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ABSTRACT

A 5.8-year time series of moored current meter observations is used with hydrographic section data, CME
model results, and gridded wind fields over the North Atlantic to describe the mean structure and variability of
circulation and volume transports east of Abaco, Bahamas, at 26.5°N. A mean Antilles Current, with 5 Sv of
northward transport, is confined against the Bahamas boundary in the upper 800 m and combines with approx-
imately 19 Sv of Florida Current transport to balance the Sverdrup interior circulation, and does not contribute
to interhemispheric exchange. The mean transport of the deep western boundary current (DWBC) off the Ba-
hamas is approximately 40 Sv, of which 13 Sv compensates the upper branch of the thermohaline circulation,
requiring a 27 Sv deep recirculation.

Robust annual and semiannual ¢ycles of meridional transport are found in both moored observations and
model results with remarkable agreement in amplitude (=13 Sv) and phase. Maximum northward transports
occur in winter and summer, and minimums occur in fall and spring due to a predominantly barotropic response
to remote and local seasonal wind forcing. Transport variability on timescales less than semiannual is dominated
by mesoscale eddies that propagate westward into the Bahamas boundary in the thermocline at periods of 70—
100 days, wave speeds of about 4 cm s, and wavelengths of about 335 km. These events are frequently
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correlated with offshore shifts of the DWBC core.

1. Introduction

Early theoretical work by Stommel (1957) and
Stomme! and Arons (1960a,b) predicted that deep-wa-
ter mass formation at high northern latitudes in the At-
lantic would lead to concentrated southward flow of
‘North Atlantic Deep Water (NADW) along the west-
ern margin of the basin. The cold sonthward transport
of this deep western boundary current (DWBC) must
be balanced on the mean by a warm return flow in the
thermocline, thus completing a meridional thermoha-
line circulation cell, sometimes referred to as the *‘At-
lantic Conveyor Belt’* (Broecker et al. 1985). Bjerknes
(1964) hypothesized that variations of the Atlantic
thermohaline circulation on decadal timescales are cou-
pled to climatic variations. The importance of an active
thermohaline circulation to sea surface temperature in
the North Atlantic and global climate was demonstrated
by Manabe and Stouffer (1988) with a coupled ocean—
atmosphere model. They showed that cool, fresh sur-
face waters prevail in the North Atlantic with a weak
overturning circulation and ice-age climate conditions,
whereas a well-developed overturning cell occurred
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with warm, saline surface waters in the North Atlantic
and a climate similar to the present.

Estimates of the rate of NADW formation range
from 15 to 20 Sv (Sv = 10° m® s™!) (Gordon 1986).
Observation and model estimates of mean volume
transport within the upper or lower branches of the ther-
mohaline circulation are similar and range from about
8 to 20 Sv (Lee et al. 1991). Roemmich and Wunsch
(1985) estimate that 92% of the net transatlantic heat
flux of 1.2 PW (1 PW = 10% watts) at 24°N is con-
centrated in the thermohaline circulation. Reliable es-
timates of net transports within the thermohaline cir-
culation are difficult to make from observations be-
cause the upper and lower branches of the cell can be
poorly defined or separated by large distances. How-
ever, in the subtropical Atlantic near 27°N, where the
ocean poleward heat flux is near maximum, the ther-
mohaline circulation and subtropical gyre return flow
are concentrated in well-organized western boundary
currents: the Florida Current (FC), confined within the
Straits of Florida; and the Antilles Current (AC) and
the DWBC, which are both constrained against the
eastern slope of the Bahamas, within and below the
thermocline, respectively.

As part of an ongoing effort to monitor transport
fluctuations in western boundary currents at 26.5°N, we
have maintained moored current meter arrays east of
Abaco, Bahamas, since April 1986. This work was ini-
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tiated in the NOAA/AOML STACS (Subtropical At-
lantic Climate Studies) Program and later evolved into
the WOCE ACM-1 boundary current array with sup-
port from NSF and NOAA Atlantic Climate Change
Program. The intent of the project is to make long-term
measurements of transports for investigation of vari-
ability on seasonal to climate-relevant timescales. In
this paper we report on a total of 5.8 years of obser-
vations, from April 1986 to February 1992. Previously,
we presented results from the first two years of mea-
surements where we found large transport variations of
up to 90 Sv on 70-100-day timescales, produced in
part by eastward excursions of the DWBC core sea-
ward of our moored array (Lee et al. 1990). Additional
findings included a large southward mean transport of
33 Sv in the DWBC that is about a factor of 2 larger
than accepted values for cross-hemispheric exchange,
pointing to a significant deep recirculation in the ocean
interior. Second, a weak AC was found in the ther-
mocline with a northward mean transport of about 3 Sv
close to the Bahamas Platform off Abaco. The exis-
tence of this current as a persistent feature has been in
question since Leetmaa et al. (1977) showed a near
balance between the FC and the interior Sverdrup trans-
port at this latitude, suggesting that an AC was unnec-
essary to close the wind-driven circulation. However,
the lack of an AC is at odds with a net northward heat
flux of 1.2 PW attributed to the thermohaline circula-
tion (Roemmich and Wunsch 1985). Third, our
moored transports showed no evidence of an annual
transport cycle, in contrast to the strong annual trans-
port signal east of the Bahamas predicted by basin-scale
wind-driven models ( Anderson and Corry 1985; Bon-
ing et al. 1991).

Here we show that by extending the length of our
transport time series to 5.8 years we can now clearly
resolve an annual cycle that agrees with wind-forced
models. The longer time series now available also pro-
vides robust estimates for the mean upper- and lower-
layer transports along the western boundary. In addi-
tion, the most recent moored array was extended farther
to the east, which helps to elucidate meandering mo-
tions of the DWBC core. Previous work has shown that
the DWBC at this latitude consists of a throughflow
that participates in the thermohaline circulation, and a
recirculating component that contributes to the venti-
lation of the deep Atlantic interior (Lee et al. 1990;
Leaman and Harris 1990). All references to volume
transport of the DWBC here include contributions from
both flow components unless specified separately. In a
companion paper, we use the current and temperature
data from the Abaco array to investigate the structure
and variability of meridional heat transports and esti-
mate errors in transatlantic heat flux estimates caused
by eddy aliasing of hydrographic section data, and an-
alyze barotropic heat transports due to warm currents
over shallow topography (Fillenbaum et al. 1996). For
more detailed discussions of the relevant literature per-
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taining to boundary current flows east of the Bahamas,
the reader is referred to the initial set of papers from
the STACS Program (Fine and Molinari 1988; Rosen-
feld et al. 1989; Leaman and Harris 1990; Lee et al.
1990; Molinari et al. 1990). In this work, we first pres-
ent the mean flow structure observed during the moor-
ing deployments (section 3), followed by a discussion
of the volume transport variability (sections 4 and 5)
and the methods used to estimate the DWBC transport
(section 6). In section 7 we consider processes impor-
tant to the observed variability on timescales of 30—
100 days, annual cycles, and interannual variability,
and we evaluate net transports in terms of the contri-
butions from thermohaline and wind-driven compo-
nents. Frequently, we compare results from observa-
tions and Community Modeling Effort (CME) Atlantic
basin first generation model (Bryan and Holland
1989). The comparisons are made using the CME
model results published by Boning et al. (1991) and
derivations from CME data that were provided to us by
F. Bryan of the National Center for Atmospheric Re-
search (NCAR). In all cases the same first-generation
version of the model is used.

2. Observations

The NOAA STACS Program began a study of west-
ern boundary current structure and variability at 26.5°N
latitude off Abaco in mid-1985. This location was cho-
sen partly because of its close proximity to the FC
transport monitoring section across the Straits of Flor-
ida at 27°N, where a stable mean transport of 31.5 Sv
is well documented (Molinari et al. 1985; Leaman et
al. 1987; Schott et al. 1988), and due to its proximity
to the 24°N transatlantic heat flux section (Hall and
Bryden 1982; Roemmich and Wunsch 1985). The
STACS Program provided support for the maintenance
of a transport-resolving boundary current array from
April 1986 to March 1990, together with repeat hydro-
graphic sections and PEGASUS current profiling
across the array (Rosenfeld et al. 1989; Leaman and
Harris 1990). Individual settings of the moored array
during this period were termed STACS-7, -8, and -10.
Timing of array deployments and mooring locations are
shown in Figs. 1a,b. Mooring identifications, positions,
and instrument depths are given in Table 1.

During STACS-7, data were recovered from a single
mooring (mooring B) located near the base of the Ba-
hamas escarpment. STACS-8 and -10 were transport-
resolving arrays extending from the Bahamas boundary
to 85 km offshore with four and three moorings, re-
spectively. The moored array was redeployed in June
1990 to February 1992 during the NSF-supported
Western Atlantic Thermohaline Transport Study
(WATTS). The WATTS array consisted of five moor-
ings extending offshore to 300 km from the boundary.
The four western moorings made up a transport-resolv-
ing boundary current array (moorings A—D, Fig. 1a)
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FIG. 1. Abaco moored current meter arrays. (a) Mooring locations at 26.5°N for each deployment,
arrays are offset to the north to show different mooring configurations; (b) schematic time line iden-

tifying deployment periods for each array.

similar to STACS-8 and -10. The eastern mooring E
was positioned on the eastern side of a small topo-
graphic rise that lies between mooring D and E (see
Fig. 2), which is thought to play a role in steering a
deep recirculation (Leaman and Harris 1990; Lee et al.
1990). Mooring A was located at 900-m depth, near
the top of the escarpment on the western side of the
array. This location is within the strong northward flow
that is concentrated against the boundary in the ther-
mocline (Lee et al. 1990). Moorings B and C were
located near the mean position of the DWBC core,
which was previously observed approximately 25 km
east of the escarpment at a depth of about 2500 m (Lee
et al. 1990). Mooring D was deployed near the eastern
edge of the DWBC.

Instruments were positioned at nominal depths of
100, 400, 800, 1200, 2000, 3000, and 4000 m (Table
1). A mixture of Aanderaa, VACM, and VMCM cur-
rent meters was used. Typically, VACMs equipped
with pressure sensors were used at the 100-m depth and
Aanderaas with pressure sensors at 400 and 800 m to

record mooring motion. Moorings D and E were also
equipped with additional temperature and pressure sen-
sors at 200 and 1400 m. Current induced mooring
draw-down resulted in vertical excursions with stan-
dard deviations of less than 10 m at the shallow moor-
ing A, 30-40 m at deep moorings B—D in the strong
boundary current regime, and about 5 m at mooring E,
which is seaward of the boundary currents in more be-
nign flows.

Data editing included calibration, spike removal,
small gap filling, time step corrections and correction
for mooring motion using the pressure records. Data
processing consisted of low-pass filtering with a 40-
hour Lanczos filter to remove variance with tidal and
inertial periodicities. The attenuation of semidiurnal
tidal variability is more than 10°. The filtered data were
then subsampled every 12 h at 0000 and 1200 UTC to
form a low-frequency (subtidal) dataset. Horizontal
currents described in the text are unrotated so that u is
positive toward the east and v is positive toward the
north, which is approximately the alignment of the Ba-
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TABLE 1. Mooring identifications, positions, and instrument depths for deployments east of Abaco, the Bahamas.
Water depth
Mooring ID Latitude Longitude (m) Instrument depths (m)

STACS-7 moorings: 26 March 1986-27 March 1987
B 26°30.6'N 76°31.8'W 4855 1200 2500 3860 4760

STACS-8 moorings: 29 March 1987-20 June 1988
A 26°31.4'N 76°46.0'W 3593 100 400 1200 2200 3100 3500
B, 26°30.7'N 76°35.1'W 4829 100 400 1200 2500 3800 4260
B, 26°30.4'N 76°22.9'W 4840 100 400 1200 2500 3800 4700
C 26°28.7'N 76°06.6'W 43812 100 400 1200 2500 3800 4700

STACS-10 moorings: 5 October 1988-20 June 1990
A 26°30.6'N 76°50.4'W 900 100 400 800
B 26°29.4'N 76°26.9'W 4850 100 400 800 1200 2400 3800
C 26°28.5'N 76°06.1'W 4810 100 400 800 1200 2400 3800

WATTS moorings: 18 June 199010 February 1992
A 26°31.7'N 76°50.9'W 900 100 400 800
B 26°29.8'N  76°27.0'W 4838 180 480 880 1280 2080 3080 4080
C 26°30.0’'N 76°06.0'W 4808 180 480 880 1280 2080 3080 4080
D 26°30.0'N 75°41.0'W 4685 180 280 480 880 1280 1480 2080 3080 4080
E 26°29.5'N 73°49.2'W 4800 180 280 440 820 1200 1400 2000 3000 4000

hamas escarpment in this region. Here we concentrate
on the v component because meridional volume trans-
ports derived from the east—west oriented arrays are of
primarily interest. Also v and u are highly correlated,
which would make a separate treatment of u somewhat
repetitive, and the v component tends to be stronger
near the cores of the prevailing current systems.

Computation of volume transport

Subtidal time series of meridional volume trans-
ports were computed for each setting of the boundary
current arrays. The method of computing transports
consists of the following steps: 1) extrapolation of v
to zero at the bottom from the deepest instrument at
each mooring; 2) extrapolation of v to the surface
from the upper current meter using the vertical shear
from below at that time (with a modification for
mooring A for those periods when the upper-100-m
instrument failed, in which a regression with the 400-
m record was used to account for the subsurface max-
imum of northward flow observed there); 3) inter-
polation of depth corrected v-component profiles be-
tween instruments on each mooring using a
shape-preserving cubic spline fit (Akima 1970); 4)
linear interpolation between moorings to produce a
gridded v-component cross section with 100-m ver-
tical by 5-km horizontal resolution; followed by 5)
zonal integration across the array from the Bahamian
shelf (100-m isobath) out to the offshore mooring
location (85 km offshore during STACS-8 and -10

and 125 km offshore during WATTS ). The offshore
integration was also truncated at 85 km for WATTS
to provide a transport record comparable with those
of the earlier deployments. An adjustment was also
made for the decrease in horizontal resolution of the
moorings over the western 85 km segment during
STACS-10 and WATTS (three moorings) compared
to STACS-8 (four moorings). To accomplish this,
weighted averages of the currents from the two cen-
tral moorings of STACS-8 were used to construct a
‘‘pseudo’’ mooring for evaluation of transports de-
rived from the equivalent three-mooring configura-
tion. A linear regression between the STACS-8 trans-
ports derived from the four-mooring versus three-
mooring configurations showed a high correlation
coefficient of 0.99, but the three-mooring array un-
derestimated the mean southward transport by 3 Sv
due to slight underresolution of the DWBC core. A
similar regression was also found for the transport
below 800 m. These regressions were used to correct
the transport time series for the total water column
and below 800 m for both the STACS-10 and
WATTS time periods for the 85-km section width.
No corrections were made for transports computed
east of the 85-km section width during WATTS. As
in Lee et al. (1990), we divide the total transport into
contribution above and below 800 m, which is con-
sistently near the zero crossing of the average merid-
ional transport profile across the arrays, marking the
transition between northward flow in the upper layer
and southward flow in the DWBC.
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FI1G. 2. (a,b) Bathymetry of the Bahamas escarpment—Hatteras Plain region with superimposed mean current vectors from long-term
moored observations for the (a) upper 1000 m and (b) below 1000 m. Measurements include those by Olson et al. (1984 ) south of 26.5°N,
Lai (1984) along 28°N, Mills and Rhines (1979) in the Blake Spur region, and our moored measurements at 26.5°N off Abaco.

3. Mean flow structure and volume transport
for each array deployment

Mean current vectors from the Abaco arrays are plot-
ted on topography together with other historical current
meter data from the region for the upper 1000 m and
for the lower layer below 1000 m in Figs. 2a and 2b,
respectively. Also shown for comparison are the five-
year mean flow fields at depths of 232 and 2125 m from
CME model runs by Boning et al. (1991) (Figs. 2c and
2d). In comparing mean flows one should keep in mind
that the averaging times for the measured currents vary
from approximately one year for the historical records
to 1.5-5.8 years for the Abaco data. Even so, the cur-
rent patterns are remarkably consistent and show good
qualitative agreement with CME model results. Within
the upper 1000 m a clockwise circulation is evident east
of Abaco in the observations and model, with an inten-
sified northward flow over the Bahamas escarpment.
Previous investigators have observed similar patterns
in dynamic topography that were explained as recir-
culation of Gulf Stream water west of SO°W (Stommel
et al. 1978; Olson et al. 1984). Apparently our Abaco
moored array cuts across the southern extension of this
Gulf Stream recirculation on the mean. However, the
intensified northward flow near the western boundary,
the Antilles Current, appears to result as compensation
for the accumulation of westward flow in the interior.

A hydrographic survey by Gunn and Watts (1982) pro-
vides evidence that the region can also be frequented
by mesoscale eddies. Below 1000 m the observed and
modeled mean flow vectors clearly display a deep
southward jet following the steep topography of the
Bahamas escarpment (Figs. 2b and 2d). The CME
model also shows a deep cyclonic recirculation off the
Bahamas that is consistent with the deep northeastward
mean currents observed on mooring E.

The mean meridional velocity structure for each set-
ting of the Abaco array is shown in Figs. 3 a—d, to-
gether with a five-year average velocity section from
the last five years of a 25-year run of the CME model
(Bryan and Holland 1989). Velocity and temperature
fields sampled every three days from the CME model
were provided by F. Bryan of NCAR. Mean meridional
volume transports computed above and below 800 m
and for the total water column are given in Table 2,
together with standard deviations and standard errors
of the mean, computed using a 60-day decorrelation
timescale. Transports are computed over the 85-km
span of the STACS arrays and also over 125 km from
the WATTS array and the CME model.

Qualitatively, the mean structure of the meridional
flow field is remarkably consistent from year to year
and for the model-observation comparison. A mean
Antilles Current is found against the Bahamas bound-
ary with a strong mean northward jet centered at about






