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Abstract

Heat transports estimated CTD data collected during the World Ocean Circulation Experiment (WOCE) along the

January 1993 301S hydrographic transect (A10) and the output from a numerical model show a mean heat transport of

0.40 and 0.5570.24 PW (standard deviation), respectively. The model shows a large annual cycle in heat transport (more

than 30% of the variance) with a maximum (minimum) heat transport in July (February) of 0.68 (0.41) PW. Using these

data, a method is proposed and evaluated to calculate the heat transport from temperature data obtained from a trans-

basin section of expendable bathythermographs (XBTs) profiles. In this method, salinity is estimated from Argo profiles

and CTD casts for each XBT temperature observation using statistical relationships between temperature, latitude,

longitude and salinity computed along constant-depth surfaces. Full-depth temperature/salinity profiles are obtained by

extending the profiles to the bottom of the ocean using deep climatological data. The meridional transport is then

determined by using the standard geostrophic method, applying NCEP-derived Ekman transports, and requiring that the

salt flux through the Bering Straits be conserved. The results indicate that the methods described here can provide heat

transport estimates with a maximum uncertainty of 70.18 PW (1PW ¼ 1015W). Most of this uncertainty is due to the

climatology used to estimate the deep structure and issues related to not knowing the absolute velocity field and most

especially characterizing barotropic motions. Nevertheless, when the methodology is applied to temperatures collected

along 301S (A10) and direct model integrations, the results are very promising. Results from the numerical model

suggest that ageostrophic non-Ekman motions can contribute less than 0.05 PW to heat transport estimates in the

South Atlantic.

Published by Elsevier Ltd.
1. Introduction

One of the goals in the global ocean observing
system is to accurately describe the strength of the
meridional overturning circulation (MOC), the
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vigorous circulation that redistributes heat, nutri-
ents, carbon and fresh water globally. In the South
Atlantic, the MOC is composed of northward
transport of warm surface and intermediate layer
waters in the upper 1200m, southward transport of
North Atlantic Deep Water (NADW) between
approximately 1200 and 4000m, and northward
flowing Antarctic Bottom Water (AABW) below
4000m. Within the subtropical region, in the
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Fig. 1. Map of A10 location, XBT locations, POCM area with the main circulation elements schematically drawn (see text).
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30–351S band, historical heat transport estimates
range from small southward values (e.g., �0.23 PW,
de las Heras and Schlitzer, 1999) to close to 1 PW
northward (0.88 PW, inverse model, Fu, 1981). To
see the large range in various estimates of South
Atlantic heat transport see Fig. 13. in Garzoli and
Baringer (2007). Note that large heat transport
variability may be a real feature of the South
Atlantic circulation because both margins are highly
energetic and the winds are variable.

The ‘best-practices’ method for estimating the net
meridional transports typically includes the costly
and time-consuming full-water-column, cross-basin
hydrographic section. Such full-depth sections have
been used with the geostrophic method to estimate
the strength of the meridional heat transport at
many locations. Direct estimates of the meridional
heat transport in the South Atlantic have include
Holfort and Siedler (2001), Saunders and King
(1995) and Talley (2003). More involved estimation
methods have included using more than one section
and using observed velocities to constrain the
circulation (e.g., Macdonald et al., 2001; Gana-
chaud and Wunsch, 2003).

Partly because of the expense of these ‘best-
practices’ sections, other observations systems were
envisioned to measure parts of the MOC in hopes of
capturing some aspects of its variability. In parti-
cular, expendable bathythermographs (XBTs) de-
ployed in cross-basin (full-width), relatively closely
spaced (high-density) sections were conceived to
measure the mesoscale variability at higher frequen-
cies than one can afford to occupy full basin
sections and thus the XBT sections can help assess
whether unusual circulation features are present
that could bias estimates based on a single full-
depth section (Smith et al., 1999). Roemmich et al.
(2001) demonstrated that XBTs could also success-
fully be used to estimate the meridional transport in
the North Pacific. They estimated the net heat
transport by specifically prescribing the transport
below the deepest level of the XBT observations. In
this paper, we will develop a methodology to
calculate directly the deep transports using clima-
tological data. In particular, the high-density XBT
line called AX18 is used as an example XBT section
where this method could be applied. The AX18 line,
between Cape Town, South Africa, and Buenos
Aires, was designed to monitor the upper-layer mass
budget in the South Atlantic and to estimate the
variability of the upper limb of the MOC transport.
We evaluate the method against the full-depth,
complete hydrographic section taken during the
World Ocean Circulation Experiment (WOCE), the
301S A10 section, in the same region. Errors are also
estimated by analyzing the output of a numerical
model simulation of the South Atlantic taken from
the Princeton Ocean Circulation Model (Tokma-
kian and Challenor, 1999). The locations of the
sections used in this paper are shown in Fig. 1.

2. Data and methodology

Direct estimates of meridional volume (V) mass
(M) and heat (H) transport require the knowledge
of the potential temperature (T), salinity (S) and
meridional velocity (v) fields:

V ¼

Z Z
vdxdz Sv ¼ 106 m3 s�1

� �
,

M ¼

Z Z
rvdxdz kg=s

� �
,

H ¼

Z Z
rcpTvdxdz PW ¼ 1015 W

� �
,

where r is the density of the water and cp the specific
heat capacity.

The total meridional velocity (v) can be decom-
posed into three components:

v ¼ vg þ vag þ vb,
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where ng is the geostrophic (baroclinic) component,
which can be estimated from the hydrographic field,
nb is the barotropic component (here defined as the
reference velocity used to make ng absolute), and nag
is the ageostrophic component, which is assumed to
be dominated by the wind-forced Ekman transport.
Meridional Ekman transports are computed as the
Ekman mass, My, and Ekman heat, Hy, transport
given by

My ¼ �
tx

f
Dx,

Hy ¼MycpTEK,

where tx is the zonal component of the wind stress, f

is the Coriolis parameter, Dx is the horizontal
distance and TEK is the mean temperature of the
Ekman layer.

The methodology used to obtain the baroclinic
component of the heat transport from the XBT data
collected along AX18 is as follows: the XBT data
are collected using an automated launcher, with a
Sippican MK 12 circuit board and GPS receiver
that stores 6–8 XBT records from deployments at
specified time or space intervals. XBT data from
Sippican T-7 XBTs consist of temperature time
series collected every 0.1 s that typically extend to
depths of about 850m. The temperature time series
is then converted into a depth profile using the
updated fall-rate equation of Hanawa et al. (1995).
In this paper, salinity (S) is estimated for each XBT
profile by using S (T, P, latitude, longitude) derived
from ARGO and CTD data following the metho-
dology described by Thacker (2007a, b). The XBT
probe samples the ocean only to a depth of about
850m. Meaningful heat transport estimates require
full-water-column properties. Hence, a two-dimen-
sional interpolation of the high resolution (0.251)
temperature and salinity climatology produced by
Boyer et al. (2006) to the location of each XBT, at
each depth level, is used to generate an annual mean
climatology for the deep ocean. The bottom is
determined to be the depth at the location of the
XBT from the Smith and Sandwell (1997) two-
minute bathymetry database. Sections must span
the entire ocean basin so as to conserve mass.
Typically, WOCE specifications require samples up
to the 200m isobath: sections that reach this close to
the coastlines are considered ‘‘complete’’. Note that
there may be some flow along the shelves shallower
than 200m. Appendix A describes some of these
flows which can lead to a mass uncertainty of
0–0.2 Sv and a heat transport uncertainty of up to
0.01 PW. These uncertainties have been added to the
total one on Table 3.

Geostrophic velocities are determined using the
dynamic method where a level of no motion was
chosen at s2 ¼ 37.09 kgm�3 (s2 defined as potential
density relative to 2000 dbar) to compare with
results from Ganachaud and Wunsch (2003). Ek-
man transports are determined using national
centers for environmental prediction (NCEP)
monthly reanalysis winds by interpolating the
NCEP values to the location of the XBT observa-
tions. The monthly NCEP reanalysis winds were
provided by NOAA-CIRS Climate Diagnostic
Center, via their web site at http://www.cdc.noaa.
gov. Transports are computed in layers and
summed for the entire water column. The initial
level of no motion velocity field is uniformly
adjusted so that the net salt transport across the
section matches the salt flux through the Bering
Straits (27.6� 106 kg s�1, Coachman and Aagaard,
1988). Typically, values of this velocity are in the
range of 10�4 to 10�6m s�1 and hence there is,
strictly speaking, only a level of prescribed motion.

3. Heat transports across 301S

The method described in the previous section can
be applied to the 30oS WOCE CTD section by
successively degrading the CTD observations until
they finally appear at if the original data were
nothing more than 850-m XBTs. This exercise
assures us that the geostrophic method is appro-
priate for the region and generates error estimates
for each of the assumptions applied to actual XBT
data to generate an estimate of the additional
uncertainty that arises from having only XBT data.

The WOCE A10 CTD section was conducted
nominally along 301S during January 1993, and
provided temperature and salinity as a function of
depth for the whole water column across the entire
South Atlantic Ocean (Fig. 2). Ganachaud and
Wunsch (2003) analyzed the 301S CTD data using
the geostrophic method, with absolute velocity
corrections applied based on an inverse model, to
estimate the meridional heat transport across 301S.
They used a deep reference level approximately
between AABW and NADW along a neutral
density of 28.11 (equivalent to Y�1.9 1C or s2 ¼
37.09 kgm�3), and constrained the solution to have
772 Sv of AABW flowing north in the western
basin and to have 072 Sv flowing north from
below approximately 4000m east of 71W. Fig. 2

http://www.cdc.noaa.gov
http://www.cdc.noaa.gov
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Fig. 2. Temperature section from the data collected along the WOCE 301S CTD line A10. White lines represent important density

surfaces: 27.4 kgm�3 represents the upper boundary of intermediate water and 37.09 kgm�3 is the reference level used for transport

calculations (the lower boundary of NADW).
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shows the vertical distribution of temperature and
the density levels from 301S CTD data. To calculate
the Ekman transport, Ganachaud and Wunsch
(2003) used annual mean NCEP climatological
winds and found a total heat transport of 0.4 PW.
More recently McDonagh and King (2005), using a
box inverse model, recalculated the heat flux across
301S (A10) and obtained the value of 0.2270.08PW,
a number the authors considered to be in agreement
with previous results.

The simple geostrophic method described in the
previous section is applied to the full-water-column
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Table 1

Heat transport estimates for the WOCE 301S CTD section (A10)

using (1) Ganachaud and Wunsch (2003) inverse method, (2)

direct estimates of geostrophic transports, (3) in the upper 850m,

CTD temperatures collected during A10, salinities estimated

using the methodology proposed by Thacker (2007a, b) and (4)

same as 3 but below 850m the data is from the 0.251 climatology

(Boyer et al., 2006)

Source Heat transport (PW)

1 Ganachaud and Wunsch (2003) 0.40

2 Direct estimate 0.40

3 Above 850m, T from A10, S

estimated

0.43

4 Climatology below 850m 0.55

M.O. Baringer, S.L. Garzoli / Deep-Sea Research I 54 (2007) 1390–14011394
values of T(z) and S(z) collected along 301S (A10) to
obtain direct estimates of heat transport. Results are
given in Table 1. A comparison between the results
obtained by Ganachaud and Wunsch (2003)
(0.40 PW, Table 1, line 1) and those obtained by
the simple geostrophic method using T and S data
from A10 (0.40 PW, Table 1, line 2) indicates that
the basic methodology applied herein reproduces
the values obtained with the inverse method.

XBTs, however, contain no salinity information.
This deficiency can be simulated with WOCE A10
CTD data, by considering the T(z) values from A10,
and prescribing the salinity above 850m from the
functions of temperature, depth and geographic
location provided by Thacker (2007a, b). Thacker
(2007a, b) created salinity look-up tables for the
region under study based on ARGO & CTD data
relations between T and S as a function of latitude,
longitude and pressure. Below 850m the full 301S
CTD data set is used. Heat transport obtained this
way is computed as 0.43 PW (results in Table 1, line
3). Thus, the error induced by estimating salini-
ties with the functions provided by Thacker is very
small (less than 0.03 PW, ‘‘Upper Ocean Salinity’’,
Table 3).

XBTs sample only the upper 850m of the water
column and hence some estimate of the deeper
values must be made. WOCE A10 CTD data is used
such that T(z) above 850m is obtained directly from
the CTD data. Salinity above 850m is inferred
using the relations provided by Thacker (2007a, b).
Below 850m the World Ocean Atlas 0.251 annual
mean T(z) and S(z) fields are used (WOA0.25).
Heat transport is estimated as 0.55 PW following
the previously described methodology (results in
Table 1, line 4). In this case, there is a difference of
+0.15 PW (‘‘Deep Climatology’’, Table 3).
Using full-water-column CTD data, the depth at
any location is typically known to within about
10m. With XBTs the depth must be determined
from the Smith and Sandwell (1997) database.
Using the CTD data as if it were an XBT, and the
depth as determined from Smith and Sandwell
instead of the maximum depth provided by
the CTD cast, it was determined that the error
introduced by not knowing the exact water
depth is on the order of 0.02 PW (‘‘Bottom depth’’,
Table 3).

The methodology used here requires the salt to
exactly balance the salt transport through the
Bering Strait following Coachman and Aagaard
(1988). The salt conservation constraint results in a
small residual mass flux of 0.3 Sv to the south that
results from the 0.8 Sv flow through the Bering
Straits (Coachman and Aagaard, 1988). For the
numerical model analysis, the mass residual ranged
from 0.3 to 0.5 Sv southward. We assume that our
top to bottom net mass transports are accurate to
about 1 Sv, hence this mass residual plays no
significant role in the circulation, however, a small
error in the estimated heat transport will arise. An
upper bound on this error would occur is the mass
was carried entirely in the near surface with
temperatures between 14 and 22 1C. The additional
uncertainty in the heat transport would thus be less
than 0.02 PW (‘‘Mass imbalance’’, Table 3).

Results from this analysis are represented graphi-
cally in Fig. 3, showing the cumulative heat
transport across the basin along constant latitude
similar to the WOCE A10 section. The thin dashed
line is the cumulative heat transport in PW obtained
from the observed T(z) and S(z) collected at the
CTD stations occupied during A10. The thick solid
line is the cumulative heat transport obtained from
the T(z) values of A10 above 850m, using salinities
above 850m from Thacker (2007a, b) methodology
and T(z) and S(z) below 850m obtained by using
the values of the WOA0.25 climatology. The main
variability across the basin is reproduced accurately
using only the upper 850m of data. Thus, it can be
concluded that the methodology proposed herein
can reproduce the variability in heat transport as
obtained with the inverse method, and furthermore
that when heat transports are computed from
simulated XBT profiles collected in the upper
850m, there is an uncertainty of 0.15 PW in the
cumulative transport across the basin due to the
assumptions specific to using only XBT profiles
instead of full-water-column CTD profiles. Of
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Fig. 3. Cumulative heat transport across 301S. The thin dashed line is the cumulative heat transport obtained from the T(z) and S(z)

collected along the WOCE CTD section (A10). The thick solid line is the cumulative heat transport obtained from the T(z) values of A10

above 850m, salinities above 850m obtained using Thacker (2007a, b) methodology and T(z) and S(z) below 850m from the high-

resolution (0.251) climatology (Boyer et al., 2006). Ekman transport is obtained using NCEP annual mean winds. The agreement between

the two curves supports the validity of the proposed methodology.
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course this analysis is based on a single section
because no other is available close to the location of
the XBT line AX18 for which this error estimate is
based. However, in the North Atlantic near the
high-density XBT line AX7 (not shown), five CTD
sections have been conducted along 241N and a
similar analysis there indicates no mean bias to the
XBT heat transport estimates and similar scatter for
individual estimates as shown here.

4. Heat transports from a model

Additional uncertainties in the results may be due
to the simplicity of the geostrophic method that
applies to any hydrographic section (e.g., Gana-
chaud and Wunsch, 2003) as well as to our results.
In particular, the role of the barotropic and
ageostrophic components of the flow and the very
time-dependent nature of the flow lead to additional
uncertainty. In what follows, the POCM numerical
model (Tokmakian and Challenor, 1999) is exam-
ined to compare results estimated from the total
velocity field to those obtained from geostrophic
velocities. This model was chosen because it is one
of the most well-known and thoroughly tested eddy-
permitting ocean general circulation models around.
It has been analyzed and compared to observations
by numerous investigators (e.g., Stammer et al.,
1996; Gille, 1997 ; Matano and Beier, 2003) and we
believe it captures most of the processes in play in
the South Atlantic.

4.1. Estimates of the total heat transport using the

velocity field from the model

From the model velocity field, the heat transports
are computed for model latitudes 29.961S (nomin-
ally 301S) and 35.051S (nominally 351S) (Fig. 4).
The time series of heat transport for the model years
1986–1998 (the year when the WOCE A10 line was
conducted) indicate a strong interannual variability
with values between 0.2 and 1.2 PW. The mean
value of the series is 0.55 PW at 301S and 0.60 PW at
351S with standard deviations of 0.24 PW and 0.28,
respectively (Table 2). The model mean annual cycle
exhibits a maximum (0.76 PW at 301S and 0.84 PW
at 351S) in the month of July and a minimum
(0.42 PW at 301S and 0.46 PW at 351S) in the month
of February (Fig. 4), and explains 31% of the total
variance at 301S and 17% of the total variance at
351S. Note that the WOCE A10 section was
occupied during the climatological low point in
the model seasonal cycle (January), and hence
the heat transports from A10 are consistent with
the POCM model. The vertical distributions of the
volume and heat transports indicate that all of
the northward flow is contained in the upper 1335m
of the ocean (Fig. 5). The model also shows that
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Fig. 4. Time series of the total heat transport (top panel) at 301S (solid) and 351S (dashed) obtained from the POCM velocity and

temperature fields. In parenthesis after the mean value of the series is the standard deviation. The lower panel is the climatological annual

cycle of the heat transport (1986–1998) computed from the full-time series at 301S (represents 31% of the RMS variance) and at 351S

(represents 17% of the RMS variance).

Table 2

Results from the analysis of the POCM model

Results from the POCM analysis Heat transport (PW)

Latitude model section

301S 351S

Mean SD Mean SD

A Direct calculation (from model velocity field) 0.55 0.24 0.60 0.28

Geostrophic Tr using model V as reference level 0.49 0.16 0.64 0.18

Mean difference (ageostrophic component) 0.06 0.18 �0.04 0.2

B Direct calculation (from model velocity field) 0.55 0.24 0.60 0.28

Geostrophic Tr using s2 ¼ 37.09 kgm�3as reference level 0.67 0.14 0.62 0.15

Mean difference (ageostrophic component) �0.12 0.21 �0.02 0.28

C Direct calculation (from model velocity field) 0.55 0.24 0.60 0.28

Same as 2 using mean V at the western boundary 0.6 0.14 0.55 0.15

Mean difference (ageostrophic component) �0.05 0.19 0.05 0.25

A: Comparison between the results from direct calculation of the transport using the model velocities and from the geostrophic method

using the model velocity to determine the reference level at all locations. B: Comparison between the results from direct calculation of the

transport using the model velocities and from the geostrophic method with s2 ¼ 37.09 kgm�3 as reference level. C: Comparison between

the results from direct calculation of the transport using the model velocities and from the geostrophic method with s2 ¼ 37.09 kgm�3 as

reference level and a mean bottom velocity in the western boundary. Note the values quoted are for the model grid points at located at

�30.131S and �35.1951S.
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there are relatively small variations in the heat
transport in the latitude range between 301S and
351S (Fig. 6). Between 30

%
oS and 35

%
oS the model

heat transport changes by about 0.05 PW over an
area of approximately 4� 1012m2 suggesting a
small heat convergence in this region. This heat
convergence is equivalent to about 11Wm�2 heat
loss to the atmosphere. However, estimates of net
surface heat fluxes remain much larger than this, for
example, Josey et al. (1999) estimate a global
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Fig. 5. Cumulative vertical distribution of MOC volume transport (top) and heat transport (bottom) from the POCM model.
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accuracy of 30Wm�2 and hence these differences
are considered negligible.

4.2. Estimates of the model ageostrophic component

of the flow

The total transport is equal to the geostrophic
plus the ageostrophic components of the flow. It is
currently assumed that the major contributor to the
ageostrophic field is the Ekman flow induced in the
upper layer by the winds. Other processes may also
contribute to the heat transport, such as inertial
motions and eddy fluxes. To estimate the magnitude
of the non-Ekman ageostrophic components of the
flow, the model, which is one estimate of the total
transport, can be analyzed using the simple steady
geostrophic method. Differences between the total
model transport obtained from the model velocity
field (‘‘direct calculation’’, Table 2) and the geo-
strophic method must be some combination of
methodological errors and non-Ekman ageo-
strophic transports. The best estimate of the geo-
strophic component of the flow is computed from
the model temperature and salinity using as a
reference level the model velocity field at a
prescribed depth. This estimate should eliminate
methodological errors due to referencing because
the actual model velocities at depth are given. The
Ekman component of the flow is calculated from the
ECMWF winds for consistency with the model
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Table 3

Error estimates for the heat transport values

Uncertainty estimate PW

Upper ocean salinity 0.03

Deep climatology below 850m 0.15

Bottom depth 0.02

Mass imbalance 0.02

Western boundary mean velocity 0.02

Ekman 0.04

Unresolved shelf transport 0.01

Ageostrophic non-Ekman 0.05

Ring transport 0.02

Reference level 0.05

Total 0.18

Fig. 6. Heat transport from the POCM model as a function of latitude.
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runs. The geostrophic-method heat transport is
determined from the geostrophic velocity field
modified to include the ageostrophic Ekman velo-
city. Then the mean ageostrophic (non-Ekman)
component of the model heat transport is estimated
as the difference between the total heat transport
(computed directly from the model velocity field)
and the geostrophic-method heat transport. Results
indicate (Table 2) that at 301S the mean ageo-
strophic (non-Ekman) component of the heat
transport is 0.06 PW and, at 351S �0.04 PW. The
standard deviations of these new estimates of
geostrophic heat transport have also significantly
decreased to 0.16 PW at 301S and 0.18 PW at 351S,
from 0.24 PW at 301S and 0.28 PW at 351S obtained
from the direct model integration. This may indicate
of the presence of ageostrophic time-dependent
shear in the full model fields that is not present in
the geostrophic estimates. Given the small values of
the mean difference and the large standard devia-
tions (0.18 PW at 301S and 0.20 PW at 351S), these
values are not statistically significantly different
from zero, and hence for a long-term mean
geostrophic heat transport estimates will work quite
well (i.e., better than about 70.05 PW, ‘‘Ageo-
strophic non-Ekman’’ error, Table 3).

4.3. Errors due to rings

It is important to note that there may still be
contributions to the heat transport from time-
dependent eddy fluxes or transients. In the case of
the region under consideration, these sort of
motions may include the ring shedding both at the
retroflection of the Agulhas Current on the eastern
side of the basin, or at the confluence of the Brazil
and Malvinas Currents on the western side. Note
that the geostrophic estimate of the heat transport
from temperature and salinity is just a snapshot of
the flow at a simple point in time that may or may
not have captured an Agulhas ring. From rings
surveyed during the Benguela Current Experiment,
Garzoli et al. (1999) calculated a mean heat
transport per ring of 0.003 PW and from altimetric
estimates, 0.004 PW. Goñi et al. (1997) calculated
that on average five Agulhas rings enter the Atlantic
each year. If all the rings move north across the
section, this could account for an average of
0.02 PW per year, a number similar to the mean
ageotrophic non-Ekman flow in the model (‘Ring
transport’, Table 3).
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4.4. Errors in reference velocity

The model can further be used to estimate the
importance of barotropic motions in the region by
comparing the model heat transports (as in part a,
above) with possible reference level choices. The
geostrophic transports are calculated using the T

and S fields from the model output by applying the
geostrophic method previously described and using
as reference level s2 ¼ 37.09 kgm�3 (note than in
the previous exercise reference level was determined
by actual model values of velocity). Differences
between the heat transports from the total velocity
and from the geostrophic method, for reference
level s2 ¼ 37.09 kgm�3, are �0.12 PW at 301S and
�0.02 PW at 351S (Table 2). These results indicate
that there is a small component of the flow (between
0.02 and 0.12 PW, depending on the latitude) that is
not taken into account using a simple uniform
reference velocity on a single surface. Through
further inspection of the model fields, a barotropic
component was observed west of 451W, with
southward bottom velocities having a mean of
0.06m s�1. This barotropic flow is the result of the
Brazil Current and the NADW flowing in the same
direction. When the heat transport values obtained
from the T and S are corrected for the barotropic
component of the flow (by adding a mean bottom
velocity in the western boundary of �0.032m s�1 at
301S and �0.013m s�1 at 351S for all station pairs
west of 451W), results for the heat transport are
0.60 PW at 301S and 0.55 PW at 351S (Table 2),
similar to the ones obtained by using the model
velocity field. That is to say, a more accurate mean
value for the heat transport from the data collec-
ted along AX18 may be obtained by correcting
for the barotropic component of the field at the
western boundary (0.05 PW ‘‘Reference level’’ error,
Table 3).

5. Discussion and conclusions

The heat transport estimates contained herein are
subject to uncertainties that can broadly be divided
into two categories: those arising from using XBTs
instead of full-water-column hydrographic profiles
and those uncertainties inherent in any heat trans-
port estimate based on hydrographic data. In the
previous section, where we verified the accuracy of
the geostrophic method using XBTs, three main
issues arose: estimating salinity, estimating the deep
climatology and estimating the true bottom depth.
A summary of these transport uncertainties is given
in Table 3. We found a heat transport uncertainty of
0.03 PW arising from estimating the salinity. The
use of a smooth climatology for the lower layers
introduces an uncertainty of 0.15 PW to the heat
transport estimates, which we assume is a bias due
to the smoothed nature of the deep fields ‘‘smearing
out’’ density gradients that should carry the lower
limb of the MOC through geostrophic shear, and
the uncertainty about the depth of the bottom of the
ocean introduces an error of 0.02 PW.

All heat transport estimates also suffer from
uncertainties associated with the determination of
the absolute circulation. For instance, uncertainties
arise from the known variability in the western
boundary bottom velocities: examination reveals
that by increasing the bottom reference velocity, v

by as much as720%, the heat transport varies by
only 70.02 PW, an uncertainty due to not knowing
the true mean western boundary reference velocity
(Table 3, ‘western boundary mean velocity’).
Different wind products produce Ekman heat
transport values that differ by about 70.04 PW
(Table 3, ‘Ekman’). Unresolved shelf transport is
noted in Appendix A and can result in heat
transport uncertainty of 0.01 PW (Table 3, ‘unre-
solved shelf transport’). Ageostrophic motions and
reference level errors are estimated using the POCM
model: ageostrophic motions not associated with
Ekman transports can add an uncertainty of
0.05 PW (Table 3, ‘ageostrophic non-Ekman’). Not
knowing the true absolute velocity field adds an
additional uncertainty of 0.05 PW (Table 3, ‘refer-
ence level’). A summary of all estimated uncertain-
ties is given in Table 3. The total uncertainty is thus
estimated to be 70.18 PW.

In summary, the methodology used to obtain the
heat transport was examined in detail using several
‘‘test’’ cases as benchmarks. It was shown that the
method could essentially reproduce the values
obtained using more sophisticated data and analysis
with the WOCE hydrographic line A10 along 301S.
The analysis of the product of a numerical model
confirmed that baroclinic estimates of the transports
should be adjusted by the contribution of a strong
barotropic component of the flow along the western
boundary. It was also shown that replacing the A10
hydrographic section below 850m (the deepest
values of data collected with XBTs) with climato-
logical fields introduces a change of +0.15 PW to
the heat transport, which was listed as an additional
uncertainty in the heat-transport estimates. When
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comparing to other estimates, it is possible that a
positive bias has been introduced into our estimates
due to the methodology of using a smoothed deep-
water climatology, and therefore our estimates may
be slightly high. However, an annual mean clima-
tology has been used, and hence all the variability in
heat transport is entirely due to the changing
thermal structure of the upper water column, plus
wind and boundary current changes. The data
collected by Argo profiling floats helped to improve
the T/S relations in the region, but better subsurface
climatology for the lower layers is needed in order
to improve the results.
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Appendix A. Continental shelf transport

Note that there is always a small portion of the
flow on the continental shelf that is not captured by
the measurements. Along the western boundary,
Palma et al. (2004) conducted a careful analysis of
the currents along the Argentine continental shelf.
They analyzed the modeled oceanic circulation
patterns on the shelf forced by nine different wind
climatologies. Results indicate that at 351S there is a
weak northward transport that varies between 0.0
and 0.2 Sv, depending on the wind climatology.
A shelf flow of 0.2 Sv introduces a change in the
heat transport of less than 70.01 PW (Table 3,
‘‘unresolved shelf transport’’), a value that is less
than the other uncertainties.

Along the eastern shelf, Bang and Andrews
(1974), using direct current measurements, found a
strong equatorward jet along the inner shelf of
South Africa southwest of Cape Town, confined to
the mid-depth and surface layers and with a width
of 5 nautical miles. According to Shannon and
Nelson (1996), the estimated mean transport of this
current is 1 Sv. Compensating for the vertical
displacement of water on the inner shelf and its
movement northward is a narrow strip of south-
ward flow found at the base of the shelf (Nelson,
1989, 1991). This poleward flow is part of a more
extensive poleward motion stretching from the coast
across the shelf and out into the Cape Basin to as far
as 171 350E (Shannon and Nelson, 1996; Nelson,
1989). South of 331S, the flow is not seasonally
dependent. The net contribution to the heat trans-
port from the coast to 17.51E is negligible because
of the compensating northward and southward
coastal currents (Nelson, 1989). An extremely
conservative estimate of the mean temperature
differences between these currents (5 1C) leads to
an estimated heat transport of less than 0.01 PW.
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