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ABSTRACT

Data from almost five years of current meter moorings located across the Bahamas Escarpment at 26.5°N are
used to investigate meridional heat transport variability in the section and its impact on transatlantic heat flux.
Estimates of heat transport derived from the moored arrays are compared to results from the Community Modeling
Effort (CME) Atlantic basin model and to historical hydrographic section data. A large fraction of the entire
transatlantic heat flux is observed in this western boundary region, due to the opposing warm and cold water
flows associated with the Antilles Current in the thermocline and the deep western boundary current at depth.
Local heat transport time series derived from the moored arrays exhibit large variability over a range of = 2
PW relative to 0°C, on timescales of roughly 100 days. An annual cycle of local heat transport with a range of
1.4 PW is observed with a summer maximum and fall minimum, qualitatively similar to CME model results.
Breakdown of thetotal heat transport into conventional ‘“barotropic’ (depth averaged) and ** baroclinic” (transport
independent) components indicates an approximately equal contribution from both components. The annual mean
value of the baroclinic heat transport in the western boundary layer is 0.53 = 0.08 PW northward, of opposite
direction and more than half the magnitude of the total southward baroclinic heat transport between Africa and
the Bahamas (about —0.8 PW) derived from transatlantic sections. Combination of the results from the moored
arrays with Levitus climatology in the interior and historical Florida Current data yields an estimate of 1.44 =+
0.33 PW for the annual mean transatlantic heat flux at 26.5°N, approximately 0.2 PW greater than the previously
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accepted value of 1.2-1.3 PW at this latitude.

1. Introduction

Determining the patterns and amounts of heat trans-
ported in the World Ocean is of great importance to our
understanding of ocean circulation and its influence on
climate variability. Oceanic heat flux is closely coupled
to the deep (thermohaline forced) circulation, the for-
mation of water masses, and global climate. Heat trans-
port by the oceans is thought to play a major role in
climate moderation (Vonder Haar and Oort 1973). Be-
cause the timescal es on which the oceans transport heat
are so much longer than those in the atmosphere, and
because the oceans serve as a giant heat sink or “fly-
wheel” for the global heat cycle, the oceans play an
important rolein climate change. Recent coupled ocean—
atmosphere models imply that there are at least two
stable states for ocean circulation and atmospheric cli-
mate: one state with a fairly intense thermohaline cir-
culation, large oceanic heat transport, and a fairly mod-
erate climate similar to that currently existing, and an-
other state with weaker circulation, less heat transport,
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and an ice-age climate (Bryan 1986; Manabe and Stouf-
fer 1988).

Oceanic heat flux has typically been calculated from
rather sparse data, widely and unevenly distributed in
time and space. Typically, estimates of net ocean heat
flux have been made using single hydrographic sections,
which are assumed to be representative of the mean state
of the ocean. Here long-term time series of velocity and
temperature from current meter moorings deployed east
of Abaco Island at 26.5°N (Fig. 1) are used toinvestigate
the influence of western boundary current variability on
transatlantic heat flux on timescales from monthly to
interannual .

A recent paper by Lee et al. (1996, hereafter LIZF)
describes the structure and variability of these currents
and their relationship to basinwide wind and thermo-
haline forcing. A similar quantitative understanding of
heat transport variability in this western boundary cur-
rent region will enable us to improve traditional heat
flux measurements made from hydrographic sections or
ship of opportunity data. As noted by Hall and Bryden
(1982), errors in estimating the transport of western
boundary currents on continental slopes and over shal-
low regions can introduce large errors in meridional
oceanic heat flux estimates. The Abaco dataset provides
an opportunity to directly compute the heat transport on
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Fic. 1. (a) Array locations for STACS-8, STACS-10, and WATTS. The WATTS array extends farther east than the
earlier deployments. Locations are shown spread in latitude for clarity; all moorings are actually located very close to
26.5°N. (b) Mooring locations and instrument depths for each deployment are shown below.

the continental slope, as well as a means of estimating
the eddy heat flux in this area.

The organization of this paper will be as follows:
After this introduction to heat transport and regional
circulation, section 2 (methods) deals with adescription
of mooring and model data, correction of mooring data,
and methods of calculating the heat transport. In section
3 (results) we present time series of heat transport, dis-
cuss their variability, and investigate the annual cycle
in observed heat transport. We also consider onshore
and offshore positions of the deep western boundary
current, as these can affect the volume and heat trans-
ports derived from the moored data. In section 4 (dis-
cussion), we consider implications for transatlantic sec-
tion heat flux and discuss differences between modeled
and observed results. Section 5 presents a summary of
results and conclusions.

Meridional heat flux in the Atlantic is dominated by
the large-scale overturning cell that transports deep wa-

ter southward across the equator into the Southern
Ocean, balanced by a warm return flow in the ther-
mocline. The dominance of meridional overturning is
primarily because temperature differences in the ocean
are typically much greater within the water column than
horizontally. Thus, it is the thermohaline circulation,
with its associated overturning and deep circulation, that
plays a major role in transporting heat. Roemmich and
Wunsch (1985), for example, found that the wind-driven
circulation accounts for less than 10% of the heat flux
through 24°N in the North Atlantic. Because the ther-
mohaline circulation is weaker in the Pacific than in the
Atlantic (partly because little or no deep water isformed
in the Pacific), the meridional heat flux isweaker; it has
been measured at 0.76 PW across 24°N in the Pacific,
which is less than two-thirds the corresponding value
in the Atlantic (Bryden et al. 1991).

For practical purposes, meridional heat flux is defined
by the integral
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Fic. 2. Average geostrophic velocity referenced by Pegasus absolute velocities for April 1985—
September 1987 over the mooring area (after Lee et al. 1990).
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(Bryan 1962) where C, is the heat capacity of the ocean
at constant pressure, p is the water density, 6 is the
potential temperature (measured in °C), v is the north—
south component of velocity, L isthe width of the ocean
at the latitude being considered, and H is the ocean
depth, which can vary across the section. The product
C,p is normally assumed constant. Oceanic heat flux is
normally expressed in petawatts (PW), where 1 PW =
10%W. A meaningful estimate of the meridional ocean
heat flux requires the calculation of (1) over afull oce-
anic section for which there is zero net mass transport;
otherwise the calculated heat transport is dependent on
an arbitrary temperature reference. This is nearly true
for the Atlantic, which is closed to the north except for
a small transport occurring through the Bering Strait
that negligibly affects the heat flux calculation at mid-
latitudes (Hall and Bryden 1982).

We will use moored transport estimates, along with
results from the Community Modeling Effort model
(CME) to describe the influence of western boundary
currents off Abaco, Bahamas, on the transatlantic heat
flux. The boundary currents off Abaco are characterized
by two major flow regimes, divided vertically near 800
m where the mean meridional flow reverses from north-
ward in the upper ocean to southward at depth (Fig. 2).
In the upper layer, a mean Antilles Current is observed
with awarm northward core at an average depth of 400
m, located close to the Bahamas Escarpment (Lee et al.

1990). In LJZF it is concluded that the Antilles Current
is necessary as part of the western boundary current
closure of the wind-driven subtropical gyre, but does
not appear to be involved in interhemispheric ex-
change—that is, it is not part of the thermohaline cir-
culation (see also Schmitz et al. 1992). Flow below 800
m is dominated by a strong deep western boundary cur-
rent (DWBC) with a southward core centered near 2500
m approximately 25 km seaward of the boundary. LJZF
reported considerable variability in the strength and po-
sition of these currents, causing large decreases in the
observed total southward transport at times when the
DWBC meanders offshore and becomes only partially
resolved by the moored arrays. LJZF aso found alarge
annual cycle of meridional transports off the Bahamas
[+ 13 Sv (Sv = 10° m® s71), with maximum northward
transports in winter and summer and minimain fall and
spring] that agrees in magnitude and phase with that
predicted by wind-forced basin models. The mean
southward transport of the DWBC reported by LJZF, of
approximately 40 Sv, is two to three times larger than
the accepted values for net interhemispheric exchange,
indicating a large recirculating component. Volume
transports through the section ranged from 80 Sv south-
ward to 60 Sv northward, and the DWBC core was seen
to meander from 25 to 125 km offshore. The dominant
timescale of variability was 70 to 100 days, with the
major causes of variability believed to be meandering
of the DWBC and propagation of baroclinic upper-ocean
eddies into the region from the interior. The reader is
referred to LJZF for more complete discussion of the
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structure and variability of the Abaco western boundary
current regime.

2. Methods
a. Moored current meter measurement

The results are primarily based on data from three
moored current meter arrays that were deployed at
26.5°N off Abaco Island from April 1987 to February
1992 (Fig. 1). These arrays are referred to from earliest
to latest as STACS-8 (consisting of four moorings de-
ployed from Apr 1987 to Jun 1988), STACS-10 (three
moorings, Oct 1988-Jun 1990), and WATTS (five moor-
ings, Jun 1990—Feb 1992). The first two settings were
part of the NOAA/AOML SubTropical Atlantic Climate
Studies project, while the third was from the NSF spon-
sored Western Atlantic Thermohaline Transport Study.
There were typically six or seven instruments per moor-
ing, all measuring velocity and temperature, and usually
two per mooring with pressure sensors. Instruments
were located nominally at 100, 400, 1200, 2500, 3800,
and 4700 m for STACS-8 and STACS-10, and 100, 400,
800, 1200, 2000, 3000, and 4000 m for WATTS (Fig.
1b). The westernmost mooring in each array was in
shallower water on the upper Bahamian slope (900 to
1600 m), with deepest instruments at 800 or 1200 m.
The coherent part of the array, extending from the Ba-
hamas boundary to approximately 85 km offshore, was
designed to observe volume and heat transports of the
concentrated western boundary flows.

Measured current, temperature, and pressure time se-
riesfrom the moored instruments were edited to fill gaps
and remove spikes, then filtered with a 40-h low-pass
filter to remove the effect of tides. Resulting time series
of u (positive east) and v (positive north) components
of velocity, in situ temperature, and pressure were then
subsampled every 12 h.

b. Correction for mooring motion

Locally strong barotropic currents off Abaco caused
considerable mooring setdown with vertical displace-
ments reaching 240 m. The measured pressure records
were used to correct current and temperature time series
for this mooring motion. Velocity correction was a
straightforward interpolation every 25 m at each 12-h
time interval using an Akima (1970) shape-preserving
cubic spline fit between the known instrument depth
levels. Above the shallowest instrument, the shear at the
top instrument derived from the spline fit was used to
extrapolate values to the surface; the bottom velocity
was assumed to be zero. Moored transports calculated
using this methodology have been shown to be accurate
to within a few Sverdrups compared to independent es-
timates derived from Pegasus velocity profile sections
(Lee et al. 1990; Leaman and Harris 1990).

To accomplish the temperature correction, aseasonally
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varying vertical temperature gradient field dT/dp(T) was
constructed, using data from CTD casts taken in the vi-
cinity during the mooring deployment cruises. Using this
gradient field, a corrected temperature time series was
constructed for each instrument, starting with the known
temperature and pressure at each time for each instrument
and numerically integrating up or down to the nominal
instrument depth. That is, the corrected temperature T,
at the desired pressure level p. is given by

Pc T
T. =T, + f dr dp, 2
n dP

where T, and p, are the original temperature and pres-
sure and dT/dp is a function of temperature, which is
allowed to vary every tenth of a degree. To create tem-
perature time series at arbitrary vertical resolution
throughout the water column for each mooring, asimilar
approach was used, with a distance-weighted average
of the temperature calculated from the two nearest in-
struments being used for any given level (for example,
a200-m time series would be constructed from the 100-
and 400-m instruments). This procedure yields asmooth
temperature profile that passes through the measured
temperature points and is otherwise consistent with the
monthly mean vertical stratification for the region.
These moored temperature profiles were then compared
to CTD temperature profiles taken nearby at the same
time, where available; the agreement was good (see Fig.
3a for a comparison of one such constructed profile to
a CTD temperature profile).

Maximum discrepancies were approximately 1.5°C
(and only in the shallowest part of the profile), with
typical maximum discrepancies closer to 0.5°C. Figure
3b shows the mean difference (for 24 comparisons) be-
tween CTD casts and the moored temperature profiles,
with one standard deviation above and below the av-
erage difference also shown. The upper hundred meters
have a low bias for the moorings (as the surface tem-
perature is never alowed to exceed the monthly mean
sea surface temperature), whilethethermoclineisbiased
dlightly high by O(0.2°C). These uncertainties lead to
small errorsin heat transport. For example, abias error
of 0.5° in temperature over the full water column, as-
sociated with a volume transport of 30 Sv, leads to a
heat transport error of only 0.06 PW.

c. CME model

Results were obtained from the last 5 years of a 25-yr
run of the Community Modeling Effort (CME) model
performed at NCAR. This model (Bryan and Holland
1989) covers the North Atlantic from 15°S to 65°N and
was adapted from the Bryan (1969) and Cox (1985)
model. The CME model is semi-eddy-resolving, with a
grid spacing of %° in latitude by 26° in longitude, 30
levels in the vertical, and layer thicknesses increasing
from 35 m at the surface to 250 m at the bottom. The
model time step was 12 h, with results sampled every
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Fic. 3. (a) Comparison of CTD temperature profile (solid) to mooring temperature profile (dotted).
The difference (CTD — mooring) is also shown. (b) Mean difference between CTD temperature
profiles and mooring temperature profiles (bold); one standard deviation above and below the mean

are indicated in light lines.

72.96 hours. These **3-day” values of model-derived
potential temperature and meridional velocity are used
to compute heat transports and can cause model time
series to appear somewhat smoother than those derived
from the moorings. Thisversion of the model wasforced
with seasonally varying Hellerman and Rosenstein
(1983) winds and Han (1984) surface fluxes. Boundary
and initial conditions are based on Levitus (1982) cli-
matology, with sponge layers at the northern and south-
ern boundaries.

The thermohaline circulation in this version of the
model has been shown to be too weak causing its me-
ridional heat transports to be too small [0.6 PW at
26.5°N, as opposed to an accepted value of about 1.2
PW; Bryan and Holland (1989)]. Also, the wind-forced
circulation appears to be stronger in the Bahamas region
than that observed by the mooring arrays, as will be
further discussed.

However, the model’s extensive area coverage and
similar variability scales make it a useful comparison
tool. Work is currently underway on improving the mod-
el circulation by changing model parameters and forcing
(Boning et al. 1991a,b, 1994). The five years of model
data used here are arbitrary and are not forced by actual
wind stress from the years 1987 to 1992; therefore, it
is the timescale and amplitude of variability and the
statistical properties of the flow and temperature fields,
rather than the actual events, that can be compared to
the mooring results.

d. Methods of calculating heat transport

There are several possible methods for calculating
heat transport. Historically, it has been calculated from
ocean surface heat budgets, or as the residual of the
radiation balance at the top of the atmosphere and the
atmospheric heat transport. Here we will consider only
what has traditionally been referred to as the ‘““direct”
method.

In the direct method, measured values of water ve-
locity and potential temperature across the full width
and depth of a transatlantic section are integrated ac-
cording to Eqg. (1) to determine the meridional heat flux.
Normally, hydrographic section results are used, so the
velocities are geostrophic rather than absolute. Thisrais-
es the problem of referencing the geostrophic currents
since the barotropic component is unresolved.

Bryden and Hall (1980) and Hall and Bryden (1982)
introduced the concept of “‘baroclinic’” and ‘* barotrop-
ic”” contributions to the total heat flux Q:

L . L [HKX
Q= pCp{f Hvo dx + J J v'6 dz dx}. 3)
0] 0] 0]

Here an overbar denotes a depth average and a prime
denotes a deviation from that average, H is the ocean
depth, and the other terms are as previously defined.
The first integral is the barotropic or depth-averaged
component of heat flux, and the second is the depth-
dependent baroclinic component. Thus, ‘‘barotropic”
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heat transports are those calculated by using an instan-
taneous depth average over the full water column for
the velocity and temperature, while ““baroclinic’” heat
transports use the deviations from the depth average at
each point over the water column. Baroclinic volume
transports are zero by definition, and baroclinic heat
transports can be considered independent of any ref-
erence velocity.

Bryden and Hall (1980) also developed the break-
down into components that has become the canonical
direct method. To resolve the referencing difficulty, they
assume that measured northward flow through the
Straits of Floridaisbalanced by an equival ent southward
flow through the ocean interior at an interior mean tem-
perature (i.e., that there is a mass balance of the baro-
tropic flows). They then use baroclinic potential tem-
peratures and geostrophic velocitiesin the ocean interior
and assume that the upper layer Ekman flow (at a mean
upper layer temperature) is balanced by a deeper return
flow at the mean interior temperature. Using direct cur-
rent observations from the Straits of Florida plus 1957
IGY section data (from an October hydrographic section
at 24.5°N), they find a net northward heat flux of 1.22
+ 0.3 PW at 25°N in the Atlantic (Hall and Bryden
1982).

Roemmich and Wunsch (1985), using hydrographic
results from their 1981 Atlantis Il section at 24.5°N and
compensating mass balances, find a heat flux of 1.2 PW.
They also obtained the same result using the 1957 IGY
section.

Molinari et al. (1990) (hereafter M 90) studied the heat
flux at 26.5°N and were the first to consider seasona
variability. Using Levitus climatology data in the in-
terior of the ocean combined with direct velocity and
temperature observations in the Straits of Florida, they
find a mean value of 1.21 + 0.34 PW for the heat flux,
ranging from a low of 0.69 PW in February to a high
of 1.86 PW in July.

e. Moored estimates of heat transport

The moored current meter data considered here are
ideally suited to the direct method of calculating heat
transport, especially as they eliminate the problem of
referencing geostrophic velocities. However, since these
measurements cover only a part of the transatlantic sec-
tion, which in general will have a nonzero net meridi-
onal transport, heat transport estimates must be calcu-
lated relative to an arbitrary temperature reference. All
calculations reported here for the Abaco moored array
are referenced to 0°C, which is the standard reference
used in earlier works (Hall and Bryden 1982; M90) and
which allows the measurements from the Abaco array
to bereadily combined with available estimatesfor other
parts of the section (e.g., the Florida Current) using the
same temperature reference.

Therefore, we refer to the quantity
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H (%
f f C,pv0 dx dz (4)
0o Jx

computed over only part of the transatlantic section
(from longitude x, to x,), with 6 in degrees Celcius, as
atemperature transport, while we reserve the term heat
flux for the equivalent quantity computed over the entire
section. The former quantity has been referred to as the
temperature flux by Hall and Bryden (1982), and the
latter is frequently referred to as the heat transport as
well as the heat flux.

The temperature transport through the moored array
was found by creating cross sections of corrected po-
tential temperature 6 and mooring-motion-corrected ve-
locity at 12-h intervals over the whole mooring array,
using a standardized coherent section length of 85 km.
These fields were interpolated to every 100 m vertically
and every 5 km horizontally; potential temperatures (in
°C) were calculated from the corrected in situ temper-
atures by using the CTD background salinity. The prod-
uct vé was then summed over the array and multiplied
by C,p (for which we use the value 4.09773 X 10° J
K= m=3) to create temperature transport time series.
These transport time series were then decomposed into
components. That is, the temperature transports above
and below 800 m were computed, as were the barotropic
and baroclinic components.

Mooring coverage of the coherent portion of the array
varied; four moorings were located within the coherent
section during STACS-8, while only three were de-
ployed during STACS-10 and WATTS. Asdiscussed by
LJZF, it was found that this varying coverage caused
the interpolated transports to be dlightly weaker when
only three moorings were present, due to marginal res-
olution of the DWBC core. To account for this, LIZF
computed a linear regression between the actual
STACS-8 transport values and those from a subsampled
three-mooring configuration equivalent to that used | ater
during STACS-10 and WATTS and applied this linear
correlation to the volume transport time series for the
later deployments. The correlation coefficient was high
(0.98), and the three-mooring configuration underesti-
mated the southward transport by a mean value of 3 Sv.
The same approach was used here to adjust the tem-
perature transport values during STACS-10 and
WATTS. As with the volume transports, the correlation
between the two configurations was high (0.99 for the
total temperature transport) and the offset was small
(0.05 PW for the total). Thus, we are confident that this
approach provides a good compensation for the reduced
mooring coverage and that undersampling due to three
rather than four mooringsis not a problem in combining
and averaging the results from the various moored ar-
rays.

The model results were used to calculate heat trans-
ports over the same area as the moorings and in asimilar
fashion. Again, the direct method was used, although
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no further interpolation of the model results from the
model grid was done.

Before directly comparing model resultsto thosefrom
our moorings and from other investigators, we note that
the values used for the specific heat capacity and density
vary dlightly. We have used a product of 4.09773 X 10¢
J K=t m=3 for the C,p product; the CME model results
are based on a value of 4.186 X 10°, Hall and Bryden
(1982) use avalue of 4.093 X 10°, and M90 use avalue
of 4.1 X 106

3. Results
a. Temperature transport variability

Observed and model ed temperature transport time se-
ries are shown in Figs. 4a (transport above and below
800 m) and 4b (baroclinic and barotropic transports).
Time series statistics are presented in Table 1. Uncer-
tainties in the mean temperature transport values are
computed assuming an integral timescale of 60 days,
based on the autocorrel ation functions of thetime series.
The standard deviation is divided by the square root of
the number of degrees of freedom in the time series,
based on the above timescale, to obtain the standard
error.

Before discussing the temperature transport variabil-
ity, it is useful to consider the corresponding variations
in volume transport through the moored section (Fig.
5). Tofirst order, variationsin temperaturetransport over
the whole or part of the water column are governed by
volume transport variations and, therefore, as noted pre-
viously, they have limited meaning for a section with
nonzero volume transport. The conventional breakdown
into barotropic and baroclinic heat transport components
is intrinsically more useful, as this results in one com-
ponent (the baroclinic) that is independent of volume
transport and determined only by the vertical shear of
the flow and a second (the barotropic) that contains the
vertically integrated transport variation and requires a
complete mass closure for interpretation.

The total volume transport through the moored sec-
tion shows a large range of variability, from approxi-
mately 60 Sv northward to 80 Sv southward. Transport
in the upper 800 m is predominantly northward, al-
though reversals are frequently observed that can result
in southward upper layer transports of up to about 20
Sv. Below 800 m the transport is generally southward
with only occasional reversals, which have been shown
by Lee et a. (1990) and LJZF to correspond to periods
when the DWBC meanders offshore and an anticyclonic
eddy develops near the western boundary that causes
deep northward flow shoreward of the DWBC. The
transport variations above and below 800 m show sim-
ilar timescales, and exhibit a high degree of correlation,
indicating that much of the transport variability is bar-
otropic. Transport variations in the lower layer (below
800 m) dominate the total transport and are typically
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2-4 times larger than the upper layer transport varia-
tions.

Conversely, temperature transport variability (Fig. 4a)
is primarily concentrated in the upper layer, due to the
warmer temperatures associated with the upper flow. As
with volume transport, variability can be seen on several
different timescales; the largest events appear to occur
on roughly a 70 to 100 day scale. Changes can often
be rapid, taking place over afew daysto aweek. Mean
temperature transports above and below 800 m are 0.37
and —0.39 PW, respectively, relativeto 0°C, with ranges
from —1.69 to 2.96 PW above 800 m, and —0.94 to
0.54 PW below. The mean value of the total temperature
transport, considering all three deployments, is fairly
small at —0.02 PW, with a year-to-year variability of
about 0.2 PW (Table 1).

Separating the temperature transport into baroclinic
and barotropic components shows that the several month
timescale variations contain about equal parts of baro-
clinic and barotropic heat transport within the coherent
section. The barotropic heat transport is primarily neg-
ative, with a range of —2.02 to 2.31 PW and a mean
of —0.56 = 0.14 PW, dominated by mean southward
flow in the DWBC. An important finding is that while
the overall baroclinic heat flux for the entiretransatlantic
section is southward (M90 give avalue of —0.160 PW),
we observe a strong northward mean baroclinic heat
transport of 0.54 = 0.07 PW in the Abaco section, with
arange of —0.53 to 1.92 PW. As previously noted, this
value isindependent of volume transport or temperature
reference, and itslarge positive valueis dueto the strong
shear between the northward flowing Antilles Current
and the southward flowing DWBC that are contained
within our moored arrays in the mean.

As a check on the moored estimates, temperatures
and geostrophic velocities calculated from CTD profiles
taken along the Abaco transect were used to compute
the baroclinic heat transports. Except for occasions
when the transports were changing rapidly, baroclinic
heat transports derived from moored and CTD sections
were in very good agreement (Fig. 4b).

Inspection of the time series (Figs. 4 and 5) reveals
similar scales of variability in the model and the moored
estimates. The model temperature transport is overall
more northward than the observed temperaturetransport
due to the weaker thermohaline circulation and stronger
wind-driven circulation off Abaco in the model. The
observed volume transport over the coherent section is
—22.2 Sv, with 5.2 Sv above 800 m and —27.4 Sv
below, while the model volume transport is —5.7 Sy,
with 12.0 above 800 m and —17.6 Sv below.

Variance conserving spectra computed from these
time series are shown in Figs. 6a—e. They bear a very
strong resemblance to the volume transport spectra
shown in LJZF with the most prominent peak around
70-140 days and a secondary peak around 20—-30 days.
Much of this energy is concentrated in the upper layer
above 800 m. The **100-day’’ peak is best defined in
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Fic. 4. (a) Time series of temperature transport (PW) over the coherent section. Upper panel is model results; lower is moored results
(top: above 800 m; middle: below 800 m; bottom: total temperature transport). (b) Same as in Fig. 4a but for barotropic (top), baroclinic
(middle), and total (bottom). Additional points on middle panel are from CTD sections.

the baroclinic spectrum (Fig. 6d) and the upper 800 m
(Fig. 6b), and is only observed below 800 m during
STACS-8. LJZF found that the 100-day variability in
the upper 800 m was dominated by wavelike baroclinic
eddies propagating westward into the Bahamas bound-
ary from the interior.

b. Model derived temperature transport variability
versus section width

The concentration of temperature transport variability
in western boundary currents was investigated by in-

tegrating the temperature transport over progressively
longer sections from the model data, starting at the Ba-
hamas and extending eastward. The objective was to
determine the section length necessary to reduce the
variability to nominal levels. Standard errors are com-
puted in the same way as for the observed data; that is,
the standard error of the temperature transport over a
given part of the section is calculated as the standard
deviation of the respective model time series divided by
the square root of the degrees of freedom.

The standard error of temperature transport for the
model analog to the coherent array section (85 km),
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TABLE 1. Abaco heat transport time series statistics (PW) over the
coherent array for all mooring deployments and for the CME model.
The total number of points and the range of values are also shown.

Tlm& Number
Std of points

Deployment Mean err Min Max Range
STACS-8 17 Apr 1987-19 Jun 1988 859
Total -0.325 0.253 -—2.376 1.797 4.174
Above 800 m 0.141 0.222 -1.689 2230 3919
Below 800 m —-0.466 0.050 —0.940 -0.126 0.814
Baroclinic 0.483 0.128 —-0.527 1918 2445
Barotropic -0.808 0.155 —1.859 0.310 2.170
STACS-10 9 Oct 1988-23 Feb 1990 1006
Total 0.126 0.285 —1.421 2,538 3.959
Above 800 m 0.533 0.240 -0.825 2508 3.333
Below 800 m —0.407 0.077 —0.915 0.084 1.000
Baroclinic 0.616 0.133 —0.299 1.810 2.109
Barotropic —-0.489 0.206 —1.788 1.035 2.83
WATTS 24 Jun 1990-1 Jan 1992 1113
Total 0.077 0.342 —-1.820 3432 5.252
Above 800 m 0401 0.263 —1.118 2956 4.074
Below 800 m -0.325 0.096 —0.872 0.541 1414
Baroclinic 0.516 0.105 -—0.364 1483 1.848
Barotropic —-0439 0283 —2.015 2308 4.323
All deployments 17 Apr 1987-1 Jan 1992 2978
Total -0.022 0.180 -—2.376 3432 5.808
Above 800 m 0.371 0.146 —1.689 2956 4.645
Below 800 m —0.393 0.048 —0.940 0.541 1.482
Baroclinic 0.540 0.071 -0.527 1918 2445
Barotropic —-0.562 0.138 —2.015 2.308 4.323
CME model 4 Jan 1987-1 Jan 1992 600
Total 0.671 0.107 —0.919 2151 3.070
Above 800 m 0.913 0.086 —0.329 2156 2.485
Below 800 m —-0.242 0.028 —0.589 0.139 0.729
Baroclinic 0.751 0.049 0.093 1570 1.477
Barotropic —-0.080 0.067 -—1.012 0.851 1.863

using all five years of model data, is 0.107 PW, while
that for the entire interior section from the Bahamas to
Africa is 0.025 PW, about four times smaller. Length-
ening the section to correspond to the entire WATTS
section (out to 74°W—an additional 200 km) yields a
standard error 0.073 while extending it a farther 300
km out to 71°W reduces the error to 0.052. Lengthening
the section yet farther yields an uncertainty of 0.021 at
50.6°W. However, some care must be taken with this
approach, as extending the section over the Mid-Atlantic
Ridge causes the variability to rise again. It can clearly
be seen that the major portion of the model variability
occurs in the western boundary area. The fact that vari-
ability drops as the section length is increased implies
that some compensation takes place in the interior for
the large variability seen in the western boundary re-
gion.

c. Spatial structure of eddy heat flux and temperature
transport

The eddy heat flux is here defined as

(o f J (V) dx dz, (5)
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Fic. 5. Volume transport (Sv) for the Abaco section: Upper panel
is model results, lower is moored results. (top: above 800 m, middle:
below 800 m, bottom: total volume transport).

where the tildes represent deviations of the variables
from their long-term means and the angle brackets de-
note a time average. This quantifies the meridional heat
flux due to temporal correlation between the velocity
and potential temperature fluctuations.

The spatial structure of the average eddy heat flux
((¥9)) and mean temperature transport {(v){6) (over al
three deployments) are shown in Figs. 7a and 7b, re-
spectively. Northward temperature transport and north-
ward eddy heat flux are concentrated against the Ba-
hamas boundary in the upper 800 m, associated with
the mean Antilles Current and its fluctuations, as well
as warm anomalies that propagate into the Bahamas
boundary from the interior. These features cause in-
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creased northward flow and warming, giving rise to the
positive heat flux. Below 800 m the temperature trans-
port is negative due to the southward flow of the DWBC
and much weaker than in the thermocline because of
the lower temperatures. The eddy heat transport is also
much weaker below the thermocline (95% of the av-
erage eddy heat transport is above 800 m). As the mean
eddy heat flux is only 0.012 PW, even in this energetic
area, it appears negligible elsewhere in the transatlantic
section.

d. Onshore/offshore positions of DWBC

LJZF found that periods of weak southward or even
northward deep transport occur when the core of the
DWBC meanders offshore of the coherent array. An

FILLENBAUM ET AL.

163

Longitude of DWBC core position - CME a)
13 offshore periods
74
-75

-76

=77

1 1 1 1
1887 1988 1989 1990 1991

Volume Transport (Sv) below 800m b)

[{

: 1987 : 1988 : 1989 ! 1990 ! 1991 !
Fic. 8. Offshore meanders of DWBC. (a) Position of DWBC core
in CME model; offshore events marked; (b) Moored estimate of vol-
ume transport below 800 m; offshore periods of the DWBC core are
marked.

attempt was made to determine the offshore meander
times so they could be excluded from averaging periods.
This should provide a more representative estimate of
the actual mean temperature transport and its baroclinic/
barotropic components occurring over the full width of
the fluctuating western boundary layer. Offshore me-
andering wasinvestigated in the CME model by tracking
the position of the volume transport maximum below
800 m (assumed to be the DWBC core) (Fig. 8a). Brief
offshore excursions occurred to a longitude of about
74°W, or approximately the eastern edge of our coherent
array. However, the core normally remained within the
array. From the moored observations, offshore meander
periods were identified by LJZF and excluded from the
transport time series averaging (Fig. 8b). These offshore
meander periods appeared reasonably similar between
the model and moored data, in terms of frequency of
occurrence (three events over five years in both cases),
duration (one to three months), and distance of meander
(offshore to about 74°W).

Temperature transport statistics were recomputed af-
ter removal of the offshore meander periods (Table 2).
The STACS-8 statistics are unchanged, as there was no
adjustment during thistime. Removing the offshore me-
ander periods caused a decrease in northward temper-
ature transport in the upper 800 m and an increase in
southward temperature transport below 800 m. The net
effect on the 4.8-yr average total temperature transport
is a change from —0.02 to —0.21 PW, primarily due to
an increase in southward barotropic transport. The bar-
oclinic heat transport is quite robust and remains es-
sentially unchanged by the meander removal (from 0.54
to 0.53 PW). A similar correction to the temperature
transports derived from the CME model produced a
much smaller change in the mean values because of the
weaker DWBC in the model, and because the tendency
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TABLE 2. Heat transport statistics (PW) over the coherent array
with the effect of offshore meanders of the DWBC removed.

Number
Std of points

Deployment Mean err Min Max  Range
STACS-8 859
Total —-0.325 0.253 -—2.376 1797 4.174
Above 800 m 0.141 0.222 —1.689 2230 3919
Below 800 m —0.466 0.050 -0.940 -0.126 0.814
Baroclinic 0.483 0.128 —0.527 1918 2445
Barotropic —-0.808 0.155 —1.859 0.310 2170
STACS-10 857
Total —0.039 0270 —-1421 2.014 3435
Above 800 m 0429 0240 -0.825 2420 3.246
Below 800 m —0.468 0.067 —0.915 0.009 0.925
Baroclinic 0599 0.143 -0.299 1810 2.109
Barotropic -0.638 0.186 —1.788 0.450 2.238
WATTS 881
Total —0.264 0.251 —1.820 1896 3.716
Above 800 m 0.175 0.202 —1.033 2114 3147
Below 800 m —0.439 0.070 -0.872 -0.071 0.801
Baroclinic 0500 0.098 -—0.282 1483 1.765
Barotropic —0.764 0.193 —2.015 0.574 2589
All deployments 2597
Total —-0.210 0.151 -2.376 2014 4.390
Above 800 m 0.248 0.131 —1.689 2420 4.109
Below 800 m —0.458 0.037 —0.940 0.009 0.950
Baroclinic 0.527 0.080 —0.527 1918 2445
Barotropic -0.737 0.104 -—2.015 0.574 2589
CME model 565
Total 0.635 0.109 -0.919 2151 3.070
Above 800 m 0.893 0.089 -—0.329 2156 2.485
Below 800 m —-0.259 0.027 -—0.589 0.136 0.725
Baroclinic 0.746  0.051 0.093 1570 1.477
Barotropic —0.111 0.066 —1.012 0.851 1.863

for northward eddy flow to occur near the western
boundary during observed offshore meanders was less
pronounced in the model. This removal of the major
offshore meander periods largely eliminates undersam-
pling of the DWBC from the mean values and gives a
better picture of long-term transports in the western
boundary region.

e. Barotropic correction to transatlantic heat flux

In previous works (Hall and Bryden 1982), heat flux
calculations were performed assuming that barotropic
flows in the interior occur at a uniform temperature
equal to the basin-averaged mean temperature (6), as-
sumed constant across the basin (approximately 5.5°C
for the Atlantic at 26.5°N). However, in shallow regions
with strong currents such as the area off the Bahamas,
this assumption will cause an error in the heat flux es-
timate, as the strong local currents amplify the effect of
the local vertically averaged temperature that tends to
be warmer than the transect mean. The barotropic cor-
rection term (BT,,) is defined here as the difference
between the barotropic temperature transport and the
value that would be obtained for the barotropic transport
if the constant temperature (6) is used instead of the
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Fic. 9. Time series of the barotropic correction term to heat trans-
port (PW) over the Abaco array; model results above, mooring results
below.

actual instantaneous local vertical mean temperature.
That is,

BT, = CppU Hvo dx — <§>fHde}, (6)

where the overbars indicate vertical averages.

The average v6 distribution for each array deployment
shows that the maximum northward temperature trans-
port is located over a small shelf that breaks the steep
Bahamas Escarpment at depths of about 900 to 1500 m
(Fig. 7), which can give rise to significant barotropic
correction to the total heat transport.

Time series of this barotropic correction term were
made from the moored data and the model (Fig. 9).
These time series show that the barotropic correction
term is indeed important in the shallow boundary cur-
rents off the Bahamas and can be a sizeable fraction of
the entire transatlantic heat flux (up to nearly 30% of
the total). Comparison with volume transport time series
(Fig. 5) indicates that the variability of the barotropic
correction term is controlled by volume transport
changes in the upper 800 m. The barotropic correction
term is large at times of maximum northward volume
transport, which occurs when warm anomalies reach the
Bahamas boundary and the DWBC shifts offshore.
Model time series of the barotropic correction term off
Abaco have about half the observed amplitude but share
similar timescales. Similar calculationsdone using CME
model data over the Mid-Atlantic Ridge and off the
coast of Africa show that the barotropic correction term
is much smaller there (especially over the Mid-Atlantic
Ridge) and probably negligible (see Table 3).

The important point here is that, while the long-term
average of the barotropic correction term is small [we
estimate a value of 0.01 PW; Hall and Bryden (1982)
estimate avalue of 0.04 PW, while M90 reported avalue
of 0.03 PW], the instantaneous value can be quite large
and has large variability, which means that the heat flux
values made instantaneously (rather than as mean val-
ues) must include this contribution to the total heat flux.
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TABLE 3. Barotropic correction term from moored arrays (PW) near Abaco compared to total barotropic heat transport and total heat
transport in shallow regions of the Mid-Atlantic Ridge (MAR) and African coast from the CME model.

Mean Error Min Max Range
Moored array
STACS-8 correction —0.036 0.022 —0.147 0.154 0.301
STACS-10 correction 0.041 0.034 -0.185 0.385 0.570
WATTS correction 0.028 0.054 —0.534 0.563 1.097
CME model
Abaco correction 0.049 0.009 -0.071 0.176 0.247
Barotropic total —0.080 0.067 -1.012 0.851 1.863
Total heat transport 0.671 0.107 —-0.919 2.151 3.070
West MAR correction —0.009 0.002 —0.040 0.024 0.064
Barotropic total -0.116 0.014 —0.256 0.102 0.358
Total heat transport —0.204 0.017 —0.455 0.094 0.549
East MAR correction 0.001 0.004 —0.034 0.066 0.100
Barotropic total 0.010 0.019 —0.180 0.322 0.501
Total heat transport —0.081 0.031 —0.396 0.499 0.895
African coast correction —0.025 0.002 —0.054 —0.003 0.051
Barotropic total —0.100 0.011 —0.237 0.019 0.256
Total heat transport -0.220 0.017 -0.422 -0.013 0.409

f. Annual cycle

The annual cycles of temperature and volume trans-
port through the Abaco array areawere calculated, using
all available mooring data (STACS-8, STACS-10, and
WATTS) and all five years of model data. Monthly av-
erages were computed for the total water column, above
and below 800 m, and for the baroclinic and barotropic
components. As for the record means, these monthly
means were corrected for offshore meander periods by
excluding those periods from the monthly averaging.

The resulting annual cycles of the total temperature
transport, its barotropic and baroclinic components, and
total volume transport are shown in Figs. 10a—d, after
smoothing with a 3-month running filter. Envelopes on
the curves show the +£1 standard error bars. (Note that
all annual cycles shown here and subsequently in section
4, including relevant results from M90, are computed
by smoothing the original monthly mean values with a
running 3-month filter to reduce month-to-month vari-
ability and emphasize the seasonal variation.) The model
and mooring cycles generally have a similar pattern,
although there appears to be a phase shift of approxi-
mately 2 months, such that the moored cycleslead those
of the model. The model cycles are also shifted toward
stronger northward transports as a result of the model’s
weaker thermohaline circulation and tend to have a
smaller annual range (e.g., approximately 0.5 PW for
the total temperature transport, as compared to 0.7 PW
from the moorings). The shift between the CME annual
cycle and that derived from the moorings averages 0.6
PW for the total temperature transport. Most of the dif-
ference (0.5 PW) is accounted for in the transport above
800 m; in both the CME model and the moored data
the annual cycle in temperature transport is dominated
by the contribution above 800 m (not shown). While
the standard errors associated with the monthly means

indicate that significant interannual variability is pres-
ent, the existence of an annual cycle is still readily ap-
parent.

For the volume and total temperature transport (Figs.
10a and 10b), the model shows a winter maximum and
afall minimum, reminiscent of the annual transport cy-
cle predicted by Anderson and Corry (1985) in their
wind-forced basin model. The model also shows a sec-
ondary maximum in the summer and a secondary min-
imum in the spring. The observed annual cycle of tem-
perature transport is qualitatively similar to that
predicted by the CME model, with a late spring—early
summer maximum of 0.2 PW and fall minimum of —0.5
PW. However, the winter maximum is somewhat lessin
the moored measurement as compared to the model pre-
diction and, as noted before, leads in phase by about 2
months.

For both the model and moored data the baroclinic
and barotropic components of the temperature transport
have similar annual cycles, and both contribute roughly
equally to theannual cycle of thetotal temperaturetrans-
port (Figs. 10c and 10d). However, the semiannual vari-
ation in the observed temperture transport is contained
almost entirely in the baroclinic component, whereasin
the model it occurs with nearly equal amplitude in both
components. We note that the temperature transport cy-
cleis similar to the volume transport cycle in both the
model and moored data, indicating that the annual
changes in temperature transport are primary due to
seasonal changes in the strength of the boundary cur-
rents. LJZF conclude that forcing for the annual cycle
is caused mainly by changesin interior wind stress over
the basin, producing a predominantly barotropic re-
sponse in the western boundary region similar to that
predicted by Sverdrup theory, with a lesser role played
by local forcing.
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Fic. 10. Annual transport cycles (offshore DWBC meanders have been removed from averaging) for Abaco data
(solid) and CME model (dashed), smoothed over 3 months. The envelope given shows the standard error. (a) Volume
transport (Sv); (b) total temperature transport (PW); (c) baroclinic heat transport (PW); (d) barotropic heat transport
(PW).

The annual cycle of volume transport shown here was
computed from the 4.8-yr period from 1987 to 1992,
whereas the volume transport annual cycle shown by
LJZF (their Fig. 16) was computed from a 5.8-yr time
series from 1986 to 1992. The first year of data (1986—
87) is excluded here because it consisted of only one
complete mooring and was not suitable for heat trans-
port calculations. The two realizations of the annual
cycle are qualitatively similar, although the longer time
period (5.8 yr) annual cycle more closely follows the
phasing of the model annual cycle. This indicates that
interannual variability can be significant and points to

the need for long time series to adequately resolve the
climatological annual cycle in such energetic regions.

4. Discussion
a. Transatlantic heat flux

A new estimate of net transatlantic heat flux and its
seasonal variability is made here by combining monthly
averaged heat transports from our moored time series
(using al three deployments and excluding offshore
DWBC meander periods) with the Levitus climatology
data used by M9O.
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Differences in the present study compared to that of
M90 are asfollows: First, we combine the annual cycles
of barotropic temperature transport and volume trans-
port observed from our Abaco moored data with the
corresponding annual cycles of the Florida Current from
M90 and then balance the smaller mass residual with
the interior flux. M90’s treatment of the Abaco region
consisted of applying a mean barotropic correction for
the area based on a limited number of sections with no
annual variation. Second, we use the baroclinic heat
transports calculated from the Abaco array to improve
the estimate in the western boundary layer, which is not
well resolved by Levitus, while M90 uses only the Le-
vitus climatology.

Following the breakdown used by M 90, the total bar-
otropic heat transport is given by

Qu = Qurs T Qua — Cpp(VFS + VA) 6, (7)

where Q,s and Q. are the Florida Straits and Abaco
barotropic heat transports, V. and V, are the corre-
sponding Florida Straits and Abaco volume transports,
6, isthe mean interior temperature, and all values except
those for Abaco are taken from M90. M90 estimated
the seasonal cycle of the barotropic heat transport for
the Florida Current by combining section data across
the Straits of Florida near 26°N (Niiler and Richardson
1973; Brooks 1979) and near 27°N (Leaman et al. 1987),
obtaining annual mean values of 30.6 = 2.8 Sv for the
volume transport and 2.04 = 0.19 for the associated
barotropic heat transport (from M90's Table 5). Use of
the Leaman et al. (1987) data alone at 27°N leads to
slightly larger mean values of 31.7 = 3.0 Sv and 2.18
+ 0.24 PW. This difference probably reflects the ad-
ditional transport joining the Florida Current between
26° and 27°N through the Northwest Providence Chan-
nel [estimated at 1.2 Sv by Leaman et al. (1995)], which
should properly be accounted for in the 26.5°N heat flux
estimate. However, the above estimates are not signif-
icantly different within the error bars, and no seasonal
cycleis available for the Leaman et al. (1987) data. We
therefore retain M90's seasonal estimatesfor the Florida
Current, while noting that the use of Leaman et a.'s
mean values, after accounting for the additional 1.1 Sv
returning at the interior mean temperature, would in-
crease our final estimate of the annual-mean transatlan-
tic heat flux by approximately 0.1 PW.

Our annual cycle and total barotropic heat flux using
the Abaco data (Fig. 11b) are very similar to the M90
barotropic heat flux (an annual average of 1.35 PW ver-
susM90's 1.37 PW). The close agreement in mean value

—

Fic. 11. Monthly averages (smoothed over 3 months) of the
total transatlantic heat flux (PW) from Levitus climatology
(M90), climatology plus Abaco moored observations (Obs), and
from the CME model for (a) total heat flux, (b) barotropic heat
flux, and (c) baroclinic heat flux.
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is not unexpected, as any differences are mainly due to
the barotropic correction term off Abaco, which has a
small overall average value of 0.01 PW (M90 used 0.03
PW). The only difference in the annual cycle isaslight
increase in the summer maximum (approximately 0.1
PW greater than the M90 result) and a corresponding
decrease in the winter (Fig. 11b). This difference is due
to a seasonal increase in the northward transport over
the Bahamian slope in summer, as noted by LJZF, at
relatively warm temperatures.

The total meridional baroclinic heat flux Q,, across
26.5°N was computed by combining the Florida Straits
baroclinic heat transport Q.. the interior baroclinic
heat transport Q,,, and the Abaco mooring section bar-
oclinic transport Q,... The Ekman transport Q, asgiven
by M90 is aso included here.

Thus, the baroclinic heat flux is given by

Qoe = Quers T Qpea + Qo + Qe 8

where Q,, is the interior baroclinic heat transport cal-
culated from Levitus excluding that portion in the west-
ern boundary region off Abaco, represented by Q,a-

The Levitus climatology is on a one-degree grid;
monthly values are available to 1000 m, and annual
averages below. Merging of our moored baroclinic heat
transport estimates with the Levitus climatology is not
a straightforward procedure, due to sampling differ-
ences between the two datasets. In particular, we find a
substantial difference in the baroclinic heat transport
estimate off Abaco from these data sources. While M90
found an annual mean contribution to the interior bar-
oclinic heat flux of only 0.11 PW in the westernmost
1° bin of the interior from Levitus, the moored estimates
of baroclinic flux in this area (see Table 2) from
STACS-8, STACS-10, and WATTS are 0.48 = 0.13,
0.60 = 0.14, and 0.50 = 0.10 PW, respectively. The
overall average is 0.54 = 0.07 PW, or nearly five times
the value from the Levitus climatology. Extending the
integrated area of the Levitus hydrographic data out to
3° from the western boundary increases this value to
0.2 PW, which is still less than half the moored estimate.
This suggests that the smoothing employed in the Le-
vitus climatology underestimates the northward heat
transport in the Antilles Current region close to the Ba-
hamas. A comparison of the seasonal cycles from Le-
vitus (for the first degree and first three degrees of the
interior) and from the moorings (not shown) shows that
this offset occurs throughout the year rather than being
concentrated in any particular season.

Hydrographic sections made at 24.5°N (Fig. 12) also
show a larger northward baroclinic heat transport in the
west than the Levitus climatology would indicate (larger
than 0.5 PW within 2° of the western boundary), again
suggesting that the use of the Levitus climatology pro-
duces a total baroclinic heat flux that is too strong in a
southward sense. The transatlantic baroclinic heat flux
from the IGY section (Oct 1957) is —0.877 PW, while
the October baroclinic heat flux from Levitus climatol-
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ogy at 24.5°N is —1.084 PW, a difference of 0.21 PW.
Similarly, the June/July 1981 Atlantis Il section baro-
clinic heat flux is —0.781 PW, while the average of the
June and July results from the climatology is —0.893
PW, a difference of 0.11 PW. The annual average cli-
matological result at this latitude is —0.985 PW. While
not conclusive, this does imply that the Levitus cli-
matology tends to overestimate the interior southward
baroclinic heat flux.

We believe the main reason for thisis a lack of res-
olution in the western boundary region dueto smoothing
and averaging of the hydrographic data into 1° squares.
At 26.5°N, the westernmost Levitus data bin is centered
at 76.5°W, half a degree from the western boundary.
Thus, averaging of hydrographic data over 1° squares,
even without the further smoothing employed by Le-
vitus, potentialy results in the transport through the
half-degree nearest shore being unresolved, where the
Antilles Current and much of the DWBC are confined
(LJZF and Fig. 7). Accordingly, the baroclinic heat
transport in this region due to the shear between these
strong opposing flows could be significantly underes-
timated. To account for this sampling deficiency near
the western boundary, two approaches were used in at-
tempting to combine the Abaco and Levitus data. The
first consists of simply substituting the moored array
estimates for the westernmost 1° bin of theinterior from
Levitus, which, for reasons to be discussed shortly,
probably leads to an overestimate of the transatlantic
heat flux. The second attempts to include only that por-
tion of the western boundary baroclinic heat transport
unaccounted for by Levitus, while retaining the full in-
terior contribution calculated from the Levitus data.

Substituting in the Abaco baroclinic heat transports
for the western one-degree bin of Levitus data results
in anincrease of about 0.4 PW for the annually averaged
interior baroclinic heat flux at 26.5°N, from —0.84 PW
to —0.41 PW. Monthly values increase by 0.2 to 0.6
PW, with the largest increase during the summer max-
imum and the smallest during the winter minimum (not
shown). That the overal interior baroclinic heat flux is
really 0.4 PW larger seems doubtful, since thisis more
than twice the difference between the seasonal Levitus
values and those calculated from individual sectionsjust
a few degrees farther south (Hall and Bryden 1982;
Roemmich and Wunsch 1985). One potential problem
with this approach is that it attempts to patch a well-
resolved result in the western boundary layer into a
highly smoothed climatology. Assuming that the main
effect of smoothing in the Levitus climatology is to
spread the influence of the boundary currents toward
the interior, this could lead to a portion of the boundary
currents being counted twice. As shown in M90 (see
also Fig. 12), the region of northward baroclinic heat
transport in the Levitus data associated with the bound-
ary current system off Abaco extends about 4° offshore,
before reversing to southward heat transport in the in-
terior. Most of the northward heat transport (95%) is
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FiG. 12. Transatlantic section (at 24.5°N) baroclinic heat flux (PW) from the IGY (1957)
and Atlantis 11 (1981) transects. Baroclinic heat flux from Levitus climatology at this

latitude is also shown.

contained in the first 3° from the western boundary.
Replacing this portion of the Levitus data with the
moored results leads to a smaller increase in the tota
interior baroclinic heat flux of 0.32 PW. While probably
more reasonable, this approach could still lead to an
overestimate of the total interior baroclinic heat trans-
port if the southward baroclinic heat transport offshore
of the western boundary layer due to gyre return flow
is significantly reduced by being smoothed with the sig-
nature of the western boundary current. This is of par-
ticular concern for the Abaco region because the mean
flow offshore of the Antilles Current and DWBC is
characterized by relatively strong southward flow in the
upper ocean associated with Gulf Stream recirculation,
and underlying northward deep flow related to DWBC
recirculation (Lee et al. 1990; LJZF). The southward
baroclinic heat transport in this area and the opposing
northward heat transport in the western boundary layer
would thus be mutually weakened by the Levitus av-
eraging process and neither would be adequately re-
solved. It is therefore difficult to determine at what lo-

cation, if any, it isappropriate to patch the Abaco results
into the Levitus interior data.

As an alternate approach, we utilize the full Levitus
interior baroclinic heat transport as Q. in (8) and as-
sume that the main quantitative effect of the Levitus
averaging isto exclude the contribution occurring in the
half-degree nearest shore, between Abaco and 76.5°W.
Therefore, estimates from the western portion of the
array, out to 76.5°W, are used as Q,., in (8) rather than
those from the full width of the coherent array. This
increases the monthly values of the total interior bar-
oclinic heat transport by 0.2 to 0.3 PW over that derived
from Levitus, and the annual average by 0.23 PW to
—0.61 PW. This approach is used in the final calcula-
tions on total transatlantic heat flux reported here.

The annual cycle of the total transatlantic baroclinic
heat flux, after combination with the remaining terms
in (8) from M90, is shown in Fig. 11c and Table 5. The
total annually averaged baroclinic heat flux across
26.5°N is 0.07 PW, with maximum baroclinic heat flux
in summer and minimum in fall and winter.
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TABLE 4. Monthly average of transatlantic barotropic heat flux (PW) using western half of Abaco moored estimates with offshore meanders
removed together with M90 estimates. All monthly values are smoothed with a 3-month running filter. See text for definition of terms.

Month Qurrs Fes (SV) Qba V, (SV) 6, (°C) Qu M90 O
Jan 1.91 28.67 -0.21 —9.45 5.50 1.29 1.27
Feb 1.95 29.13 -0.19 —8.90 5.49 1.32 1.30
Mar 2.02 30.73 -0.18 —8.39 5.49 1.35 1.33
Apr 2.13 32.47 -0.14 -7.10 5.50 1.42 1.42
May 2.17 33.03 —0.08 —5.49 5,51 1.45 1.47
Jun 2.24 33.33 —0.06 —5.48 5.52 151 154
Jul 2.25 33.43 -0.11 —7.45 5.54 1.52 1.55
Aug 2.19 32.37 —-0.22 —-11.16 5.54 1.48 1.49
Sep 2.06 30.03 —-0.26 —-12.25 5.54 1.40 1.39
Oct 1.86 27.63 —-0.24 —-11.39 5.53 1.26 1.25
Nov 1.85 27.67 -0.20 —-9.83 5.53 1.25 1.24
Dec 1.85 28.10 -0.19 —9.26 5.52 1.24 1.23
Annual 2.04 30.55 —8.84 -0.17 5.52 1.37 1.37

A consistent treatment of the barotropic heat flux, in
which Q. and V, in (7) are calculated over only the
western part of the Abaco array, and the residual mass
transport (V. + V,) is again balanced with interior
transport, leads to negligible changes in the barotropic
heat flux results. The annual average value is 1.37 PW
(identical to M90's result) versus our 1.35 PW using the
full Abaco array. (Table 4 presents the monthly mean
values, smoothed over three months; the Q.5 values
listed there include the —0.11 PW barotropic correction
term for the Florida Current given by M90.)

The annua cycle of the total meridional heat flux
across 26.5°N is estimated from the sum of the baro-
clinic and barotropic components (Fig. 11a and Table
5). The total heat flux is maximum in the summer and
minimum in the winter and fall. The range of the annual
cycle is 0.82 PW for the M90 data and 0.90 PW when
the Abaco moored data are included, an increase of
approximately 0.1 PW. The sum total annual heat flux
including Abaco data is then 1.44 PW, compared to the
M90 value of 1.21 PW.

Uncertainty in our new estimate of transatlantic heat
flux comes from uncertainties in both the Abaco moored
estimate and the M90 result. For the Abaco array, the

0.18 PW standard error (over al deployments) is as-
sumed to be the dominant uncertainty; errorsin the mea-
sured temperatures and velocities and in the method-
ology used should be insignificant (on the order of 0.05
PW or less) compared to the uncertainty from time vari-
ability. M90 estimated that the uncertaintiesin each heat
transport component are 0.12 PW for the barotropic heat
transport, 0.16 PW for the interior baroclinic heat trans-
port, 0.06 PW for the Florida Straits baroclinic heat
transport, and 0.10 PW for the Ekman transport. Ad-
ditionally, they include 0.24 PW uncertainty from the
eddy heat flux. Based on our observation of a small
(negligible) contribution to the eddy heat flux in the
western boundary layer, we assign a maximum value of
0.1 PW to this uncertainty. We also include a 0.1 PW
error to account for uncertainties in the merger of our
Abaco data with the interior Levitus data to estimate
the total interior baroclinic heat transport. Combining
al these (by the standard propagation of uncertainties
method that involves taking the square root of the sum
of squares of errors) gives atotal uncertainty of +=0.33
PW for the 1.44 PW average.

While it might seem tempting to perform a similar
calculation using a hydrographic section instead of a

TaBLE 5. Monthly averages of transatlantic baroclinic heat flux (PW) using western half of Abaco moored estimates with offshore meanders
removed in addition to interior values from M90. All monthly values, including those taken from M90, are smoothed with a 3-month running

filter. The total heat flux is also shown here.

Month Qucrs Qua Qbea Qs Qu Qyc M90O Q M90 Qr
Jan 0.32 —1.03 0.19 0.26 —0.26 —0.45 0.84 1.01
Feb 0.29 —0.99 0.17 0.19 -0.34 —0.51 0.81 0.96
Mar 0.30 —0.93 0.18 0.22 —-0.24 —-0.41 0.93 1.10
Apr 0.34 -0.77 0.21 0.29 0.06 —0.15 1.27 1.48
May 0.36 —0.83 0.25 0.34 0.13 —-0.12 1.33 1.60
Jun 0.38 -0.72 0.26 0.38 0.30 0.04 1.55 184
Jul 0.38 —0.80 0.26 0.41 0.25 —-0.01 151 181
Aug 0.39 —0.70 0.23 0.45 0.37 0.14 1.63 1.86
Sep 0.36 —0.78 0.23 0.44 0.25 0.02 1.42 1.64
Oct 0.30 -0.77 0.25 0.44 0.22 —0.03 1.23 1.47
Nov 0.30 —0.86 0.25 0.41 0.10 —-0.15 1.09 1.34
Dec 0.30 —0.93 0.23 0.35 —0.05 —0.29 0.95 1.18
Annual 0.33 —0.84 0.23 0.35 0.07 —0.16 121 1.44
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climatological section and inserting the mooring results
at the western end, this method is not practical. First,
the nearest presently availabl e transatlantic sections (the
1957 IGY section and the 1981 Atlantis Il section) are
at 24.5°N, 2° south of the Abaco mooring site, where
the topography is quite different. The Antilles Current
extends significantly farther east at 24.5°N, and the
DWBC is also farther east, as can be seen from hydro-
graphic sections previously shown.

Even if atransatlantic section at 26.5°N existed, clip-
ping out its westernmost stations and substituting moor-
ing data would be a dubious proposition at best, for it
would be difficult to match the eddies. Note how dif-
ferent the baroclinic heat flux in the westernmost regions
of the IGY and Atlantis Il sections (Fig. 12) are, even
though the total section baroclinic heat flux agreeswith-
in 0.1 PW for the two sections (baroclinic heat flux is
—0.78 PW for the IGY section and —0.88 PW for the
Atlantis Il section), while the baroclinic heat flux in the
westernmost segment of the section from 75.5° to
72.75°W is 1.17 PW for IGY and 0.46 PW for Atlantis
1.

The issue of just how to best construct atransoceanic
heat flux estimate from partial section direct observa-
tions and climatologies is still a matter that requires
further study. The construction of climatologies with
considerably less smoothing in the western boundary
region than that employed by Levitus is recommended
in future studies to help avoid the matching problems
we have encountered.

b. Modeled and observed heat transports

The annual cycle of transatlantic heat flux calculated
directly from the CME model is also shown in Fig. 11,
along with its breakdown into barotropic and baroclinic
components. It can be seen in Fig. 11a that in addition
to having a too weak annual mean heat flux, the model
has a much weaker annual cycle than indicated by ob-
servations. The reasons for the lower mean value are
known (Bryan and Holland 1989) and can be attributed
primarily to an inadequacy in the ‘‘sponge layer”
boundary conditions that drive the large-scale over-
turning cell in the model. However, it is not obvious
why the annual cycle in the model should be so small
compared to observations, which in a sense might be
considered an even more fundamental disagreement. To
clarify the reasons for these differences, it isinstructive
to break down the model heat transport into component
terms using the same methodology that is applied to
observations.

The annual mean heat flux in the model is just 0.59
PW at this latitude, somewhat less than half of the ob-
served value. As discussed by Bryan et al. (1995) the
meridional overturning cell in the model is 7-10 Sv too
weak in midlatitudes, which largely accounts for this
difference. As shown in Figs. 11b and 11c, the shortfall
in the total heat flux in the model is divided roughly
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equally between the barotropic (0.45 PW) and baroclinic
(0.40 PW) heat flux components, yielding a total dif-
ference of 0.85 PW. This result may seem odd, since
one normally associates an overturning cell entirely with
the baroclinic circulation (Boning and Herrmann 1994).
The partitioning has to do with the somewhat non-
physical definitions of these quantities used in the ob-
servation-based approach. The dominant contribution to
the barotropic heat flux in (7) is

Qu = CppVFS (6es — 6), 9)

where V¢ isthe volume transport of the Florida Current,
and 6-5 and 6, are the mean temperatures of the Florida
Current and the interior, respectively (Fig. 13a). A sig-
nature of the weaker thermohaline cell in the model is
that the mean Florida Current transport is only 22.8 Sy,
or approximately 8 Sv smaller than observed (M90;
Leaman et al. 1987). This leads to a reduction in Qy, of
0.25 PW, for the model mean temperatures 6.5 = 14.7°C
and 6, = 5.6°C. Theremainder of the difference between
the modeled and observed Q,, is due to the fact that the
mean Florida Current temperature in the model is about
2°C cooler than observed (M90 find 6.5 = 17°C), which
leads to a further Q,, deficit of 0.2 PW in the model.
(The interior mean temperature in the model of 5.6°C
is very close to the 5.5°C value M90 calculated from
the Levitus climatology.) The remaining heat transport
difference is contained in the baroclinic component,
which is smaller (larger southward) in the model due
to an increase in the basin-averaged southward vertical
shear across the interior. This follows from the weaker
DWBC in the model, which, when coupled with the
upper ocean southward gyre flow, leads to a stronger
overall southward shear. The baroclinic heat flux as-
sociated with northward vertical shear in the Florida
Current is similar in both model and observations, with
the CME actually having aslightly larger value (0.4 PW
versus 0.33 PW).

Now consider the annual cycles. The observed bar-
otropic, baroclinic, and total heat flux have similar an-
nual cycleswith a maximum in summer and a minimum
in fall or winter (Fig. 11a). The CME shows a weak
annual cycle for the baroclinic heat flux that is roughly
in phase with observations but almost no variation in
the barotropic heat flux. The reason for the weak annual
cycle in barotropic heat flux in the model is illustrated
in Fig. 13a. Variations in the barotropic heat flux are
related primarily to changes in the volume transport and
mean temperature of the Florida Current, following (9).
The observed cycle (Fig. 11a) is primarily driven by
the annual cycle in Florida Current volume transport,
which varies over a range of 6 Sv (Fig. 13a). By com-
parison, the CME annual Florida Current transport cycle
ismuch weaker, about one-third the observed amplitude,
and with somewhat different phase. Both cycles have a
fall minimum, but the summer maximum in the ob-
served transport is only weakly evident in the model.
Furthermore, the annual cycle of the mean Florida Cur-
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Fic. 13. Individual terms in transatlantic heat flux calculation, from observations and the CME model. (a)
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(c) interior baroclinic heat transport due to geostrophic flow; and (d) Florida Straits baroclinic heat transport

(in PW); observations are solid lines, model is dashed.

rent temperature in the model is nearly out of phase
with the transport, such that the effect of the fall trans-
port minimum is largely suppressed by the fall maxi-
mum in temperature. A similar cycle is seen in the ob-
served temperature, but it has a much smaller net effect
due to the dominance of the volume transport cycle.
Annual cycles of the various components of the bar-
oclinic heat flux (Qgy, Quy, aNd Q,s) @re shownin Figs.
13b—d. The annual cycles of the Ekman and Florida
Current contributions are very similar between the ob-
servations and model. (It is not possible to precisely
calculate the Ekman contribution in models or data due
to uncertainty in the depth of the Ekman layer and hence
in the bulk temperature associated with that flow. Here
we have simply calculated it from the model as the
residual of the directly calculated interior baroclinic heat
flux and the geostrophic contribution.) The major dis-
crepancy between the model and observationsisin the
contribution dueto interior geostrophic flow, wheretheir

annual cycles are essentially out of phase. The model
annual cycle has aweak (southward) minimum in sum-
mer, whereas the observed annual cycle, calculated from
Levitus climatology, has a broad maximum in summer
with nearly three times the amplitude (annual range of
approximately 0.3 PW). Bdning and Herrmann (1994)
found the CME annual heat flux cycle at subtropical
latitudes to be almost completely due to the Ekman
contribution. This result is consistent, as they point out,
with theoretical and modeling studies indicating that
there is little baroclinic adjustment of the gyre circu-
lation on the annua timescale due to the very slow
propagation of baroclinic Rossby waves at midlatitudes.
In view of this, the relatively large amplitude of the
observed baroclinic heat flux cycle is puzzling. The
sense of the variation is such that there is larger south-
ward baroclinic shear in the interior during winter,
which suggests an intensification of the southward upper
ocean gyre flow during winter, when the wind stress
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curl and resulting southward Sverdrup transport are at
their maxima. This relationship suggests a baroclinic
response to Sverdrup forcing, which is at odds with the
model results. It is not immediately clear that the CME
model is necessarily incorrect; indeed, it is possible that
due to irregular sampling and eddy contamination, the
Levitus annual climatology may not be representative
of the true interior annual cycle. In either case, a fun-
damental disagreement between model and observa-
tional data seems to exist on the amplitude of annual
variation in theinterior baroclinic heat flux, which needs
to be reconciled by further study.

The overall result of the nearly in-phase Ekman, Flor-
ida Current, and interior contributions in the observa-
tionsis arelatively large annual range of 0.7 PW in the
total baroclinic heat flux. Conversely, the interior geo-
strophic contribution in the model tends to oppose the
Ekman contribution, leading to a much smaller annual
range of 0.3 PW.

In summary, we conclude that the weakness of the
annual cycle of meridional heat flux in the CME relative
to observations is primarily due to 1) the weak annual
cycle of the Florida Current, and 2) the lack of a sub-
stantial geostrophic heat flux variation in the interior.

5. Conclusions

Theresults from along-term current meter array have
been used to investigate heat transport off the Bahamas
at 26.5°N and their impact on transatlantic heat flux.
This location is important for accurate measurement of
the meridional heat transport, because it lieswithin both
the latitude band of maximum heat flux and the high-
energy western boundary current region.

Time series of local temperature transport off Abaco
are highly variable and are dominated by volume trans-
port variations. The variability occurs on timescales
ranging from weekly to interannual, including a prom-
inent annual cycle. Heat transport is locally strong both
northward (primarily in the upper layer above 800 m,
due to the Antilles Current and baroclinic events) and
southward (especially below 800 m, where the velocity
and temperature structure is more barotropic, caused
mainly by the DWBC).

Volume and temperature transport fluctuations are
concentrated on roughly a 100-day timescale, and small-
er amplitude variations are observed on monthly time-
scales. The large 70 to 100-day events masked the an-
nual cyclein earlier observations taken over oneto three
year periods; however, it is now possible to resolve an
annual cycle from our 4.8 years of data. This annual
cycle, with a summer maximum and fall minimum, is
in good qualitative agreement with that predicted by the
CME model. While the model’s volume and heat trans-
ports are, in general, weaker than those observed, the
model amplitudes and timescales of variability are quite
similar to the observed.

Monthly averages of Abaco moored heat transports

FILLENBAUM ET AL.

173

were used in combination with Levitus climatology in
the interior and Florida Current and Ekman transports
as given by Molinari et al. (1990) to estimate seasonal
and annual cycles of transatlantic heat flux. Barotropic,
baroclinic, and total heat flux had similar annual cycles
with a summer maximum and a fall and winter mini-
mum.

The baroclinic heat transports computed with the ad-
dition of the moored estimates were about 0.2 PW larger
than those computed from Levitus climatology; this re-
sult caused a similar increase in the total transatlantic
heat flux ranging from amaximum of 1.9 PW in August
to aminimum of 1.0 PW in February. The annual mean
heat flux was 1.44 PW (0.23 PW larger than the M90
estimate) when including the moored estimates. The
0.23 PW increase in net heat flux appears to be asso-
ciated with the large northward heat transport of the
Antilles Current, which is confined close to the Bahamas
boundary as a narrow shallow jet and not properly ac-
counted for in the climatological dataset.

Comparisons of the transatlantic heat flux calculated
from observations and from the CME model show that,
for the barotropic component, the CME’sweaker overall
heat flux and weaker annual cycle are related to its
cooler and weaker Florida Current. Differences in the
baroclinic component are primarily reflected in the in-
terior geostrophic portion of the heat flux, which shows
a larger annual cycle in the Levitus data than in the
model.

Moored current meter observations continue off Aba-
co, designated as the WOCE ACM-1 transport moni-
toring site. The most recent recovery and redeployment
occurred in October 1995; thus, there are now more than
nine years of nearly continuous data available from the
area. Study of long-term variability and trends in the
regional transports will continue.
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