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Atlantic Ocean baroclinic heat flux at 24 to 26° N

Molly O’Neil Baringer and Robert Molinari
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Abstract. The spatially varying, interior geostrophic
baroclinic heat flux component of the total meridional
oceanic heat flux near 24°N in the Atlantic Ocean is ex-
amined using four transatlantic hydrographic sections
including the October 1957 DISCOVERY II IGY sec-
tion, the September 1981 ATLANTIS section, the Au-
gust 1992 HESPERIDES section, the February 1998
RONALD H. BROWN section and the 1982 Levitus
and the Lozier, Owens, Curry climatologies. The 1992
section is complemented by-shorter western bound-
ary sections obtained concurrently during the Trident
cruise. We find an average southward baroclinic heat
flux of 0.9 £+ 0.3 PW with an annual cycle amplitude
of +£ 0.3 PW. More than 90% of the annual cycle is
captured within 30° of the western boundary.

Introduction

Total meridional oceanic heat flux plays a crucial role
in the energy balance of the sea-air system. At north-
ern mid-latitudes the ocean transports nearly half the
energy needed to balance the energy deficit at the top
of the polar atmosphere. Near 24.5°N in the Atlantic
Ocean, several studies have estimated similar merid-
ional oceanic heat flux values, a nearly invariant 1.2
PW (1 PW = 10'® W) northward [Bryden and Hall,

1980; Hall and Bryden, 1982; Roemmich and Wunsch, -

1985; Rintoul and Wunsch, 1991]. Several of these stud-
ies [e.g. Bryden and Hall, 1980; Hall and Bryden, 1982]
have decomposed total meridional oceanic heat flux into
components that can be estimated from hydrographic,
surface wind and Florida Current transport data. In
particular, the baroclinic heat flux (BHF) is given by

Q= L/})pcpalu'dzdz (1)

where D is the depth, p is the density, ¢, is the spe-
cific heat capacity of sea water, and ', v’ are deviations
from the locally vertically averaged temperature and
geostrophic velocity respectively. The limit of integra-
tion, L, is the horizontal dimension extending from the
eastern boundary to the Bahamas Island Chain. The
BHF in the Straits of Florida can be computed sepa-
rately Hall and Bryden [1982].
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BHF has been estimated from hydrographic data col-
lected along 24.5°N. Typical values of this component
of meridional oceanic heat flux are of the order 0.8 PW
to the south [Fillenbaum et al., 1997], thereby requiring
considerable northward heat flux by the other merid-
ional oceanic heat flux components to account for the
net northward heat flux at this latitude. Herein, we use
historical and more recent, average and quasi-synoptic
data to estimate the effect on BHF values from (1) using
different hydrographic climatologies; (2) slight changes
in the locations of quasi-synoptic sections; and (3) the
annual cycle. Our overall objective is to provide a mea-
sure of the robustness of earlier BHF estimates.

Data Analysis

The full basin sections along 24.5°N used in the study
include the four transatlantic sections from October
1957, September 1981, August 1992 and February 1998
shown in Fig. 1 [Hall and Bryden, 1982; Roemmich
and Wunsch, 1985; Parrilla et al., 1994] In addition,
data collected along nominally 26.5°N and 22.5°N ex-
tending only to the Mid-Atlantic Ridge during the 1992
Trident cruise are used [Marchese and Gordon, 1995].
The Trident cruise included shorter sections in the west-
ern Atlantic taken within a month of the August 1992
HESPERIDES transatlantic section (Figure 1). Both
the 26.5°N and 22.5°N 1992 transects were designed to
estimate the effect that slight changes in the location
of the western portion of a heat flux section had on the
overall estimates of heat flux.

The October 1957 hydrographic data were collected
using discrete bottle samples, while the other cruises
used continuously sampling conductivity, temperature,
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Figure 1. Station locations for CTD data from the 26.5°N
and 22.5°N 1992 sections, the October 1957 section, -the
September 1981 section, the August 1992 section, and the
February 1998 section (see legend). Locations described
in text include the Strait of Florida (SOF), the Northwest
Providence Channel (NWPC), the Bahamas Island Chain
(Bah), the Mid-Atlantic Ridge (MAR) and the Canary Is-
lands (CI).

353



354

depth (CTD) sensors. The October 1957 section was
occupied at a relatively coarse resolution, as well as the
26.5°N and 22.5°N 1992 Trident sections (Table 1) Ta-

ble 1 The Scyuculbc; 1981, Auguau 1892 and rcurudry

1998 sections have an eddy resolving resolution along
the entire transect.

The 1982 Levitus [1982] and the Lozier et al. [1995]
(LOC, hereafter) climatologies are used. The Levitus
1982 climatology was generated by objectively mapping
available hydrographic, CTD and mechanical and ex-
pendable ba.thythermograph profiles at discrete depths
with temperature and salinity distributions computed
separately. Data are available on a one degree lati-
tude/loneitude orid  Realaw 10000 anly ammiis] aoan

vuae/iongivuae gria. oOEIoOW 1uuvulll Oy annual aver-

aged values are available. Above 1000m seasonal values

nf ea]nnfv and mnnfh]v VA]'HPQ of temmperature are avail.

salinity and monthly values of temperature are avail-
able. Considerable smoothlng was required to achieve
this resolution (e g., at 30°N, the data are smoothed
over 15 degrees in both latitude and longitude). The
LOC climatology was generated by averaging only hy-
drographic and CTD data along isopycnal surfaces into
one degree latitude/longitude squares, thus preserving
the temperature-salinity relation in their fields. No hor-
izontal smoothing other than that inherent on the one
degree averaging was applied, hence this climatology
contains numerous gaps in the 1 degree grid where no
data are available. In order to reduce the number of
data gaps a bimonthly climatology was created that as-
sured that a data point could be found at least every
two degrees. All data were interpolated onto the same
standard depths as the Levitus 1982 climatology.

Results

The values for the BHF estimated from the four
transatlantic transects are given in Table 1. The initial
three transatlantic occupations show a decrease through
time in the southward interior BHF, followed by a dra-
matic increase in southward BHF in February 1998.
The BHF accumulated away from the western bound-
ary shows that most of the difference occurs to the west

of 50°W, where the variability is the highest (Figure 2)."

Peaks in BHF (e.g. a peak at 66°W in August 1992)
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increase in the relative amount of warm water flowing
northward on top of cold water flowing southward), fol-
lowed by an accumulation of negative heat flux. These
peaks represent eddies and recirculations (Jonns et al.
[1996]). The transects resolve the peaks which have sim-
ilar spatial scales of about 500 km. Thus, the estimates
of total BHF from the synoptic sections are not aliased
because of inadequate resolution.

Table 1 and Figure 2 also show the two annual mean
climatologies. As described previously, the Levitus 1982
climatology has been smoothed considerably in space.
The smoothing is manifest by the absence of mesoscale
features. Close to the western boundary (within 3°),

1a amas iMoo Moty < ) ok NITH
this smoothing may have reduced the northward BHF

which is the result of the northward flow of the Antilles
Current above the southward Deen Wasgtarn Raund

urrent above the southward Deep Western Bound-
ary Current, leading to a slight overestimate of the net
southward BHF. The northward BHF next to the Ba-
hamas Island Chain typically has values between +0.7
to +1.5 PW northward, but the Levitus annual mean
only includes about +0.2 PW (Figure 2). The Levi-
tus 1982 climatology only includes the October 1957
transect, in addition to other data collected earlier
and hence tends towards a similar structure for BHF.

The LOC climatology only includes the October 1957
anr] Qannm}\Pr 10R1 enrhnnc VV}\ le maintainine mare

mesoscale features, the LOC tends towards a strsilcture
similar to the September 1981 section.

The 26.5°N and 22.5°N 1992 data provide a measure
of the differences caused by small (order of degrees)
changes in the location of a portion of the transatlantic
section (see Figure 1 for station locations). Using the
eastern portion of the August 1992 HESPERIDES sec-
tion with the 26.5°N and 22.5°N 1992 sections results in
a BHF of-0.9 PW using the 22.5°N section and -1.0 PW
using the 26.5°N section compared to -0.7 PW using the
24.5°N August 1992 section (Table 1). As before, the
differences are due to differences in the mesoscale fea-
tures found along the western boundaries (not shown)
since patching together non-synoptic sections induces
an error on the order of the eddy variability. Using only
these sections, the differences suggest an uncertainty in
BHF estimates of the order of 0.1-0.2 PW (standard

represent an accumulation of positive heat flux (i.e., an deviation).
Table 1. Interior baroclinic heat flux estimates at 24°N/26°N
Trident Trident
Lat. Levitus  LOC  (22.5°N)  (26.5°N)
(°N) 1957 1981 1992 1998 1982 1992 1992
Date Oct6-12  Aug 12-Sep 6 Jul 20-Aug 16 Jan 23-Feb 24 Aug 5-31  Aug5-31
Ship Discovery I Atlantis 109 Hesperides Brown Baldrige  Baldrige
Spacing (km) 16642 7131 61+12 55223 126=88 78+41
Eddy noise (PW) 0.27 0.33 0.26 0.24 0.23 0.19 0.24
Hall anid Bryden [1982] 24.5 -0.93
Molinari et al. [1990] 26.5 -0.84
Fillenbaum et al. [1996] 26.5 -0.88 -0.78 -0.99
This study 24.5 -0.90 -0.81 -0.71 -1.16 -0.99  -0.75

Baroclinic heat flux for several different sections and annual mean climatologies. Units are given in PW (1 PW = 10'5W). “Eddy noise” is
determined by the standard deviation of the difference between the local BHF and the Levitus 1982 BHF (see text).
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Figure 2. Cumulative southward baroclinic heat flux in-
tegrated from the western boundary for the February 1998,
the August 1992, the September 1981, the October 1957
sections, and the Lozier, Owens and Curry and the Levitus
1982 annual mean climatologies (see Figure 1 for locations).
Final BHF is listed to the left of each curve. Note each curve
is offset by 1.25 PW.

A simple estimate of the possible error induced by
aliasing the mesoscale eddy field can be obtained by
comparing the synoptic transatlantic sections with the
highly smoothed Levitus climatology. Since the Levitus
climatology has effectively removed all the mesoscale
features, the differences between the Levitus BHF as
a function of longitude and the synoptic section BHF
is a measure of the eddies. This difference for each
section results in a mean of about 0.24 PW (Table 1).
Note this is essentially the same as the eddy error esti-
mated in Hall and Bryden (0.25 PW) by decomposing

the BHF further into a horizontal average v’6’(z) and

local deviations, v”6”(x,z), which they suggest repre-
sent eddy fluxes. They found that the local deviations
had a very small basin wide integral. They concluded
that the standard deviation was a better estimate of the
eddy flux error, and suggest an error of 0.24 PW.
Other sources of “error” or variability in mean BHF
values include time dependent fluxes such as the annual
cycle. Molinari et al. [1990] estimated mean monthly
values of BHF at 26.5°N using the Levitus [1982] cli-
matology. A similar calculation was performed here for
24.5°N and the monthly BHF estimates are fit with an
annual and semi-annual harmonic. The resulting curve
is plotted in Figure 3. These values, as expected, are
only slightly different from the Molinari et al. [1990] re-
sults and show the same peak to peak range of 0.5 PW.
A similar annual cycle is obtained -performing an anal-
ogous computation on the LOC data (Figure 3). Only
the annual harmonic is used for the LOC bi-monthly
climatology due to the limited data. The four synoptic
cruise BHF values provide strong, essentially indepen-
dent (i.e. the Levitus climatology only includes the Oc-
tober 1957 data) support for the existence of an annual
cycle in BHF (Figure 3). Both climatologies appear
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Figure 3. Annual harmonic of baroclinic heat flux for the
Lozier, Owens and Curry climatology (solid line) and annual
and semi-annual harmonics for the Levitus 1982 climatology
(dashed line) are plotted. Baroclinic heat flux for the full
basin synoptic sections are shown including the February
1998 (triangle symbol), the August 1992 (circular symbel),
the September 1981 (diamond symbol), and the October
1957 (square symbol) sections. The BHF is plotted at the
median dates for the transatlantic cruises. Note the data
are plotted twice to emphasize the annual cycle.

consistent with observed BHF values. Thus, even with
large spatial smoothing, the Levitus 1982 can replicate
the seasonal cycle.

As noted above most of the spatial variability in BHF
is introduced to the west of 55°W. Annual cycles using
only the first and second harmonics of Levitus 1982 data
are fit to the cumulative BHF values at representative
longitudes in Figure 4 to ascertain if temporal variabil-
ity is similarly located. A large proporiion of the annual
cycle in BHF at the eastern end of the section is caused
by BHF variability along the western boundary. By
45°W more than 90% of the full basin annual cycle is
captured.

A long time-series of short hydrographic sections has
been obtained along the western boundary along 26.5°N
[Vaughan and Molinari, 1997). Seasonal averages of
cumulative values of BHF integrated out to 72.5°W
qualitatively 'support the climatological annual cycle.
Two January-February cruises give an average BHF of
+0.3 PW while five June-August cruises give an average
BHF of +0.7 PW, consistent both with positive BEF in
the west and increased northward BHF in the summer
found using the climatological data. These values are
higher than that seen from the Levifus data near the
western boundary.

Conclusion

In summary we find:

® Mesoscale variability, largest west of the Mid-
Atlantic Ridge, creates an uncertainty in BHF of
about 0.26 PW (standard deviation);
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Figure 4. Annual harmonic of baroclinic heat flux for
the Levitus 1982 climatology at 24.5°N integrated from the
western boundary to various longitudes. Note the data are
plotted twice to emphasize the annual cycle. No offset is ap-
plied to the data; BHF generally becomes increasingly neg-
ative as the integration proceeds from the western bound-
ary. By 75°W very little BHF has been accumulated and
by 65°W the positive BHF of the Antilles Current/Deep
Western Boundary Current is apparent.

e Although uncertainties are large, the synoptic cruises
support the existence of an annual cycle in BHF
estimated from the climatologies with maximum
southward transport in winter and maximum north-
ward transport in summer;

e Errors in mean annual BHF from inadequate sam-
pling of the annual cycle can be as large as 0.22
PW (0.5 PW peak to peak difference)

o and 90% of the annual cycle in interior BHF is es-
tablished by conditions within 30° of the western
boundary.

Comparing the BHF values from the synoptic sections
and the two climatologies provides a measure of the
mean annual BHF and the uncertainty in this estimate.
These estimates suggest a mean annual southward BHF
of —0.90 PW and about + 0.3 PW uncertainty. The un-
certainty estimate is based on the differences between
the climatologies and the four synoptic sections. Moli-
nari et al. [1990] using the Levitus climatology demon-
strate that throughout the year the northward Ekman
and barotropic transports are sufficiently large to result
in a net northward heat flux that sums to the typical
1.2 PW total northward heat flux value. Bryden and
Hall [1980] give an uncertainty in total meridional heat
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flux of about 0.3 PW, with a total of 0.24 from errors in
the interior BHF. Our estimate for the uncertainty in
BHF including the annual cycle, raises the uncertainty
on the total heat flux to 4+ 0.4 PW. The variability of
the BHF shown here raises some interesting questions
about how quickly the oceans mass field responds to
seasonal forcing and should provide a benchmark for
models to simulate.
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