance holds.’’ Baroclinic Rossby waves can be

generated, at all latitudes, by seasonal (or lower fre-

quency) wind fluctuations and the presence of boundaries

or steep topography (Mid-Atlantic Ridge; Barnier 1988).

At 278N in the North Atlantic, the Mid-Atlantic Ridge is

;3000km from the western boundary; at 168N it is only

1600km from the LesserAntilles. Also, in the limit of long

planetarywaves, the phase (or group) speed (westward) of

the (nondispersive) baroclinic Rossby waves is a function

of latitude (Gill 1982, p. 503): at 278N it is;4 cms21, while

at 168N it is;14cms21, for the first baroclinicmode. This

would imply that baroclinic Rossby waves generated

at the Mid-Atlantic Ridge take ;870 days to reach the

western boundary at 278N and only ;130 days to reach

the Lesser Antilles channels entering the Caribbean at

;168N. Additionally, there is direct observed evidence

that in reality planetary long waves propagate faster than

linear theory predicts, increasing with latitude from a

factor of 1.5 times faster in the tropics up to 4 times faster

in the subpolar oceans (DiNezio et al. 2009). Since Fig. 8b

is related to variability at periods longer than annual, it

seems that baroclinic Rossby waves at the latitudes;168N

might have enough time to travel to the western

boundary and mask the topographic effects to permit the

nontopographic Sverdrup balance to hold there. The ar-

gument supporting Fig. 8b is that at interannual periods

the Sverdrup transport convergence enters the Caribbean

through the Lesser Antilles passages, mainly between 148

and 188N, responding to a nontopographic Sverdrup bal-

ance, because at these latitudes the baroclinic Rossby

waves generated by the wind variability at interannual

periods have enough time to arrive at the western

boundary and compensate for the effects of topography

and this is reflected in the interannual variability observed

in the Yucatan and Florida flows in the GoM. Apart from

the arguments given above, Fig. 8c shows the wind stress

curl (WSC) standard deviation of the ARM filtered WSC

series from January 2012 to December 2017. It is evident

that the largest variability of the interannual WSC signal

occurs close to the Antilles between 148 and 188N. Since

baroclinic Rossby waves can be exited anywhere there

is a significantWSC variation, it is plausible that they are

being generated fairly close to the Antilles, thus per-

mitting the nontopographic Sverdrup balance to hold

and the related transport to enter the Caribbean there.

FIG. 11.Meanmeridional Sverdrup transport vs latitude over the 4 years analyzed (July 2012–July 2016; red line).

The arrows and numbers indicate the mean convergent Sverdrup transport that must exit to the west, either en-

tering the Caribbean or feeding western boundary currents. The latitudes of these zonal boxes are at key limits

suggested by previous studies of Caribbean inflows, i.e., windward and leeward island passages (Johns et al. 2002)

and results present in this work. The name of the main Caribbean passages on the right are indicated at their

approximate latitudes. The background map is for reference.
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According to Johns et al. (2002), the observed trans-

port into the Caribbean through the Windward Islands

Passages (composed of the Grenada, St. Vincent, and

St. Lucia Passages) is 10.16 2.4 Sv, through the Leeward

Islands Passages (Dominica, Guadeloupe, Antigua, and

Anegada Passages) is 8.3 6 2.3 Sv, and through the two

passages of the Greater Antilles, Mona and Windward,

are 3.0 and 7.0 Sv, respectively. These would roughly add

up to a climatological average of 28 Sv entering the

GoM through Yucatan Channel. This total transport

is expected to be the sum of the wind-forced Sverdrup

transport component and that due to the MOC com-

ponent, both of which are expected to contribute in

about equal parts to the total transport (Schmitz and

McCartney 1993; Johns et al. 2002). From their wind-

forced model simulations, driven by Hellerman and

Rosenstein (1983) monthly winds, Johns et al. (2002)

obtained a total Caribbean inflow of 17.2 Sv from winds

only, and 28.3 Sv using both winds and MOC contribu-

tions (values obtained from their Fig. 5). These esti-

mates imply a MOC climatological contribution to the

GoM throughflow of around 11.1 Sv. For the 4-yr period

(September 2012–August 2016), using the ERA-Interim

winds, a total Caribbean inflow of 13.8 Sv is obtained,

considering the Sverdrup transport convergence in the

Atlantic between the latitudes of 9.758 and 22.58N using

the ERA-Interim winds (Fig. 11). This would imply,

given the 27.6 Sv total, that the mean MOC and the

wind-driven circulation contribute equally to the flow

through the GoM during this period (;13.8 Sv).

The fact that there is such a good correlation be-

tween the ARM transport in the Florida section and

that resulting from the Sverdrup transport convergence

across 14.258 and 18.758N for this specific 4-yr period

might be fortuitous, in the sense that for other time

periods the transport reflected in Florida might come

from the Sverdrup contribution from different latitudes

and/or entering the system through different passages in

the Lesser and/or Greater Antilles. This correlation also

implies that theMOC contribution to the throughflow at

interannual scales was basically constant during this 4-yr

period, a conjecture supported by new observations of

the Atlantic meridional overturning cell (AMOC) at

268N (Smeed et al. 2018).

6. Conclusions

Simultaneous transport measurements in Yucatan

Channel, Straits of Florida (betweenCuba and the Florida

Keys), and the Cable section between Florida and the

Bahamas, imply an important contribution (;2.7Sv, on

average) of flows outside the GoM to the overall trans-

port of the Florida Current. Also, the transport variability

observed at the Cable section differs to that observed at

the Florida section (;818W) due to the contributions

from the Old Bahama and Northwest Providence Chan-

nels, with the former presenting a transport standard

deviation of 1.9Sv during the 2-yr measuring period dis-

cussed here. This implies that using the flow measured at

the Cable section as representative of the Loop Current

flow out of the GoM might be misleading, a proposition

supported by previous work (Hamilton et al. 2005).

The observations reported here indicate that the in-

terannual variability observed in the Florida Straits can

be related to changes in the Sverdrup transport con-

vergence between the latitudes of 14.258 and 18.758N,

for the 4-yr period analyzed. The contribution of this

convergence to the observed mean throughflow of 27.6Sv

is only 5.4Sv. However, there are potentially 2.6Sv en-

tering between the latitudes of 9.758 and 14.58N and 7.5Sv

between the latitudes of 18.758 and 22.58N during the

period analyzed (Fig. 11). A conjecture also supported by

the presence of high WSC variability close to the western

boundary between these latitudes (Fig. 8c). This would

imply a net inward mean transport of 5.9Sv through the

Windward Passage, assuming that 1.6Sv flows northward

through the Old Bahama Channel outside the Gulf of

Mexico–Caribbean Sea system (Fig. 11). These three

contributions, that is, 5.9, 5.4, and 2.6Sv, add up to 13.9Sv

that would be the wind-driven mean transport flowing

into the GoM through Yucatan Channel, implying an

approximate equal mean MOC contribution of around

13.7Sv flowing through the GoM during this 4-yr period.
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