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between the Intra-Americas Sea and the Atlantic Ocean,
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Abstract. Shipboard acoustic Doppler current profiler observations of the velocity in the
upper 200 m of the water column collected during 1984-1996 using the National Oceanic
and Atmospheric Administration R/V Malcolm Baldrige are used to examine the velocity
structure and transport in the passages between the Atlantic Ocean and the Intra-
Americas Sea (IAS). Data were collected during 23 cruises along the following sections:
across the Straits of Florida, in the Northwest Providence Channel (NWPC), across the
northern passages into the Caribbean Sea (Windward, Mona, and Anegada), across the
eastern Caribbean along 63°30’ W, thereby forming a closed quadrangle, and in the
Grenada Passage. The Florida Current, the eastern Caribbean, and the Grenada Passage
share a similar mean velocity structure characterized by high-velocity, surface-intensified
flows with strong vertical and horizontal shears. The northern Caribbean passages
(NWPC, Windward, Mona, and Anegada) share a different common mean velocity
structure, with subsurface velocity maxima directed into the IAS, and surface-intensified
counterflows along one side of each passage. On average, there is a transport balance in
the upper 200 m between waters entering and exiting the IAS, with the 16.5 * 2.4 Sv (1
Sv = 10° m%/s) transport of the Florida Current at 27°N comprised of 0.4 + 0.8 Sv from
the NWPC, 2.2 = 1.5 Sv from the Windward Passage, 2.8 = 2.1 and 2.4 * 2.8 Sv from the
Mona and Anegada passages, respectively, and 9.5 + 4.7 Sv across the eastern Caribbean,
for a total of 17.3 Sv. The four passages north of 17°N (from NWPC to Anegada Passage)
have a combined transport of 7.8 Sv, nearly half of the transport of the Florida Current in
the upper 200 m. Of the 9.5 Sv flowing through the eastern Caribbean between 11°N and
17°N, 4.9 = 2.6 Sv, or more than half, come from the Grenada Passage. This is significant
to the subject of cross-equatorial exchange of mass, heat, and salt, as the Grenada Passage
is where the highest transport of waters originating in the southern hemisphere is thought

to enter the Caribbean.

1. Introduction

The Intra-Americas Sea (LAS) is the semienclosed body of
water comprised of the Caribbean Sea, the Gulf of Mexico, and
the Straits of Florida, connected to the North Atlantic Ocean
by a number of passages between the islands of the Bahamas,
Greater Antilles, and Lesser Antilles (Figure 1). The circula-
tion of the IAS is dominated by the Caribbean and Florida
currents. These currents form a major component of the North
Atlantic subtropical gyre, leading directly into the Gulf Stream,
and as such are an important conduit for mass, heat, and salt
fluxes in the Atlantic.

The IAS is a fascinating region from a physical oceano-
graphic viewpoint, with variability on all timescales from syn-
optic to seasonal, interannual, and decadal, driven by wind and
thermohaline forcing. The deep circulation is dominated by
sporadic inflow events over the sills of the major Caribbean
passages [Sturges, 1970], while the upper layer circulation is a
throughflow system in which inflows from the passages, includ-
ing recirculating North Atlantic subtropical gyre waters as well
as waters originating in the South Atlantic, pass through the
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Caribbean and into the southeastern corner of the Gulf of
Mexico and eventually exit via the Florida Current. The wind-
driven circulation of the Caribbean is dominated by the Trade
Winds, which have a strong seasonal component and a wind
stress curl field that responds to the seasonal northward and
southward migration of the Intertropical Convergence Zone
[Mayer and Weisburg, 1993].

In addition to its strictly physical oceanographic interest,
attention has recently been given to the interconnected nature
of the marine and atmospheric environments of the IAS in
terms of pollutant dispersal, larval transports, the health of
coral reefs, and commercial and recreational fisheries [Roberts,
1997; Ogden, 1997; Mooers and Maul, 1998]. 1t is becoming
apparent that only through the use of focused numerical mod-
els of the circulation which can properly simulate the atmo-
spheric and oceanic forcing and the ocean’s response on all
relevant space and timescales will the models be able to move
toward the nowcast/forecast capability that could be used to
address the environmental and societal concerns critical to the
IAS.

However, the development of effective numerical circulation
models requires high-quality and abundant observational data
for model verification. For some parts of the IAS, such as the
Florida Current, adequate data exist for this purpose. The
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Figure 1. Bottom topography of the Intra-Americas Sea.
Transect locations are indicated as follows: FC, Florida Cur-
rent; NW, Northwest Providence Channel; WP, Windward
Passage; GI, Great Inagua Passage; MP, Mona Passage; AP,
Anegada Passage; CA, eastern Caribbean; and GP, Grenada
Passage. OBC indicates the location of the Old Bahama
Channel.

Florida Current is probably the most studied current in the
world, from the pioneering physical oceanographic study of
Pillsbury [1890] which utilized the first current meter to mea-
sure the transport of the Florida Current, to more sophisti-
cated studies such as that by Richardson and Schmitz [1965]
and Schmitz and Richardson [1968] using dropsondes. More
recently, NOAA’s Subtropical Atlantic Climate Study [Moli-
nari et al., 1985] used a combination of shipboard observations,
moored current meters and pressure gauges, and a submarine
cable to examine the velocity structure and variability of the
Florida Current at 27°N and to continuously monitor the trans-
port using the cable [Larsen and Sanford, 1985]. The Subtrop-
ical Atlantic Climate Study was begun in 1982, and the trans-
port monitoring continues to the present time. Results from
this study include determination of a stable mean for the trans-
port of 32.3 = 3.2 Sv [Larsen, 1992] and a better understanding
of its seasonal and interannual variability [see, e.g., Molinari et
al., 1985; Lee et al., 1985; Schott and Zantopp, 1985; Johns and
Schott, 1987; Larsen, 1992; Leaman et al., 1987].

Such is not the case for the other passages of the IAS and for
the Caribbean Sea as a whole. Although the Caribbean has
been the subject of a number of hydrographic studies, few
direct observations of the circulation have been made. Earlier
historical studies used hydrographic and tracer data to describe
the circulation using either the “core” method [Wust, 1964] or
geostrophic calculations [Gordon, 1967], or in the case of a
study by Roemmich [1981] using a combination of the two
techniques in an inverse calculation. Studies using surface
drifters in the Caribbean have also been conducted [Molinari et
al., 1981], revealing an ocean environment that is rich with
eddies superimposed onto a mean throughflow. A review of
the state of understanding of the Caribbean circulation as of
the 1980s is given by Kinder et al. [1985].

The few direct velocity and transport observations which
have been made in the IAS passages include the study of
Schmitz and Richardson [1991]. They used data collected in
1970 by Stalcup and Metcalf [1972] to examine the flow be-
tween the islands of the Lesser Antilles and arrived at an
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estimate of the transport distribution based on the limited data
available at that time. More recently, Wilson and Johns [1997]
conducted a comprehensive study of the inflow to the eastern
Caribbean during the Windward Islands Passages Program.
Using a cable-lowered acoustic Doppler current profiler
(ADCP), they were able to obtain enough direct observations
of transport and velocity structure in the southern passages
over several years to more closely examine the mean inflow
and its variability.

The northern passages to the IAS (Windward, Mona, and
Anegada; Figure 1) are the least studied, and few direct mea-
surements of their transport have been obtained. Thus a key
motivation for the present study was to utilize direct velocity
data collected on a series of NOAA cruises both passing
through and directed at the region between 1984 and 1996 to
address this deficiency. Direct velocity observations were col-
lected using a hull-mounted ADCP along a number of sections
across the passages of the IAS, in the eastern Caribbean Sea,
and in the Straits of Florida (Figure 1).

Herein, the ADCP velocity data from these cruises are used
to examine the velocity structure in the upper 200 m of the
water column and to estimate transports through the Carib-
bean Sea and the Straits of Florida. We begin with a descrip-
tion of the available observations and data reduction, followed
by an analysis of the velocity and transport results for each
passage, and a discussion of their significance both compared
to earlier transport estimates and in terms of addressing some
of the issues mentioned above.

2. Data and Methodology

The eight sections considered herein are located in the
Straits of Florida at 27°N and 26°N: the Northwest Providence
Channel (NWPC), the Great Inagua Passage (between the
Bahamian islands of Great Inagua and Hispaniola), the Mona
Passage, the Anegada Passage, the eastern Caribbean Sea, and
the Grenada Passage (Figure 1). Ideally, for estimating the
transport balance of the IAS, the Great Inagua section would
instead have been located across the Windward Passage, be-
tween Cuba and Haiti. However, this was not possible because
of clearance constraints. Thus flow through the Great Inagua
section is comprised of flow into or out of the Caribbean Sea
through the Windward Passage and flow into or out of the
Straits of Florida through the Old Bahamas Channel and can
only be used as a proxy for flow through the Windward Pas-
sage. The dates of the 23 cruises used in this analysis and the
sections occupied and transports obtained during each passage
transect are listed in Table 1.

Shipboard ADCP observations are the primary data source
for this study. A shipboard ADCP unit provides nearly contin-
uous coverage of upper ocean currents. The system used for
most of the cruises aboard the NOAA R/V Malcolm Baldrige
was a 150-kHz RD Instruments unit with a hull-mounted trans-
ducer. Earlier ADCP units (an Ametek Straza 115-kHz instru-
ment with the same hull configuration) were limited to ~200 m
in vertical coverage, although more recent cruises yielded data
down to a depth of 350—400 m. Results are therefore pre-
sented only for the upper 200 m of the water column in order
to use all of the cruise data consistently. Standard data acqui-
sition and processing procedures are described by Wilson and
Routt [1992], and additional details about the ADCP system,
including a discussion of navigational referencing and error
estimates, are described by Wilson et al. [1994]. After referenc-
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Table 1. Cruise Dates, Passage Occupation and Transport

Cruise Dates F27 F26 NwW GI MP AP CA GP
Aug. 27 to Sept. 6, 1984 e -3.0
April 17 to May 17, 1985 18.8 -3.0 .-
Aug. 13 to Sept. 6, 1985 13.1 -1.0 -142
Jan. 13 to Feb. 11, 1986 13.6 -31 -9.9
March 25 to April 22, 1986 e -14 X -9.7
July 15 to Aug. 8, 1986 183 -0.5 —4.9 —11.8
Oct. 23 to Nov. 7, 1986 193 -15 -84 -17
Oct. 23 to Nov. 7, 1986* 18.1 .- . (R
March 11 to March 23, 1987 13.8 14.2
Sept.ltoOct.1,1987 ern ene “oe cee ce cae
Aug. 22 to Sept. 22, 1989 e -0.5 =52 -3.0 —24
June 15 to July 11, 1990 15.5
Sept. 7 to Oct. 10, 1990 .- 145 -17 X 0.1
Jan. 8 to Feb. 6, 1991 o .- -14 -5.0 -10.3
June 12 to July 5, 1991 —4.0
Sept. 8 to Sept. 23, 1991 oee e 0.9 e -6.5
Jan. 31 to Feb. 10, 1992 13.7 0.4 e e
Aug. 3 to Sept. 1, 1992 e -0.6
Aug. 3 to Sept. 1, 1992* e 0.5 oo
June 1 to June 29, 1993 15.8 0.2 -22 -3.6
Sept. 16 to Sept. 22, 1993 16.3 -1.6 e
March 28 to April 8, 1994 17.6 -0.1 -22 -1.6
July 12 to Aug. 1, 1994 AN 159 0.1 e -03 -4.1
March 3 to March 20, 1996 18.2 e —4.5 -0.8 -5.2
July 15 to Aug. 2, 1996 16.4 -1.0 -17 -15 -3.8
Mean 16.5 15.4 -04 -22 -2.8 -24 -9.5 -4.9
Standard deviation *24 +14 +0.8 *15 +2.1 +28 +4.7 *2.6
Standard error +0.8 *0.5 +03 *0.5 *0.9 +09 *2.1 +0.9

F27, Florida Current at 27°N; F26, Florida Current at 26°N; NW, Northwest Providence Channel; GI, Great Inagua Passage; MP, Mona
Passage; AP, Anegada Passage; CA, Eastern Caribbean along 63.5°W; GP, Grenada Passage. Transport measured in Sverdrups.

*More than one occupation of transect was made during cruise.

ing, 15-min averages are computed and form the basis for the
velocity results presented below.

Transports for the passages were computed using the fol-
lowing methodology. Velocity data from individual cruises
were projected onto standard (i.e., most often occupied)
transect locations (requiring in most cases only minor adjust-
ments in position) and the perpendicular and along-transect
components of velocity were computed. This velocity was grid-
ded in 2-km bins of along-transect distance and in 10-m depth
bins, and the perpendicular velocity component was then inte-
grated horizontally and vertically to produce transport in units
of Sverdrups (Sv, where 1 Sv = 10° m?/s). Average transports
and standard deviations were obtained by summing the indi-
vidual gridded transports and dividing by the number of
transect occupations. No attempt was made to remove the tidal
variability from the observations. However, given enough oc-
cupations for each transect, this variability should tend to av-
erage out.

3. Results

The results will be presented by passage from northwest to
southeast across the IAS in the form of vector maps of the
surface and upper 200 m average flow through each passage
superimposed upon the bottom topography, and vertical sec-
tions of the mean and standard deviation of the northward and
eastward velocity components for each passage. Transports
perpendicular to the passages are presented for all passage
occupations in Table 1, which includes the mean, standard
deviation, and standard error for each passage.

3.1. Florida Current at 27°N

The 27°N Florida Current transect is located between Palm
Beach, Florida, and Little Bahama Bank (Figure 2). This
transect was occupied ten times between April 1985 and July
1996 (Table 1). The average surface and 0-200 m velocities
shown in the vector maps show the asymmetrical nature of the
Florida Current, with a sharp rise to the velocity maximum on
the western side of the Straits, and a more gradual decrease
across the middle and eastern side of the channel (Figure 2).
The vertical section of northward velocity also shows the asym-
metry of the velocity structure, with the maximum velocity
found farther offshore with depth. The surface velocity reaches
a maximum of over 160 cm/s ~20 km east of the section origin
(Figure 2). The standard deviation of the northward flow is
highest (=50 cm/s) near the surface on the western side of the
current (~12 km from the origin) and is due to lateral mean-
dering of the current core as well as variability of the core
velocity. The larger standard deviations on the eastern side of
the Straits are in part attributable to variable southward flows
also found in an earlier study [Leaman and Molinari, 1987].
Both the eastward velocity section and the average velocity
vector maps of Figure 2 show that the flow is converging at
27°N; i.e., on average, there is a weak eastward component at
the onshore side of the transect, with a stronger (5-10 cm/s)
westward component on the offshore side. Standard deviations
of the eastward flow component are in the =5 to 15 cm/s range,
highest near the eastern side of the transect in the upper
50-100 m. The average transport at 27°N in the upper 200 m
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Figure 2. The Florida Current at 27°N: Acoustic Doppler current profiler (ADCP) vector maps of the
average surface velocity (left top) and the average 0—200 m velocity (right top). The velocity vectors are scaled
such that 50 cm/s equals 1° of latitude. Also shown are vertical sections of ADCP velocity in cm/s for the
northward and eastward velocity components (left bottom) and their standard deviations also in cm/s (right
bottom). The orientation of the vertical sections is west to east along the transect.

from the 10 section occupations is 16.5 + 2.4 Sv, with a range
of 13.1 Sv in August 1985 to 19.3 Sv in October 1986 (Table 1).

3.2. Florida Current at 26°N

The 26°N Florida Current transect, located between Miami,
Florida, and Bimini, Bahamas (Figure 3), was occupied seven
times between March 1987 and July 1994 (Table 1). The sur-
face and 0-200 m average velocity vectors (Figure 3) are sim-
ilar in appearance to the equivalent vectors at 27°N (Figure 2)
but show that whereas at 27°N the current was directed slightly
west of due north, at 26°N the average flow is directed at a
bearing of ~10° eastward of due north. The northward velocity
structure (Figure 3) shows a maximum surface velocity mid-
channel of over 170 cm/s. A weak counterflow is present below
100 m on the western edge of the section, at a depth of 100~

200 m. The standard deviation of the northward velocity
reaches a maximum of *25 cm/s at a depth of 100 m about 200
km along the section, near the high horizontal and vertical
shear zone of the onshore edge of the current. The standard
deviation is also high (*£25 cm/s) near the surface on the
offshore side of the channel. The standard deviations of the
northward flow are generally smaller at 26°N than at 27°N,
indicating that the velocity structure of the Florida Current at
26°N is more consistent from one cruise to the next. This may
be due to the local bottom topography, which constrains the
current to a relatively narrower channel at 26°N (Figure 3).
The vertical section of eastward velocity shows that at 26°N the
flow has an eastward component rather than westward, as also
observed from the vector maps (Figure 3). On the western side
of the channel, there is an area of westward flow at 50-200 m
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Figure 3. Same as Figure 2, but for the Florida Current at 26°N.

depth; i.e., the flow is divergent on average at 26°N as opposed
to the convergent flow at 27°N, with higher standard deviations
at 26°N, particularly within the westward velocity area. The
average transport of the seven 26°N transect occupations is
15.5 = 1.4 Sv, with a low of 13.7 Sv observed during January
1992 and a high of 17.6 Sv during March 1994 (Table 1).

3.3. Northwest Providence Channel

The Northwest Providence Channel (NWPC) is located to
the east of the Florida Current between Grand Bahama Island
and the Great Bahama Bank (Figure 4). This transect was
occupied 10 times between August 1989 and July 1996 (Table
1). The surface and 0—200 m average vector maps show that
the flow is generally to the west on average, with the strongest
westward flow found at the northern side of the channel, and
with a surface-intensified current reversal to the east located at
the southern edge of the channel along the Bahama Bank
(Figure 4). The vertical section of average velocity (Figure 4)
shows that there is a subsurface maximum in the westward
velocity, with speeds greater than 30 cm/s located below 150 m.

The velocity structure is highly variable from cruise to cruise,
as evidenced by the standard deviations which are generally
+10 to 20 cm/s, i.e., higher than the mean currents. The aver-
age transport through the NWPC from the 10 transect occu-
pations is —0.4 = 0.8 Sv (negative transport is directed to the
west), ranging from a maximum inflow toward the Florida
Current of —1.7 Sv during September 1990 to a minimum of
+0.5 Sv (eastward flow, i.e. directed away from the Florida
Current) during August 1992 (Table 1).

3.4. Great Inagua Passage

The Great Inagua Passage is located between the Bahamian
island of Great Inagua and the northwestern coast of Haiti
(Figure 5). Here the prevailing currents are generally to the
southwest, toward the Caribbean, with the majority of trans-
port most likely flowing directly into the Caribbean through
the Windward Passage between Cuba and Haiti. Thus we as-
sume that this passage can be considered as a proxy for the
flow through the Windward Passage. Any westward flow that
does not enter the Windward Passage would instead eventually
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Figure 4. Same as Figure 2, but for the Northwest Providence Channel. The orientation of the vertical
sections is from northeast to southwest along the transect.

join the Florida Current via the Old Bahama Channel (Figure
1). Transport along this route has been estimated at 1-2 Sv
[Atkinson et al., 1995] and is highly variable.

The Great Inagua Passage transect was occupied a total of
nine times between August 1984 and January 1991 (Table 1).
The average velocity was to the southwest (Figure 5), with a
subsurface westward maximum of greater than 20 cm/s located
midtransect below 100 m depth. On the south side of the
channel (along the coast of Haiti) the flow is reversed and
surface intensified, with an average counterflow out of the
Caribbean of 10-15 cm/s in the upper 100 m (Figure 5). Dur-
ing four of the nine crossings the countercurrent was not
present along the Haitian coast. During the other five cruises
where it was present, maximum velocities were 30—40 cm/s,
and greater than 60 cm/s during July 1986 (not shown). The
standard deviation of the eastward velocity component is less
than +=10-15 cm/s over the northern half of the transect, and
higher (+20-25 cmy/s) over the southern half. The northward
velocity component is weak (<5 cm/s) and directed primarily

to the south. The average transport through the Great Inagua
Passage in the upper 200 m is —2.2 + 1.5 Sv (negative trans-
port is directed to the southwest, i.e., toward the Caribbean),
with a low of —0.5 observed during July 1986 and a high of
—5.2 Sv during August 1989 (Table 1).

3.5. Mona Passage

The Mona Passage is located just west of Puerto Rico, be-
tween Puerto Rico and the east coast of the Dominican Re-
public, and was occupied five times between August 1989 and
July 1996. The average 0—200 m flow is predominantly south-
ward, i.e., into the Caribbean, through this passage (Figure 6).
A shallow shoal that extends eastward from the northeast cor-
ner of the Dominican Republic seems to partially block the
flow, causing the current to split into two bands (Figure 6).
Similarly to the Great Inagua Passage and the NWPC, the
southward inflow shows a subsurface maximum, greater than
20 cm/s at 200-m depth in midchannel. In addition, there is a
persistent countercurrent (i.e., out of the Caribbean) located
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Figure 5. Same as Figure 2, but for the Great Inagua Passage. The orientation of the vertical sections is from

northwest to southeast along the transect.

along the coast of Puerto Rico with average speeds over 10
cm/s, maximum at the surface (Figure 6). Cruise-to-cruise vari-
ability is very high in this passage, with the standard deviation

of the southward flow generally in the =15-25 cm/s range, as

high or higher than the average velocity. The average transport
through the Mona Passage in the upper 200 m is —2.8 = 2.1 Sv
directed into the Caribbean, with a high of —5.0 Sv observed
during January 1991 and a low of +0.1 Sv directed out of the
Caribbean observed during September 1990 (Table 1).

3.6. Anegada Passage

The Anegada Passage is located at the northeast corner of
the Caribbean, between the Virgin Islands and Saba Bank
(Figure 7). Two standard transects were occupied across this
passage, with somewhat different transect lengths and angles,
but both generally crossing the entire passage.

The first Anegada Passage transect was occupied five times
between July 1986 and June 1993 (Table 1). The flow is pre-
dominantly southward into the Caribbean, with the most in-

tense flow found at the west side of the transect near the Virgin
Islands, where there is an average maximum southeastward
speed of over 60 cm/s (Figure 7). This high average speed is
largcly caused by extremely high velocities observed during two
transect occupations, July 1986 and October 1986, when speeds
were observed in excess of 110 cm/s. The vertical section shows
a subsurface southward velocity maximum of 10-15 cm/s in the
center of the channel and a very weak flow reversal at the
surface. Standard deviations are generally in the +10-20 cm/s
range, with higher values in the high-velocity region near the
Virgin Islands. The flow is strongly convergent over this
transect, with an eastward component over the western half of
the transect and a westward component over the eastern side
and with a tendency along the eastern side to be aligned along
the bottom topography (Figure 7). The average transport in
the upper 200 m is —3.4 * 3.5 Sv directed into the Caribbean,
with a low of +0.9 Sv (outflow from the Caribbean) observed
during September 1991 and a high of —8.4 Sv during October
1986, indicating a very large transport range (Table 1).
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Figure 6. Same as Figure 2, but for the Mona Passage.

The second of the two Anegada Passage transects was oc-
cupied four times between March 1994 and July 1996 (Table
1). The flow was again southward, into the Caribbean, and
weaker than the first Anegada transect, with counterflows out
of the Caribbean on the east side along Saba Bank and on the
west side near the Virgin Islands (Figure 8). The vertical sec-
tion again shows a subsurface maximum midchannel. Standard
deviations are equivalent to the average speed, +5-15 cm/s.
The average transport in the upper 200 m is —1.2 = 0.8 Sv into
the Caribbean through this transect (Table 1), and it was al-
ways directed into the Caribbean with a range of —0.3 Sv
during July 1994 to —2.2 Sv during March 1994. If the values
for the two Anegada Passage transects are merged for trans-
port computations, the average upper 200 m transport for the
nine occupations is —2.4 + 2.8 Sv into the Caribbean (Table 1).

3.7. Eastern Caribbean

The eastern Caribbean section is oriented along the Aves
Ridge at 63.5°W, from Saba Bank on the northern end to the
Venezuelan shelf on the southern end. Five occupations of this

transect were made between August 1985 and October 1986
(Table 1). These data have been discussed by Smith and Mor-
rison [1989] and Morrison and Smith [1990]. The average flow
is predominantly to the west (Figure 9). Maximum average
surface speeds of up to 80 cm/s directed to the northwest are
found at the southern end of the transect, where most of the
flow originates from the Grenada Passage. The average flow
has three major westward branches, at 11.5°-13°N, 13.5°-15°N,
and 16.5°-17°N, with counterflows between the branches (Fig-
ure 9). Counterflows were present on each individual cruise
transect (not shown) but varied in latitude and number. The
vertical section of eastward velocity (Figure 9) shows that these
branches of flow are all surface-intensified. The average trans-
port above 200 m for these five sections is —9.5 + 4.7 Sv to the
west, with a minimum value of —1.7 Sv observed in October
1986 and a maximum of —14.2 Sv in August 1985 (Table 1).

3.8. Grenada Passage

Two different transect locations were used for the Grenada
Passage. The first runs from Grenada southeast to near the
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Figure 7. Same as Figure 2, but for the first Anegada Passage transect.

coast of Tobago (Figure 10). It was occupied three times be-
tween January and September 1991 (Table 1). The average
0-200 m velocity vectors show strongest inflow to the Carib-
bean on the Grenada side, with northwestward flow near To-
bago (Figure 10). The average velocity sections show thal the
strong inflow to the Caribbean through this section is surface-
intensified and shows that the northwestward flow along the
coast of Tobago is also highest at the surface (Figure 10). The
maximum average surface speed is over 90 cm/s directed to the
southeast, and the standard deviations are also high, +15-30
cm/s over nearly the entire transect, highest at the northern
side near Grenada, and also in the center of the passage. The
average upper 200-m transport is —6.9 * 3.2 Sv directed into
the Caribbean (Table 1), with a low of —4.0 Sv in June 1991
and a high of —10.3 Sv in January 1991. This average value is
likely to be an overestimate, as the very high transport ob-
served during January 1991 appears to be anomalous.

The second Grenada Passage transect runs southwest from
Grenada to the shallow shelf waters off Venezuela at ~62°W
(Figure 11) and was occupied five times between June 1993 and

July 1996 (Table 1). The average velocity is slightly south of due
west, reaching a maximum in the center of the passage of over 90
cm/s (Figure 11). The vertical section of eastward velocity shows
that the highest velocity is located in the center of the passage,
directed into the Caribbean, and a weak average subsurface coun-
terflow is located at the southern end of the transect below 120 m.
Stronger countercurrents are evident in each of the individual
cruise transects (not shown), but they vary in horizontal location
and thus do not create a strong mean countercurrent flow. The
standard deviation of the current reaches a maximum of over =40
cm/s in the center of the passage near the surface, owing to both
variability in maximum surface current speed (which ranged from
60 cm/s in March 1994 to over 130 cm/s in March 1996) and
lateral meandering of the surface current core. The average trans-
port in the upper 200 m is —3.7 * 1.3 Sv, directed into the
Caribbean, with a low of —1.6 Sv in March 1994 and a high of
—5.2 Sv in March 1996. If the eight values for the two transects
are combined to yield an average transport through the Grenada
Passage, the observations give an average transport of —4.9 + 2.6
Sv into the Caribbean (Table 1).
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4. Discussion

The observations of velocity structure in and transport
through the passages described above confirm many features
reported by previous investigators but also bring to light new
elements of the flow in the passages, particularly in the north-
ern passages (e.g., NWPC, Great Inagua, Mona, and Anegada)
where few previous observations have been made. Interesting
features that these passages have in common include the pres-
ence of a subsurface velocity maximum and persistent surface-
intensified counterflows that tend to be found along one side of
each passage. The Florida Current, the eastern Caribbean, and
the Grenada Passage also share a common velocity structure,
having high velocity, narrow surface-intensified flows with
strong vertical and horizontal shears.

4.1. Comparison With Previous Studies

The observations in the Florida Current at both 26°N and
27°N (Figures 2 and 3) are very consistent with previous stud-
ies, in terms of velocity structure and transport, as determined
by dropsondes [Schmitz and Richardson, 1968), submarine ca-

ble measurements [Larsen, 1992], acoustic velocity profiling
[Leaman et al., 1987], and moored current meters [Lee et al.,
1985]. The shipboard ADCP observations reported herein add
little new information about such an intensely studied ocean
current but do demonstrate the reliability of the technique and
lend confidence to the observations in the other passages that
do not have extensive previous and ongoing studies with which
to compare.

Several studies have been done previously in the Northwest
Providence Channel (NWPC). The first, by Richardson and
Finlen [1967], used dropsondes to directly measure transport.
They obtained four sections across the NWPC during March
20-22, 1966. They found westward (toward the Florida Cur-
rent) flow in the northern half of the channel and eastward
flow in the southern half, just as we observed in the present
study (Figure 4). They found maximum surface velocities in
both directions of 60—80 cm/s, which are somewhat higher
than our observations, but it must be kept in mind that theirs
were taken during one limited time period and ours are an
average. Richardson and Finlen [1967] observed a transport
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Figure 9. Same as Figure 2, but for the Caribbean transect along 63.5°W. The orientation of the vertical

sections is from north to south along the transect.

range over the full water column of ~1.5 to —2.5 Sv toward the
Florida Current, consistent with our transports considering
that our observations are for the upper 200 m only and theirs
are for the whole channel depth. An interesting result discov-
ered during the present study by comparing Florida Current
transport data from the submarine cable, which gives total
water column transport, to the shipboard ADCP data is that
due to the vertical shear structure the upper 200 m contains
~50% of the total 800-m transport. Examination of full water
column transports in the eastern Caribbean passages [Wilson
and Johns, 1997] yielded the same percentage, implying that
there is a common baroclinic structure to these currents, and
thus a rough estimate can be made of total transport by mul-
tiplying the upper 200-m transports by a factor of 2. (Of course,
this is not always valid and may vary for individual passages as
well as temporally. The presence of counterflows below 200 m
is also a possibility that would cause such extrapolation of the
transport to be invalid.)

More recently, Leaman et al. [1995] reported observations

made in the NWPC using the Pegasus acoustic velocity profiler
during three cruises between November 1990 and September
1991. They found an average transport addition to the Florida
Current of —1.2 Sv over the full water column, consistent with
our observations. They also present velocity sections perpen-
dicular to and along the transect orientation, which can also be
compared with our observations (at least in the upper 200 m).
Their results differ from ours, in that they observed inflow to
the Florida Current only below 80-100 m depth, and outflow
above that depth and on the northern half of the channel. We,
on the other hand, observed inflow in the center of the channel
all the way to the surface, although as described above and
shown in Figure 4, we note that the inflow velocity does in-
crease with depth, so at least the shear structures of the two
studies agree. Leaman et al. [1995] also show the cross-transect
component of velocity, which is small (<15 cm/s), southward,
and confined to the upper 50 to 100 m within the southern half
of the channel, in good agreement with our observations.
We are not aware of any previous observations in the Great
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Figure 10. Same as Figure 2, but for the first Grenada Passage transect. The orientation of the vertical
sections is from northwest to southeast along the transect.

Inagua-Haiti Passage, and few studies have been done in the
Windward Passage, even fewer with direct velocity observa-
tions. Roemmich [1981], in his inverse calculation of the circu-
lation of the Caribbean Sea using hydrographic data collected
between 1954 and 1974, concluded that the flow through the
Windward Passage above the 27.4 sigma theta surface (the
approximate sill density of the Florida Current) was —7 Sv,
with —22 Sv coming from the eastern Caribbean and the other
few Sv necessary to balance the Florida Current coming from
the Old Bahama Channel and the NWPC. However, there is a
great deal of variability in Great Inagua Passage (and presum-
ably also the Windward Passage), with our nine transects show-
ing a low of —0.5 Sv and a high of —5.2 Sv, so Roemmich’s,
[1981] —7 Sv certainly falls within our observed transport range
if we take into account the transport extrapolation which could
double our 200-m transports. Kinder et al. [1985], in a review
article on the circulation of the Caribbean, attributes —10 Sv to
the Windward Passage, based on a compilation of results by
Worthington [1976], Roemmich [1981], and several others. In
these studies, which were based on hydrographic rather than

velocity observations, the role of the other northern passages
was not considered to be significant. On the contrary, our
observations show that the Mona and Anegada Passages may
contribute nearly the same amount of transport as the Wind-
ward Passage (Table 1).

Very few direct velocity observations have been made in
Mona Passage. An earlier study [Metcalf et al., 1977] conducted
using 423 drift bottles released in the passage (of which only 29
were returned) concluded that flow there was highly variable,
with some bottles traveling out of the Caribbean into the At-
lantic, and others going in the opposite direction into the
Caribbean, more in agrecement with our observation of an
average inflow. In a later study, a satellite-tracked surface
drifter was released near Mona Passage in October 1980 and
tracked for 6 months [Williams, 1986]. Again, a complex flow
pattern was observed, as the drifter remained north of the
Caribbean for the first 4 months, and then subsequently turned
and traveled through Mona Passage into the Caribbean at an
average speed of 38 cm/s. Williams [1986] estimated the trans-
port associated with the drifter motion to be —1 to —4 Sv.
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sections is from north to south along the transect.

These observations are consistent with our ADCP measure-
ments, which also show highly variable transport (Table 1).
Similarly, few previous studies of the upper layer flow
through Anegada Passage have been conducted. Metcalf
[1976], using a combination of water mass analysis and geostro-
phic velocity computations as well as a few direct current
measurements, computed a transport into the Caribbean of
—1.4 Sv for the upper 200 m, well within our —2.4 * 2.8 Sv
average transport (Table 1). His conclusion was that the An-
egada Passage is probably more significant in terms of deep
inflows to the Caribbean, which ultimately fill the deep interior
basins, rather than in upper layer transport when compared to
the higher transport of the southern passages. However,
Schmitz and Richardson [1991] concluded, based primarily on
water mass analysis, that the Anegada Passage may play a more
important role and should be examined more closely. Our
observations agree with this, showing that the transport
through Anegada Passage is similar in magnitude to Windward
and Mona passages, and furthermore that the three northern
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passages together account for close to half of the total trans-
port of the Florida Current as will be discussed below.

The data collected in the eastern Caribbean along 63.5°W in
1985-1986 have been described in detail by Smith and Morrison
[1989] and Morrison and Smith [1990]. The former describes
ADCP data methods and comparisons with acoustic velocity
profiler observations and with geostrophic observations, and
the latter discusses the observations with particular regard to
seasonal variability of the geostrophic transport. The small
differences between our reported transports for this section
(Table 1) and those tabulated by Smith and Morrison [1989] are
due to methodology differences such as smoothing, interpola-
tion, gridding, etc. Morrison and Smith [1990] discuss the
banded nature of the flow across 63.5°W, with three primary
bands of westward flow separated by eastward bands or regions
of little flow. They hypothesize that the eastward currents may
either be a result of the spacing of the passages of the Lesser
Antilles or a geostrophic response to the westward input of
high-salinity subtropical underwater through the passages.
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They report a mean geostrophic transport for the five sections
of —18 Sv above a zero reference surface at 1000 m, consistent
with the —9.5 Sv directly measured transport for the upper
200 m reported herein. They note that the seasonal variability
observed is in agreement with the regional climatic wind stress
curl distribution of Hastenrath and Lamb [1977] and is also
consistent with Florida Current transport variability as mea-
sured by cable [Larsen, 1992] for the same 1985-1986 time
period with a phase lag of 90-100 days. Other estimates of
transport through the eastern Caribbean include Roemmich’s
[1981] value of —22 Sv, Schmitz and Richardson’s (1991) recal-
culation from Stalcup and Metcalf's (1972) data of —28.8 Sv,
and Schmitz and McCartney’s [1993] estimates of —23 Sv
through the eastern Caribbean. Gordon [1967] computed a
geostrophic transport of —26 Sv along 64°30'W (which in-
cludes Anegada Passage), and Kinder et al. [1985] estimated
the transport at —20 Sv. As listed in Table 1 for the upper
200 m, our observations along 63.5°W range from a high of
—14.2 Sv in August 1985 to a low of only —1.7 Sv in October
1986 when there was a strong, wide eastward current present
over much of the northern half of the section. Velocity struc-
ture for the individual cruises are shown by Smith and Morrison
[1989].

The Grenada Passage has been the subject of several previ-
ous studies [cf. Stalcup and Metcalf, 1972], most yielding results
from single shipboard occupations and therefore probably not
representative of mean flow conditions. More recently, Wilson
and Johns [1997] have conducted a comprehensive program to
monitor the velocity structure in the passages of the eastern
Caribbean using a cable-lowered ADCP in conjunction with
hydrographic observations. The strongest flow of all the pas-
sages was found to be in Grenada Passage. The average veloc-
ity structure there, obtained from seven transects collected
between December 1991 and July 1994 and shown in their
Figure 4, showed surface-intensified westward flow with inflow
speeds up to 60 cm/s in the center of the channel, and a
counterflow located along the southern edge of the passage at
100-250 m depth with a speed less than 10 cm/s. Their mean
transport for the six transects which had full-depth coverage
(some of which were included in the present study) was ~4.7 +
1.6 Sv to the bottom of the passage, which is located at ~900-m
depth. The observed velocity structure described by Wilson and
Johns [1997] is in good agreement with that from the present
study (Figures 10 and 11), but the transport is lower, as our
average transport through Grenada Passage was —4.9 £ 1.9 Sv
for the upper 200 m alone. Our value is —4.1 Sv if the anom-
alously high transport observed during one particular cruise is
discarded. There are several reasons that could explain this
apparent disagreement in transport. Variability due to tides
and interaction with eddies impinging upon the islands from
the east, coupled with an insufficient number of observations
to obtain a stable mean, is possible. Also, only the last five of
the passage occupations listed in Table 1 were colocated with
the Wilson and Johns [1997] transect, and the mean of these
five is only —3.7 Sv. Finally, the transport structure of the
Grenada Passage reported by Wilson and Johns [1997] includes
a mean outflow over much of the passage, mostly below 200 m,
which would tend to reduce the total transport. More recent
calculations of the average Grenada Passage transport from
the ongoing Wilson and Johns [1997] program, which include
10 cruises through 1996, show the same features in the velocity
structure and have a slightly higher mean transport of —5.6 Sv.
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Figure 12. Schematic representation of the circulation of the
Intra-Americas Sea in the upper 200 m based on the observed
ADCP transports (Table 1). Approximate average transport is
indicated in Sverdrups.

4.2. Transport Balance

The transport values for the upper 200 m of the transects
represent a balance on average between inflow through all of
the passages from the Northwest Providence Channel to
Grenada Passage and outflow through the Florida Current at
27°N (Table 1). This result is shown schematically in Figure 12.
The inflow sum is

0.4 (NW) + 2.2 (GI) + 2.8 (MP) + 2.4 (AP) + 9.5 (CA)
=173 Sv.

Note that Grenada Passage is not added to the sum, as any flow
through the Grenada Passage would be included in the eastern
Caribbean transect (Figure 1). This inflow sum balances the
16.5 Sv observed upper 200-m outflow of the Florida Current
at 27°N to within less than 1 Sv. This balance is shown sche-
matically in Figure 12. It must be noted that although the
average transport is in balance, within any individual cruise the
passage transports do not balance as closely. This is due pri-
marily to lack of synopticity of the measurements, which were
typically collected over a period of two to three weeks. Trans-
port variability is undoubtedly high over that time frame. In the
Florida Current, for example, Larsen [1992] has observed very
large changes in transport (as high as 50% of the total trans-
port) over month-to-month timescales. The synoptic transports
do not necessarily have to be in balance anyway, as sea level
changes can occur. However, over time, given enough individ-
ual realizations of each passage transport, a meaningful aver-
age transport for each passage can be obtained and an average
transport balance achieved. Of course, Figure 12 is only a
schematic of the average circulation. Drifter studies, for exam-
ple, those presented by Molinari et al. [1981), always show that
there is a great deal of eddy variability, particularly in the
region of the eastern Caribbean, and so at any given time the
flow field will be much more complicated than the schematic
portrayal. Nevertheless, certain features of the Caribbean cir-
culation do on average resemble the schematic of Figure 12,
such as the convergence of the flow from the passages to form
the Caribbean Current/Loop Current system.

The difference between the average upper 200-m transport
at 27°N (16.5 Sv) and the transport at 26°N (15.4 Sv) is due to
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the addition of transport through the Northwest Providence
Channel. The upper 200-m transports through the Great In-
agua, Mona, and Anegada passages are all roughly equal at
about —2.5 Sv each (Table 2) and summed together are 7.4 Sv,
nearly half of the 26°N Florida Current transport. Of the —9.5
Sv total for the eastern Caribbean south of the Anegada Pas-
sage, Grenada Passage accounts for —4.9 Sv, or approximately
half of that total. This is a significant finding, as the Grenada
Passage is where the greatest input of water originating in the
southern hemisphere is likely to be found. A new program to
continuously monitor the transport through Grenada Passage
using a submarine cable similar to the one that has been suc-
cessfully monitoring the Florida Current transport is in the
early stages (W. Johns, personal communication, 1998) and
should produce enlightening results about the long-term mean
and variability of the transport there.

43,

The earlier studies of transport in the eastern Caribbean
discussed above [Gordon, 1967; Stalcup and Metcalf, 1972; Ro-
emmich, 1981; Schmitz and Richardson, 1991; Schmitz and Mc-
Cartney, 1993] all showed higher transport than the observa-
tions reported herein. It is tempting to speculate that these
transports indicate a trend toward lower transport through the
southern Caribbean passages over the past several decades. As
the Florida Current transport is known not to have varied
significantly over the same time period [Larsen, 1992], such a
trend would imply that there may have been a shift in the
prevailing large-scale circulation pattern, with a larger propor-
tion of the flow now entering the Caribbean through the north-
ern passages than in the 1970s.

The available observations are too limited to allow more
than speculation on interannual variability, however. This is
also why we do not address the subject of seasonal variability of
the flow through the passages. The large range in transport
through the various Caribbean transects (Table 1) shows the
hazards in basing long-term mean estimates of transport on
only a few realizations. However, indications from long time
series climate data are that there have been some very notice-
able changes in the tropical and subtropical North Atlantic on
the same decadal timescale, including changes in large-scale
wind patterns, sea surface temperature, hurricane frequency,
drought conditions in Africa, and changes in ENSO strength
and frequency [Hastenrath, 1990; Landsea et al., 1992].

Schmitz and Richardson [1991] argue that the transport into
the southern Caribbean includes a large southern hemisphere
component required to maintain a thermohaline overturning
circulation of ~15 Sv in the Atlantic. If the lower transports we
observe in the eastern Caribbean also include correspondingly
less southern hemisphere water, alternative pathways outside
the Caribbean would be required for the cross-equatorial
flows. Most likely possibilities include North Brazil Current
Rings [Johns et al., 1990; Fratantoni et al., 1995], which may at
times drift northwestward instead of impinging upon the island
chain as they often do, and interaction between the North
Equatorial Countercurrent and the North Equatorial Current
[Mayer and Weisberg, 1993; Bourles et al., 1999]. Additional
analyses, particularly involving water mass tracer analysis, and
numerical models forced by realistic winds for the decades in
question will likely shed more light on these issues.

Finally, many of the observations presented above were ob-
tained along ship tracks while the research vessel was “dead-
heading” to or from various research study areas in the IAS
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and off the coast of northeastern Brazil. Similar observations
could in the future be easily made from Volunteer Observing
Ships outfitted with ADCP units such as described herein,
providing a cost-effective current monitoring tool. Monitoring
the circulation of the IAS over a long time period should prove
enlightening in terms of seasonal, interannual, and longer-term
variability. Further understanding of the circulation of the IAS
and its interconnectedness in terms of fisheries, pollution, lar-
val transports, etc., will also depend on focused observational
programs that incorporate satellite fields of sea surface tem-
perature, ocean color and altimetry with Lagrangian drifters,
and shipboard-based interdisciplinary process studies.

Acknowledgments. The authors thank the officers and crew of the
R/V Malcolm Baldrige and our many AOML colleagues who assisted in
the collection of the data. Tom Lee and Bill Johns of the University of
Miami provided many helpful comments and suggestions that im-
proved the final manuscript. The Chapman Conference on the Circu-
lation of the Intra-Americas Sea held in La Parguera, Puerto Rico, in
January 1995 provided inspiration for this study.

References

Atkinson, L. P., T. Berger, P. Hamilton, E. Waddell, K. Leaman, and
T. N. Lee, Current meter observations in the Old Bahamas Channel,
J. Geophys. Res., 100, 8555-8560, 1995.

Bourles, B., R. L. Molinari, E. Johns, W. D. Wilson, and K. D. Lea-
man, Upper layer currents in the western tropical North Atlantic
(1989-1991), J. Geophys. Res., 104, 1347-1361, 1998.

Fratantoni, D. M., W. E. Johns, and T. L. Townsend, Rings of the
North Brazil Current: Their structure and behavior inferred from
observations and a numerical simulation, J. Geophys. Res., 100,
10,633-10,654, 1995.

Gordon, A. L., Circulation of the Caribbean Sea, J. Geophys. Res., 72,
6207-6223, 1967.

Hastenrath, S., Decadal-scale changes of the circulation in the tropical
Atlantic sector associated with Sahel drought, Int. J. Climatol., 10,
459-472, 1990.

Hastenrath, S., and P. Lamb, Climate Atlas of the Tropical Atlantic and
Eastern Pacific Oceans, 110 pp., Univ. of Wisc. Press, Madison, 1977.

Johns, W. E., and F. Schott, Meandering and transport variations of
the Florida Current, J. Phys. Oceanogr., 17, 1128-1147, 1987.

Johns, W. E,, T. N. Lee, F. A. Schott, R. J. Zantopp, and R. H. Evans,
The North Brazil Current retroflection: Seasonal structure and eddy
variability, J. Geophys. Res., 95, 22,103-22,120, 1990.

Kinder, T. H., G. W. Heburn, and A. W. Green, Some aspects of the
Caribbean circulation, Mar. Geol., 68, 25-52, 1985.

Landsea, C. W., W. M. Gray, P. W. Mielke Jr., and K. J. Berry,
Long-term variations of West Sahelian monsoon rainfall and intense
U. S. landfalling hurricanes, J. Clim., 5, 1528-1534, 1992.

Larsen, J. C., Transport and heat flux of the Florida Current at 27°N
derived from cross-stream voltages and profiling data: theory and
observations, Philos. Trans. R. Soc. London, Ser. A, 338, 169-236,
1992.

Larsen, J. C., and T. Sanford, Florida Current volume transports from
voltage measurements, Science, 227, 302-304, 1985.

Leaman, K. D., and R. L. Molinari, Topographic modification of the
Florida Current by Little Bahama and Great Bahama Banks, J. Phys.
Oceanogr., 17, 1724-1736, 1987.

Leaman, K. D., R. L. Molinari, and P. S. Vertes, Structure and vari-
ability of the Florida Current at 27°N: April 1982-July 1984, J. Phys.
Oceanogr., 17, 565-583, 1987.

Leaman, K. D., P. S. Vertes, L. P. Atkinson, T. N. Lee, P. Hamilton,
and E. Waddell, Transport, potential vorticity, and current/
temperature structure across Northwest Providence and Santaren
Channels and the Florida Current off Cay Sal Bank, J. Geophys. Res.,
100, 8561-8569, 1995.

Lee, T. N., F. Schott, and R. Zantopp, Florida Current: Low-frequency
variability of the Florida Current as observed with moored current
meter stations during April 1982-June 1983, Science, 227, 298-301,
1985.

Mayer, D. A,, and R. H. Weisberg, A description of COADS surface



25,820

meteorological fields and the implied Sverdrup transports for the
Atlantic Ocean from 30°S to 60°N, J. Phys. Oceanogr., 23, 22012221,
1993.

Metcalf, W. G., Caribbean-Atlantic water exchange through the An-
egada-Jungfern Passage, J. Geophys. Res., 81, 6401-6409, 1976.

Metcalf, W. G., M. C. Stalcup, and D. K. Atwood, Mona Passage drift
bottle study, Bull. Mar. Sci., 27, 586-591, 1977.

Molinari, R. L., M. Spillane, I. Brooks, D. Atwood, and C. Duckett,
Surface currents in the Caribbean Sea as deduced from Lagrangian
observations, J. Geophys. Res., 86, 6537-6542, 1981.

Molinari, R. L., et al., Subtropical Atlantic climate studies: Introduc-
tion, Science, 227, 292-295, 1985.

Mooers, C. N. K., and G. A. Maul, Intra-Americas Sea circulation, in
The Sea, vol. 11, The Global Coastal Ocean: Ideas and Observations
on Progress in the Study of the Seas, edited by A. R. Robinson and
K. H. Brink, pp. 183-208, John Wiley, New York, 1998.

Morrison, J. M., and O. P. Smith, Geostrophic transport variability
along the Aves Ridge in the eastern Caribbean Sea during 1985-
1986, J. Geophys. Res., 95, 699-710, 1990.

Ogden, J. C., Marine managers look upstream for connections, Sci-
ence, 278, 1414-1415, 1997.

Pillsbury, J. E., The Gulf Stream—A description of the methods em-
ployed in the investigation, and the results of the research, report
Appendix 10, pp. 461-620, U.S. Coast and Geodetic Survey, Silver
Spring, Md., 1890.

Richardson, W. S., and W. J. Schmitz Jr., A technique for the direct
measurement of transport with application to the Straits of Florida,
J. Mar. Res., 23, 172185, 1965.

Richardson, W. S., and J. R. Finlen, The transport of Northwest
Providence Channel, Deep Sea Res., 14, 361-367, 1967.

Roberts, C. M., Connectivity and management of Caribbean coral
reefs, Science, 278, 1454-1457, 1997.

Roemmich, D., Circulation of the Caribbean Sea: A well-resolved
inverse problem, J. Geophys. Res., 86, 7993-8005, 1981.

Schmitz, W. J., Jr., and M. S. McCartney, On the North Atlantic
circulation, Rev. Geophys., 31, 29-49, 1993.

Schmitz, W. J., Jr., and P. L. Richardson, On the sources of the Florida
Current, Deep Sea Res., Suppl., 38, $379-S409, 1991.

JOHNS ET AL.: VELOCITY AND TRANSPORT IN THE IAS PASSAGES

Schmitz, W. J., Jr., and W. S. Richardson, On the transport of the
Florida Current, Deep Sea Res., 15, 679-693, 1968.

Schott, F., and R. Zantopp, Florida Current: Seasonal and interannual
variability, Science, 227, 308311, 1985.

Smith, O. P., and J. M. Morrison, Shipboard acoustic Doppler current
profiling in the eastern Caribbean Sea, 1985-1986, J. Geophys. Res.,
94, 9713-9719, 1989.

Stalcup, M. C,, and W. G. Metcalf, Current measurements in the
passages of the Lesser Antilles, J. Geophys. Res., 77, 1032-1049,
1972.

Sturges, W., Observations of deep water renewal in the Caribbean Sea,
J. Geophys. Res., 75, 7602-7610, 1970.

Williams, W. G., Lagrangian measurements of surface circulation near
Puerto Rico, J. Phys. Oceanogr., 16, 1715-1719, 1986.

Wilson, W. D., and W. E. Johns, Velocity structure and transport in
the Windward Islands Passages, Deep Sea Res., 44, 487-520, 1997.

Wilson, W. D., and J. A. Routt, Shipboard acoustic Doppler current
profiler data collected during the Subtropical Atlantic Climate Stud-
ies (STACS) project (1989-1990), NOAA Tech. Memo., ERL
AOML-71, 1992.

Wilson, W. D., E. Johns, and R. L. Molinari, Upper layer circulation
in the western tropical North Atlantic Ocean during August 1989, J.
Geophys. Res., 99, 22,513-22,523, 1994.

Worthington, L. V., On the North Atlantic Circulation, 120 pp., Johns
Hopkins Press, Baltimore, Md., 1976.

Waust, G., Stratification and Circulation in the Antillean-Caribbean Ba-
sins. 1. Spreading and Mixing of the Water Types With an Oceano-
graphic Atlas, 201 pp., Columbia Univ. Press, Palisades, New York,
1964.

E. Johns, R. L. Molinari, and W. D. Wilson, Atlantic Oceanographic
and Meteorological Laboratory, NOAA, 4301 Rickenbacker Cause-
way, Miami, FL 33149. (johns@aoml.noaa.gov)

(Received December 20, 1998; revised July 8, 1999;
accepted July 27, 1999.)



