Available online at www.sciencedirect.com

“ScienceDirect

DEEP-SEA RESEARCH
ParT I

ELSEVIER

Deep-Sea Research 1 54 (2007) 1402—-1420
www.elsevier.com/locate/dsri

Meridional heat transport determined with expandable
bathythermographs—Part II: South Atlantic transport

Silvia L. Garzoli*, Molly O. Baringer

NOAA Atlantic Oceanographic and Meteorological Laboratory, Miami, FL 33149, USA

Received 1 November 2006; received in revised form 9 April 2007; accepted 17 April 2007
Available online 29 April 2007

Abstract

Fourteen temperature sections collected between July 2002 and May 2006 are analyzed to obtain estimates of the
meridional heat transport variability of the South Atlantic Ocean. The methodology proposed in Part I is used to calculate
the heat transport from temperature data obtained from high-density XBT profiles taken along transects from Cape Town,
South Africa to Buenos Aires, Argentina. 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 salt flux through the Bering Straits be
conserved. The results from the analysis indicate a mean meridional heat transport of 0.54 PW (PW = 10"°W) with a
standard deviation of 0.11 PW. The geostrophic component of the heat flux has a marked annual cycle following the
variability of the Brazil Malvinas Confluence Front, and the geostrophic annual cycle is 180° out of phase with the annual
cycle observed in the Ekman fluxes. As a result, the total heat flux shows significant interannual variability with only a
small annual cycle. Uncertainties due to different wind products and locations of the sections are independent of the
methodology used.

Published by Elsevier Ltd.

Keywords: Heat transport

1. Introduction

Meridional heat transport in the ocean is a key
element of the climate system because of the role
that the ocean plays in determining the Earth’s
climate through its interaction with the atmosphere.
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In order to understand and predict climate varia-
bility, it is crucial to understand the mechanisms
and the pathways of mass and heat transport in the
global ocean. This oceanic meridional heat trans-
port is due in part to a worldwide vigorous
circulation that connects all the basins, the mer-
idional overturning circulation (MOC). Despite its
small size relative to the world ocean, the Atlantic
Ocean is responsible for more than half of the
northward heat transport carried by the global
ocean. It is also the only ocean with northward heat


www.elsevier.com/locate/dsri
dx.doi.org/10.1016/j.dsr.2007.04.013
mailto:Silvia.Garzoli@noaa.gov
mailto:Molly.Baringer@noaa.gov

S.L. Garzoli, M.O. Baringer | Deep-Sea Research I 54 (2007) 1402-1420 1403

transport across all latitudes (Talley, 2003). In the
South Atlantic, the MOC is composed of northward
transport of warm surface and intermediate layer
waters in the upper 1200 m, southward transport of
North Atlantic Deep Water between approximately
1200 and 4000 m, and northward flowing Antarctic
Bottom Water below 4000m (Talley, 2003). The
South Atlantic Ocean interacts with the Pacific and
the Indian Oceans. The meridional gaps between the
continents of the Southern Hemisphere and Ant-
arctica allow for a free exchange of water between
the basins. The mean pathways of the South
Atlantic circulation are fairly well known (e.g.
Stramma and England, 1999). Gordon et al. (1992)
concluded that the major proportion of the export of
deep water from the North Atlantic is balanced by
northward flow of lower thermocline and intermedi-
ate water through the South Atlantic Ocean, which is
a local mixture of Indian and Pacific waters entering
the basin as Agulhas Current leakage and through
the Drake Passage, respectively.

Using data collected during the World Ocean
Circulation Experiment (WOCE), Stramma and
England (1999) examined the water mass distribu-
tion and circulation patterns in the South Atlantic.
They organized the circulation into a layered

10°N

scheme that can be summarized as follows
(Fig. 1): the Deep Western Boundary Current (DWBC)
transports North Atlantic Deep Water (NADW) from
the northern hemisphere into the South Atlantic at
depths between 1200 and 4000m. The Antarctic
Intermediate Water (AAIW) originates in the South
Atlantic from a near surface region of the Circumpolar
Current, especially in the Northern Drake Passage and
the Malvinas Current Loop. AAIW from the Indian
Ocean joins AAIW formed in the South Atlantic and
South Pacific via the Agulhas leakage, and the resulting
mix flows northward within the depth of the inter-
mediate water layer (500-1200m). South Atlantic
Central Water (SACW) carried in the Brazil Current
mixes with Indian Ocean Central Water brought into
the Atlantic Ocean by the Agulhas Current intrusions.
SACW flows in the upper layers between 100 and
500 m, following a more meridional pathway than the
AAIW, as it transits from the eastern to western
boundaries. Between 25° and 15°S, the flow moves
meridionally next to the western boundary.

The upper ocean circulation in the southwestern
Atlantic is characterized by the encounter between
the relatively warm and salty southward-flowing
Brazil Current and the relatively cold and
fresh northward-flowing Malvinas Current. This
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Fig. 1. A schematic representation of the large-scale circulation of North Atlantic Deep Water (NADW) (blue), Antarctic Intermediate
Water (AAIW) (yellow), and South Atlantic Central Water (SACW) (red). Adapted from the results of Stramma and England (1999).
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encounter takes place at approximately 38°S and
creates a strong thermohaline front with tempera-
ture gradients as high as 1°C/100 m that has been
named the Confluence or Confluence Front
(Gordon and Greengrove, 1986). The poleward
(southward) transport of the Brazil Current varies
with latitude, reaching values as high as 30 Sv, most
of which is typically confined to the upper 1000 m
(Garzoli, 1993; Ganachaud and Wunsch, 2003). The
Malvinas Current, a branch of the Circumpolar
Current, is the main conduit of Pacific water into
the subtropical South Atlantic. This current flows
north along the eastern edge of the continental shelf
of Argentina to latitudes as far north as 38°S (Piola
and Gordon, 1989; Garzoli, 1993). The Malvinas
Current is mostly uniform with depth, and estimates
of the volume transport obtained from hydro-
graphic data using a level no motion at the bottom
of the AAIW vary between 10 and 15Sv (Gordon
and Greengrove, 1986; Garzoli, 1993). However,
mass conservation in the region points toward the
presence of significant bottom velocities along the
continental slope near the Brazil-Malvinas Con-
fluence (Peterson, 1992; Vivier et al., 2001).

A marked variability in the location of the
Confluence Front along the coast of up to 900 km
has been observed both from surface observations
(Olson et al., 1988) and subsurface observations
(Garzoli and Bianchi, 1987; Garzoli and Garraffo,
1989). During the austral summer (January—
March), the Brazil Current reaches its southernmost
extension while the Malvinas Current retreats (e.g.
Garzoli et al.,, 1992). An opposite situation is
observed during the austral winter (June—August),
when Malvinas waters reach their northernmost
latitudes. Significant interannual variability has also
been observed (Olson et al., 1988; Garzoli, 1993).
The variability of the Confluence Front is due to the
seasonal cycle of the wind stress curl in the sub-
tropical South Atlantic (Matano et al., 1993), and
the interannual variability is forced by anomalous
wind patterns south of the confluence region
(Garzoli and Giulivi, 1994).

The South Atlantic thermocline and sub-Antarc-
tic inflow are derived from the eastward-flowing
South Atlantic Current (Stramma and Peterson,
1990), part of which turns northward into the
Benguela Current (Fig. 1). The Benguela Current is
the broad northward flow adjacent to southwestern
Africa that forms the eastern limb of the South
Atlantic subtropical gyre, and is the origin of the
upper layer water that flows northward across the

equator into the North Atlantic. The Indian Ocean
water is injected into the Benguela Current through
Agulhas eddy shedding and Agulhas Retroflection
filament processes (Lutjcharms and van Balle-
gooyen, 1988; Shannon et al., 1989). Observations
reveal that at 30°S the Benguela Current transport
consists of a nearly steady flow confined between the
southern African coast and approximately 4°E
(amounting to 10Sv in the mean), and a more
variable flow (3 Sv in the mean) between 4°E and the
Walvis Ridge (Garzoli and Gordon, 1996). From
trans-basin sections, estimates of the northward
transport east of the Mid-Atlantic Ridge have
varied from 16 Sv (Ganachaud and Wunsch, 2003)
to 23+ 10Sv (Macdonald, 1998). It has also been
observed that a minimum of four to six rings
originating from the Agulhas retroflection enter the
South Atlantic each year, and that the eddy field is
responsible for an average transport of 0.02PW
between the Atlantic and Indian Oceans (Dun-
combe Rae et al., 1996; Goni et al., 1997; Garzoli
et al., 1999).

Donners and Drijfhout (2004) analyzed the
product of a global ocean general circulation model
(OCCAM) to investigate the inter-ocean exchange
of thermocline and intermediate waters in the South
Atlantic using a Lagrangian path-following techni-
que. Results of the analysis suggest that most
(>90%) of the South Atlantic flow towards the
north originates from the Indian Ocean via leakage
from the Agulhas Current system. Agulhas leakage
into the South Atlantic occurs from the surface to
depths as great as 2000 m. This relatively warm
water (temperatures higher than 10 °C on average)
leads to relatively large meridional heat fluxes in the
band 30°-35°S. From the same OCCAM product,
de Ruijter et al. (2004) calculated the time variable
heat flux at 30°S and found that the mean annual
value for the heat transport is 0.58 PW, with an
annual cycle ranging from 0.5 to 1.1PW
(PW = 10"°W).

Numerous studies have been conducted to
calculate the heat transport in the global ocean
using different methods. These include direct
observations (e.g., Talley, 2003), inverse models
(e.g. Lumpkin and Speer, 2007; Ganachaud and
Wunsch, 2003; Macdonald et al., 2001; Rintoul,
1991; Fu, 1981), numerical models (e.g. Matano and
Philander, 1993; Saunders and Thompson, 1993;
Saunders and King, 1995) and residual methods
(e.g. Trenberth and Solomon, 1994). Within the
subtropical region, in the 30°-33°S band, the heat
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flux estimates range from small southward values
(e.g., —0.23 PW, de las Heras and Schlitzer, 1999) to
close to 1 PW northward (0.94PW, direct method,
Saunders and King, 1995; 0.88 PW, inverse model
Fu, 1981). In a recent paper Lumpkin and Speer
(2007), using a combination of direct and residual
methods, obtained a value of 0.60+0.08 PW across
the A11 WOCE line (nominally 40°S). This value is
in the range of values obtained by Saunders and
King (1995) from direct observation along All
(0.45-0.94PW; preferred value 0.88PW). Large
heat transport variability may be a real feature of
the South Atlantic circulation due in part to the
large variability of the boundary currents. Both
margins are characterized as highly energetic and
variable regions. However, given the widely varying
estimates more work is needed to understand and
resolve the variability.

In 2002, as part of the NOAA Global Ocean
Observing System, a new expendable bathythermo-
graph (XBT) high-density line (AX18) was started
in the South Atlantic between Cape Town, South
Africa, and Buenos Aires, Argentina. Before 2004
this line was sampled twice a year. Since 2004 four
occupations per year have been conducted. The line
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.
This paper presents results from 14 transects that
have been occupied (Fig. 2, Table 1). In this paper,
new estimates of the meridional heat transport
obtained from the data collected along AX18 are
presented and the results discussed in terms of the
South Atlantic variability.

2. Data and methodology

Given observed values of the temperature (7),
salinity (S) and meridional velocity (v) fields the
meridional volume (V) mass (M) and heat (H)
transport are defined as

V://udxdz [Sv = 10°m?/s],

M://pvdxdz [kg/s],

H=//pcpTvdxdz [PW = 10 W],

where p is the density of the water and ¢, the specific
heat capacity.

The total meridional velocity (v) can be decom-
posed into 3 components:

U = Uy + Uag + Up,

v, is the geostrophic (baroclinic) component, which
can be estimated from the hydrographic field, v, is
the barotropic component (here defined as the
reference velocity used to make v, absolute), and
Uag 18 the ageostrophic component, which is assumed
to be wind-forced Ekman transport. Meridional
Ekman transports are computed as the Ekman
mass, My, and Ekman heat, Hy, transport given by

My = —;—XAx,

Hy = MprTEK,

where 7, is the zonal component of the wind stress, f
is the Coriolis parameter, Ax is the horizontal
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Fig. 2. Location of the 14 transects conducted along the XBT high-density line AX18.
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Table 1
Detailed specification of average positions of each XBT section

Month Western Lon Western Lat XBT depth (m) Eastern Lon Eastern Lat XBT depth (m) Mean Lat
Jul-02 50° 38'W 32°59'S 101.2 16° 40E 32°49'S 859.8 30° 19'S
Nov-02 52° 200W 35°16'S 814.4 17° 29E 33°40'S 423.5 35°03'S
May-03 52°23'W 34° 59'S 153.4 17° 53E 33°52'S 208.5 34° 22'S
Nov-03 52° 06'W 34° 45'S 195.4 17° 50'E 33°40'S 196.7 33° 13'S
Mar-04 52° 36'W 35°04'S 128.3 18° 49E 35°04'S 219.0 35°04'S
Jul-04 52° 35W 35°26'S 200.0 14° 08'E 34°00'S 819.6 36° 42'S
Sep-04 52° 48'W 35°25'S 117.7 17° 56 E 33° 58'S 202.0 37°09'S
Dec-04 52° 44'W 35°26'S 149.4 18° 00'E 33°52'S 173.1 35°02'S
Feb-05 52°200W 35°03'S 159.9 17° 52’E 33°52'S 213.8 34° 27'S
May-05 51° 51'W 34° 25'S 153.4 17° 48'E 33°51'S 254.3 33°41'S
Aug-05 51° 5I'W 34° 28'S 166.5 18° 04E 33°52'S 143.5 33°17'S
Nov-05 52°29'W 35°05'S 150.1 17° 53'E 33°52'S 204.7 34°27'S
Feb-06 52°22'W 35°01'S 147.5 17° 44E 33°40'S 215.8 34° 20'S
May-06 52°23'W 35°01'S 144.2 17° 45'E 33°40'S 208.6 34°20'S

“XBT dpth” indicates the maximum depth to which good temperature data was collected from the XBT. All XBTs listed except the
easternmost XBTs during July 2002 and July 2004 hit the bottom and fully sampled the water column. Mean latitude is the mean latitude

of each transect.

distance and Tgk is the mean temperature of the
Ekman layer. Ekman transports are determined
using NCEP daily reanalysis winds. The NCEP
reanalysis winds were provided by NOAA-CIRS
Climate Diagnostic Center, via their web site at
http://www.cdc.noaa.gov.

Ekman heat flux in PW, Hy, is calculated from:

Hy = Mpr(TEK - Tsection)a

where M, is the Ekman mass transport. The Ekman
layer temperature, Tgg, is computed from deep
climatological values obtained from the High
Resolution (0.25°) Temperature and Salinity Clima-
tology produced by Boyer et al. (2006) (WOAO.25),
with the mixed layer depth defined as extending
from the surface to a depth where 47 is 0.1 °C from
the surface value. Tection 1S the spatial average of the
WOAQO.25 annual mean section.

The methodology used to obtain the baroclinic
component of the heat transport from the XBT data
collected along AX18 is thoroughly described and
tested in Baringer and Garzoli (2007). In short,
salinity (S) is estimated for each XBT profile by
using S (7, P, latitude, longitude) derived from
ARGO and CTD data following the methodology
described by Thacker (2007). Full-depth tempera-
ture/salinity profiles are obtained by extending
the profiles to the bottom of the ocean using
WOAO0.25 below the depth measured by XBTs
(typically 850m). The method was tested using
the WOCE A10 line along 30°S by successively

degrading the CTD observations until they finally
appear as if the original data were nothing more
than 850 m XBTs.

Geostrophic velocities are determined using the
dynamic method where a level of no motion was
chosen at o, = 37.09 kg/m? (o, defined as potential
density relative to 2000 dbar). This deep reference
level produces transports comparable with previous
observations and was chosen following previous
heat transport estimates (Ganachaud, 2003). For
instance, the flow of Antarctic Bottom Water
(AABW) has been estimated at 4+0.4Sv in the
Vema Channel (Hogg et al., 1982) and 2.9+ 1Sv in
the Hunter Channel (Zenk et al., 1999) for a total of
about 7 Sv across 30°S (see Fig. 2 for locations). As
the flow moves northward, the transport of AABW
decreases (e.g. 5.5+2Sv at 11°S, McCartney and
Curry, 1993). Since most of the AX18 sections are
south of 30°S where we expect the transport of
AABW to be higher still, we require that the net
northward transport of AABW west of the Mid-
Atlantic Ridge fall in a slightly higher range
between 5 and 11Sv. Ganachaud and Wunsch
(2003) noted that, because of the Walvis Ridge
and the adjacent topography, any section crossing
the ridge is closed below 4000 m for northward flow
east of the ridge and for southward flow between the
Walvis and Mid-Atlantic Ridge (Fig. 2). Accord-
ingly, the net transport below 4000 m should be
minimal (0+2Sv). In addition this deep reference
level reproduces transports at the boundaries that
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Table 2

Transport estimates for each of the XBT transects where “‘Date” is the date when the cruise was started, ““Ekman” is the Ekman heat flux,
“Geostrophic” is the geostrophic component of the heat transport, and “Total HT” is the final value obtained for the heat transport

Heat transport (PW)

Volume transport (Sv)

Date Ekman Geostrophic Total East of 3°E Brazil Current
(0-800m) Sv (0-800m) Sv
Jul-02 0.16 0.25 0.4 17 -25
Nov-02 0.08 0.4 0.48 24 -25
May-03 0.21 0.32 0.54 24 =21
Nov-03 0.07 0.42 0.49 30 -22
Mar-04 0.01 0.60 0.60 21 —12
Jul-04 0.24 0.27 0.50 21 —12
Sep-04 0.16 0.51 0.68 20 —17
Dec-04 0.02 0.79 0.81 21 —24
Feb-05 0.01 0.47 0.48 26 —12
May-05 0.04 0.52 0.56 30 —15
Aug-05 0.15 0.27 0.42 27 -20
Nov-05 —0.01 0.48 0.47 21 —18
Feb-06 —0.02 0.61 0.59 22 -20
May-06 0.13 0.37 0.49 24 -20

Units are PW (1PW = 10" W) and Sv (1 Sv = 10°m?/s).

are in agreement with previous observations (see
discussion of Table 2).

The analysis of a general circulation model
allowed Baringer and Garzoli (2007) to determine
that the initial velocity field is adjusted along the
western boundary because of the barotropic flow
arising from the Brazil Current and North Atlantic
Deep Water flowing in the same direction (Fig. 1).
Current meter measurements at 35°S confirm south-
ward bottom velocities on the order of 0.04 to
0.06 m/s (Flood and Shore, 1988). Peterson’s (1992)
review of bottom velocity observations in the region
of the Brazil Malvinas confluence quoted an average
of v = —0.04 m/s. Based on these observations, the
AX18 velocity field is adjusted by this value over an
areal extent so that the resultant value of the deep
current is between 5 and 10Sv. After the bottom
velocity correction is applied, the net transports are
evaluated and a uniform velocity correction is
applied to guarantee that the total salt flux across
each section matches the salt flux through the
Bering Straits (27.6 x 10°kg/s, Coachman and
Aagaard, 1988). This velocity is uniformly applied
across the entire section and values are quite small
(107*-10"%m/s).

The heat transport estimates contained herein
are subject to uncertainties that include issues
specific to XBT observations and those inherent in
any heat transport calculation based on hydro-
graphic data (see Part I for a complete discussion).

The total uncertainty is thus estimated to be
+0.18PW.

3. Results: heat transport from the AX18 data

In this section the analysis of the heat transport
across AX18 is presented (Fig. 3). Estimates of the
total heat transport and the geostrophic and Ekman
contributions as obtained in this paper are listed in
Table 2 together with the integrated volume
transport for the southward flowing Brazil Current
and the northward flow east of the Walvis ridge
(~3°E at 35°S). The latter is an indication of the
northward flowing Bengula Current. Volume esti-
mates are provided from the surface to 800 m, the
depth covered by the XBT observations. The mean
value of the volume flow east of 3°E is 23 Sv with a
standard deviation of +4Sv. These values are in
agreement with those previously obtained for the
Benguela Current by Garzoli and Gordon (1996),
16 Sv; Ganachaud and Wunsch (2003), 16Sv;
Macdonald (1998), 23 Sv; Fu (1981), 20 Sv; Shan-
non (1985), 15Sv; and Stramma and Peterson
(1989) 21 Sv at 32°S and 18 Sv at 30°S. The mean
value for the southward flow associated with the
Brazil Current is 19 Sv with a standard deviation of
+4 Sv. The weak Brazil Current flow intensifies by
about 5% per 100km as it flows south of 24°S
(Peterson and Stramma, 1991). At about 33°S the
total transport (which includes a recirculation cell in
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the upper 1400 m) is about 18 Sv, and reaches values
from 19 to 22 Sv at about 38°S, where the Brazil
Current encounters the Malvinas Current (Olson
et al., 1988; Peterson and Stramma, 1991).

The Ekman heat transport is shown in Fig. 4 as a
function of time and latitude. Averaged mixed layer
properties used to calculate the heat transport are
obtained from the WOAO.25 climatology; results
are very similar when XBT-derived values are used.
Generally Ekman heat transports decrease towards
the equator. The =zero contour line migrates

Mean Total = 0.54 (+0.11)  [— Total
Mean Geostrophic = 0.45 (+ 0.15)] ---- Geostrophic

0.8 | Mean Ekman = 0.089 (+ 0.085) Ekman
g
~ 08
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[
ko
Q
I 0.2 e
i g ,"'.
of 8 -y S

2003 2004 2005 2006
Date

Fig. 3. Heat transport from data collected during the different
cruises. Solid blue line: total heat transport; Dashed black line:
geostrophic component; Dashed red line: Ekman component. All
values are in PW (1 PW = 10> W).
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meridionally between 28° and 34°S following an
annual and semiannual signal. The maximum
positive value of the Ekman heat flux is, on average,
0.3PW, observed during June-August at 38°S.
Interannual variability can be as much as 0.3 PW
(e.g. along 36°S, Fig. 4). In addition to natural
variability of the fluxes at a fixed latitude, there is a
possible ambiguity in interpreting the time varia-
bility of the XBT-derived heat transport estimates
because each vessel deploying XBTs may follow
different routes across the ocean basin, hence
sampling different latitudes within a strongly vary-
ing wind field. This uncertainty could be as much as
0.4PW if, for example, comparisons were made
between heat transport estimates in March at 32°S
and 36°S. However, Fig. 4 shows that merchant
ships tend to favor benign weather and follow
latitudes where the winds are generally weaker (and
easterly). Thus, transects occurred mostly during
times when Ekman heat transport varied from 0 to
0.2PW (see also Table 2). Ekman fluxes were also
calculated from Hellerman and Rosenstein (1983)
winds, NCEP daily winds, NCEP monthly climato-
logical winds and from satellite winds (not shown).
Results indicated that the use of different wind
products caused the values obtained for the mean
heat transport across 35°S to vary by less than
+0.04 PW; thus all wind products produce reason-
able mean values. The largest variability, and hence
uncertainty, for individual heat transport values
reflects both space and time differences. Essentially,

s DM J S D M S D

Fig. 4. Ekman heat flux, Hy, in PW as a function of time and latitude calculated from the NCEP monthly winds. Each XBT section is
noted (green dot) by the mean time and latitude the section occurred. Note that the XBT transects appear to follow fairly benign weather,
and that natural variability in Ekman transports may be larger than that observed on the sections themselves.
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any individual estimate may be relatively well
constrained (e.g. +0.04 PW, Baringer and Garzoli,
2007); however, additional uncertainty can arise
from ascribing changes in heat transport values to
temporal variability without consideration of the
spatial variability.

The analysis of the geostrophic heat transport is
straightforward, as outlined previously; however,
three of the fourteen XBT sections did not
completely cross the entire Atlantic basin because
of weather, equipment malfunctions, etc. Typically,
hydrographic sections are considered to be complete
according to WOCE specifications if observations

1409

are collected up to and including the 200 m isobath,
and the majority of the sections presented herein
meet this criteria. Table 1 lists the westernmost and
easternmost stations and the beginning/ending XBT
depths for all the sections taken to date (note that
most of the failures occurred at the beginning of the
program). In particular, sections in July 2002, Nov
2002 and July 2004 were commenced late or
terminated early. These sections failed to sample
the complete transect, and hence estimates of the
missing transports are needed. In what follows are
detailed discussions of two example sections where
the whole basin was sampled (March 2004 and May

20°S

25°S
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40°S -

60°W 40°W 20°wW 0° 20°E
| oo — | I I
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Fig. 5. (a) NCEP wind stress in dyne cm ™~ for the region during the March 2004 section. The wind stress was interpolated to the XBT
location and date from the monthly NCEP data (solid red arrows). (b) Sea surface temperature (SST) is shown averaged during the time of
the cruise in °C with the cruise track-line shown black. (c) The March 2004 vertical temperature section is shown in °C. (d) The cumulative
(starting from the eastern end of the section) volume transport is computed for different depth ranges.



1410

2006), and sections that required transport correc-
tions in the western (November 2002) and eastern
(July 2004) boundaries.

3.1. March 2004

This cruise was conducted along 35°S. The cruise
track is shown in Fig. 5 plotted with the wind field
(Fig. 5a) and the SST field (Fig. 5b); temperature
data collected with the XBT are shown as a function
of depth in Fig. 5c next to the cumulative volume
transport estimates (Fig. 5d) using the methodo-
logy described before. The plotted wind field was
obtained from the NCEP reanalysis and is an

20°8
25°S
30°8
35°S

40°S
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average during the cruise (days 76-107, 2004). The
wind stress forms a large anticyclonic gyre centered
on 10°W with southward wind stress parallel to the
South American coastline and northward along the
African coast. The resultant Ekman heat transport
integrated across the basin is low (0.01 PW,
Table 2). According to previous observations
(Garzoli and Garraffo, 1989; Goidi and Wainer,
2001), at this time of the year the Malvinas Current
should have been retracted from its northernmost
extension and should no longer be present in the
area. The SST satellite image (Fig. 5b) shows that
this is indeed the case. The Brazil Current is at its
southernmost extension, south of 37° 30’S. At the

20°E

O

PRESSURE(db)

20°w
LONGITUDE (°)

20°E

VOLUME TRANSPORT (Sv)

-20 .
60w 40W 20W
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Surface-800 - 950-2500
800-950 2500-6000

ow 200W

— Total

Fig. 6. (a) Wind stress, (b) SST, (c) vertical temperature section, and (d) cumulative volume transport (as in Fig. 7) for March 2006

section.
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western boundary the vertical section of tempera-
ture shows the southward flowing Brazil Current
west of 40°W, and a warm Brazil ring centered at
46°W (Fig. 5d). Agulhas rings are observed at 3°W
and 4°E and a broad Benguela Current is observed
flowing northward east of 8°E. The fact that the
temperature structures described above are asso-
ciated with rings is confirmed from analysis of the
sea surface height fields (not shown). All these
features are also shown in the integrated volume
transport (Fig. 5d). The Brazil Current in the upper
800 m has a total volume transport of 12 Sv and the
DWBC (2500-6000m) —6 Sv. In the center of the
basin, between the Walvis Ridge (0'E) and 40 °W,
the net transport is very close to zero (2Sv). The
easternmost XBT station hit the bottom at 219m,
and the westernmost XBT reached 128 m depth (i.e.
on the shelf, Table 1). Therefore, the section

20°S

completely sampled the ocean basin (except for
shelf transport which is accounted for in the error
bars) and hence there is no need to make major
corrections for missing flow at the boundaries. We
conclude that the total heat transport across the
March 2004 section is 0.60 PW, with an uncertainty
of +0.18 PW.

3.2. May 2006

A different situation was observed during May
2006. The cruise was conducted at a similar latitude
as during March 2004 (mean latitude = 34°20'S,
Table 1). The cruise track is shown in Fig. 6 which
also shows the wind stress during the time of the
cruise (Fig. 6a), the sea surface temperature
(Fig. 6b) and the vertical section of temperature as
observed with the XBT data and the integrated

25'S
30'S

35'S

40°S

30°S

35'S

40°S

55'W 50w

NS

RNV I o I At o

10°E 15°E 20°E

Fig. 7. (a) Average SST in °C for the duration of the cruise (top panel) conducted during November 2002. The solid line indicates the ship
track. Lower panels are close up figures detailing the SST in °C at the (b) western and (c) eastern boundaries. All contours are in °C with

intervals of 1°C (solid lack lines).
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transport across the basin (Fig. 6¢ and d). At this
time of year, the anticyclonic circulation in the wind
stress is centered at 0°E while a cyclone is located off
the coast of Argentina. As a result, the integrated
Ekman flux is larger than during the March 2004
section (0.13PW, Table 2), and the net volume
transport in the center of the basin (0°E—40°W) is
larger, 15Sv. However, the total integrated heat
transport is lower (0.49 PW, Table 2) because the
geostrophic component of the heat flux is much
lower (0.37 PW, Table 2). The integrated transport
(Fig. 5d) panel shows that a southward flow is
observed at the eastern boundary consistent with
the observations collected by Richardson and
Garzoli (2003), a stronger DWBC is observed at
the western boundary (—9Sv), and the Brazil
Current has a southward flow of —20Sv. All of

S.L. Garzoli, M.O. Baringer | Deep-Sea Research I 54 (2007) 1402—1420

these features contributed to a smaller northward
geostrophic component of the flow. Also it must be
noted that west of 20°W the SSTs are higher (Fig. 6)
than those observed during March 2004 (Fig. 5).
The Malvinas Current has begun its northward
migration and the SST picture shows cold tempera-
tures associated with the current as far north as 37°S
flowing over the Argentine continental shelf. The
vertical distribution of temperature (Fig. 6¢) shows
a confined Brazil Current in the western boundary
and a wider Benguela Current in the east. The
temperature structure observed at 5°E is associated
with an Agulhas retroflection ring. Data was
collected along the whole section with the western-
most station at 144m depth and the easternmost
station at 209 m. The total heat transport obtained
is 0.49 PW with an uncertainty of +0.18 PW.

a
20°'S
25°'S |-
30°S |
35'S |-
40's L
BO'W 40'W 20'W 0* 20'E
80 100 120 140
Dynamic height (cm)
b c
30°S 30°S .
35'S 35°S
40°S - = 40°S
85'W 50'wW 10°E 15°E 20°E

Fig. 8. (a) Sea surface height derived from altimeter anomalies for November 2002 (courtesy of G. Goni). The top panel shows the
dynamic height in centimeters during the cruise (track shown as solid white line) and the lower panels are the details at the (b) western and
(c) eastern boundaries. All panels use contours of 5 dynamic centimeters (solid black lines).
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3.3. November 2002

This line was conducted along approximately
35°S latitude (Fig. 7) from October 29 to November
6, 2002. According to observational studies (e.g.
Olson et al., 1988; Garzoli and Garraffo, 1989), the
Malvinas Current should be receding from its
northernmost extension during this time of year.
The SST satellite image (Fig. 7) shows that the there
is a strong SST front near 36°S, i.c. its location is
slightly to the north of the expected mean position
of the Malvinas Current for that month. Most of
this flow is on the shelf and contains a mixture of
water from the relatively cold and fresh southern
shelf water, the Rio de la Plata (La Plata River)
outflow and the southward flowing Brazil Current.

The estimated heat transport across the section
where data are available (up to 52°20'W) is 0.49 PW.
The westernmost XBT station was collected in
814.4m of water (i.e., on the continental slope).

Therefore, it failed to sample a portion of the shelf
water and its return flow along the continental shelf,
as well as portion of the Brazil Current along the
continental shelf slope which is typically positioned
between the 200 and 830 m isobaths. The SST map
(Fig. 7c¢) indicates that there is a Brazil Current
Ring centered at approximately 36°S49°W that is
ready to detach from the main Brazil Current. This
is confirmed by the sea surface height derived from
altimeter data (Fig. 8). The missing transport can be
estimated from the dynamic height field shown in
Fig. 8. Assuming that the ring is symmetric, the
result is a small flow of 0.18 Sv. A correction to the
heat transport due to this ring can be estimated as

AHT = AV (Tw — T)cppy,

where AV is the missed volume transport, 7T}, is the
mean temperature of the section, 7 is the tempera-
ture of the flow, ¢, is the specific heat and p,, the
density of water. This small transport correction

a
20°S
25'S
30'S
35'S
40°'S
SST (°C)
b c
30'S 30°S T T T T
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40°S 40°S P B Y e T NN\
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Fig. 9. Average SST (as in Fig. 9) for the July 2004 cruise.
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leads to a change in the heat transport of —0.01 PW.
If the amount of missing flow (0.18Sv) is 100%
uncertain (£0.18 Sv), this will lead to an additional
uncertainty of +0.01 and the estimated heat
transport becomes 0.48 +0.18 PW (Table 2).

3.4. July 2004

This line was conducted approximately along
37°S and is one of the southernmost section
occupied to date (Fig. 2, Table 1). During the
month of July according to previous observations
(e.g., Garzoli and Garraffo, 1989; Goni and Wainer,
2001), the Malvinas Current should be at its
northernmost extension. The SST satellite image
(Fig. 9) shows the presence of the cold shelf water as
far north as almost 31°S. As in the November 2002
section, it is confined to the shallow waters of the
continental shelf (water depths <200m) and hence
is likely a mixture of river outflow and cold/fresh

southern shelf water. The westernmost station was
occupied near the 200-m isobath, and, therefore, the
section was completely sampled on this side of the
ocean. However, because of malfunctioning equip-
ment, the easternmost XBT stations were lost
and the first good XBT was collected at 14°08'E.
Hence, there is a need to account for the flow
typically found between 14°08’E and the eastern
boundary that was not sampled. The sea surface
height map of the region (Fig. 10c¢) indicates the
presence of an Agulhas ring centered at approxi-
mately 33°30’'S 14°30’E, just east of where the first
good XBT was deployed. The flow in this area was
estimated in two different ways: use of altimetry and
use of WOAO0.25 data. The values of dynamic height
obtained with the altimeter data indicate a transport
of about 3 Sv. This missing volume transport leads
to an increase in the heat transport of 0.15PW.
Alternatively, using the full water column WOAO0.25
climatological data to complete the section to the

B0°'W 40'W

80 100 120 140
Dynamic height (cm)
b
30°S 30'S
35'S 35°'S
40°S . 40°S ¢
55°'W 50'W 10°E 15°E 20°E

Fig. 10. Sea surface height for the July 2004 cruise (as in Fig. 10).
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boundary, also leads to an increase in the heat
transport of 0.15PW. Without any correction for
the missed flow at the boundaries, the heat transport
estimate for the section was 0.35PW. Adding this
correction, the estimated net heat transport be-
comes 0.50PW (Table 2). Note that the section
conducted during July 2002 (not shown) was
adjusted in the same manner as the July 2004
section. The July 2002 section was also the only
section conducted along 30°S (see Table 1). This
location is similar to the one occupied during the
WOCE 30°S CTD section (A10). Perhaps fortui-
tously, the value of the meridional heat transport
obtained in the present paper is similar (0.40 PW) to
the one obtained by Ganachaud (2003) for Al10
(0.40 PW).

5. Discussion and conclusions

Fourteen high-density XBT sections were used to
infer the meridional heat transport in the South
Atlantic. The integrated volume transport obtained
from the methodology applied yields a mean value
for the total transport east of the Walvis ridge of
23Sv, balanced by 19Sv of Southward flowing
Brazil Current (between 0 and 800m), (Table 1),
and 9Sv of Southward DWBC (2500-6000) (not
shown). The net flow in the center of the basin
ranges between 0 and 30 Sv depending on the wind
structure (not shown). The values obtained in this
paper for the heat transport (Table 2 and Fig. 3),
ranged from 0.40 to 0.81 PW with a mean value of
0.54 PW and a standard deviation of 0.11 PW. Fig. 3
displays the variability of the different components
of heat transport during the time of the observa-
tions. The total heat transport shows a pronounced
increase from July 2004 to December 2004 and a
decrease thereafter. It also indicates some variability
that may be natural variability or may be related to
the difference in cruise track. In order to determine
if the latter is the case, we analyze the variability of
the transports as a function of the mean latitude
(Fig. 11). It is known (Fig. 4) that the Ekman flux
has a pronounced annual cycle that varies with
latitude. To illustrate the effect of eliminating the
variability with latitude associated with the Ekman
heat transport, both the total heat and the
geostrophic transport are shown in Fig. 11. There
is no obvious relationship between the geostrophic
transport (what is actually measured) and the
latitude. For the latitude band 33°-36°S, transports
vary between 0.28 and 0.814+0.08 PW. Fig. 11
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Fig. 11. Variability with latitude of the computed total (red) and
geostrophic (blue) fluxes. The lines are the linear fit between the
total heat transport (red) and geostrophic heat transport (blue)
with latitude.

demonstrates that there is little convincing evidence
that changes in the cruise track are a dominant
source of variability for geostrophic heat transport,
but there is a slight suggestion that southern
latitudes may have a bias of as much as 0.14 PW
per 3° of latitude for the total heat transport,
consistent with the changes in Ekman transport.
Most importantly, the maximum heat transport is
observed in December 2004 along a line that was
conducted at approximately 35°S, only slightly
further south than the mean latitude of all the
sections (approximately 33°20’S). Therefore, the
long-term interannual variability (on the order of
0.4 PW peak to peak) is not convincingly driven by
aliasing of the sections in space.

The possibility of an annual cycle is analyzed in
Fig. 12. The total heat transport shows apparent
interannual variability, but does not show a strong
indication of seasonality (Fig. 12a). The percentage
of variance explained by an annual cycle fit to the
total transport is 24%, a value similar to those
observed in the Parallel Ocean Climate Model
(POCM) analyzed by Baringer and Garzoli (2007),
31% at 30°S and 17% at 35°S. The scatter about the
annual cycle fit is in some cases natural interannual
variability, and in others is due to the difference in
the cruise tracks. For example, the results from the
two cruises conducted during the months of July
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Fig. 12. Annual cycle of (a) total heat transport, (b) geostrophic
heat transport and (c) Ekman heat transport.

2002 and July 2004 yield values of 0.40 and
0.50 PW, respectively. In this case, the difference is
likely due to the different wind stress because the
July 2002 cruise was conducted at a mean latitude of
30°19’S, where the Ekman component of the flux is
low (0.16 PW), while the 2004 cruise was conducted
at a mean latitude of 36°42’S, where the Ekman
component of the flux is high (0.24 PW) (Tables 1
and 2 and Fig. 5). If only the geostrophic
component of the flow is analyzed (Fig. 12b),
minimum values of the heat transport are observed
for the period July to September (around day 200).
In other words, the geostrophic component of the
heat transport reaches its lowest values during the
austral winter when the Malvinas Current reaches
its northernmost latitude. There is only a slight
indication that the values are higher during the
austral summer (January, February and March)
when the Brazil current reaches its southern
extension. The heat transport obtained from the
POCM (Baringer and Garzoli, 2007) contains a
seasonal cycle similar to the one observed in the
Ekman transports (same amplitude and phase). This
indicates that in the model, most of the variability is
due to Ekman flow, while the data analysis
performed in this paper suggests that the geos-
trophic component of the flux is an important
component of the total flux.

The maximum observed value for heat transport
is obtained during the month of December 2004,
0.81 PW, and it is mostly due to the geostrophic
component (0.79PW, Table 2). Average SST
anomalies during the cruise indicate a warm
anomaly at the eastern boundary (+5°C). The
vertical temperature profiles (not shown) indicate
anomalously warm waters between 40° and 50°W
extending from 100 to 500m (with respect to
climatology). These results may explain the wide
range of values obtained for heat transport in the
South Atlantic, as described in the introduction.
Interesting to note is that if the heat transport value
obtained from the data collected during December
2004 (0.81 PW) is discarded, there is a significant
correlation between the total heat transport and the
Brazil Current volume transport (R = 0.43, not
shown). The relation indicates that as the southward
flow from the Brazil Current intensifies, the total
northward heat transport decreases. When the
results from the December 2004 section are added,
the correlation is destroyed (R = 0.04). A careful
analysis of the data and procedures used to obtain
the estimate for the heat transport using data
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collected during the December 2004 cruise did not
provide any reason to eliminate the observation.
The Ekman component of the heat flux has a
marked seasonal signal that follows the variability
of the wind stress in the region, with an amplitude
of up to 0.2PW (Fig. 12c). This seasonality has an
sign opposite that the geostrophic component of the
flow (Fig. 12b) that follows the seasonality of the
Confluence Front, whose maximum amplitude has
been estimated to be 0.3 PW. As a consequence, the
total heat transport shows a small indication of a

1.8 T

seasonal cycle whose amplitude is within the limits
of the errors (Fig. 12a). Therefore, because of the
variability of the Ekman fluxes with latitude and
month (Fig. 4), direct estimates of the heat flux may
vary up to 0.3PW. The time of the year when the
observations are collected may also explain differ-
ence in results obtained from direct observations
due to the seasonality of the geostrophic flow in the
western boundary.

The volume transports obtained in this paper east
of 3°E yield a mean value of 23 Sv with a standard
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Fig. 13. Oceanic heat transport implied from integrating air-sea flux products (NCEP-1 and ERAL1Y) starting from North Atlantic
compare to several direct estimates of the heat transport from trans-basin sections (see legend). The AX18 mean heat transport (blue
circle) compares favorably with the NCEP surface fluxes. The NCEP-1 annual mean was obtained from an average climatology of the
years 1949-2003 (Kalnay et al., 1996). The ERA15 annual mean was derived from the ECMWF climatology based on 1979-1993 (Gibson

et al., 1997) (see also Holfort and Siedler, 2001; Hsiung et al., 1989).
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deviation of +4Sv. The presence of ring corridor
(Garzoli and Gordon, 1996) raises the issue of the
contribution of the rings (which are transient
features) to the northward heat flux. The analysis
of a high-resolution numerical model (Treguier
et al., 2002) indicated that the transient eddy flux
is a significant contribution to the volume transport.
In Part I of this paper (Baringer and Garzoli, 2007)
an estimate of the non-Ekman ageostrophic com-
ponent of the flow was obtained, (0.05PW) using
the product of a general circulation model. This
value was similar to previous estimates of heat
transported by Agulhas rings obtained by Garzoli et
al. (1999) and Goiii et al. (1997).

To put the results from this analysis into context,
our results are compared to the mean value of the
heat transport obtained from air—sea flux values in
the Atlantic Ocean. Integrated air-sea flux values
calculated (starting at in the North Atlantic) from
the Atlantic Ocean reanalysis from NCEP-1 (Kal-
nay et al., 1996) and ERA15 (Gibson et al., 1997)
models are shown in Fig. 13. Also shown in Fig. 13
are several estimates of the heat transport obtained
from the literature. Estimates of the total integrated
heat flux obtained as the residual calculations from
air—sea fluxes from the Atlantic Ocean reanalysis
from NCEP-1 and ERA15 models (Fig. 13) differs
at 30°S by 0.4PW. Therefore, estimates from
air—sea fluxes will strongly depend on the products
used.

The heat transport obtained in this paper at a
nominal latitude of 35°S (0.54+0.11 PW) is similar
within the limits of the errors to those obtained by
Ganachaud and Wunsch (2003) for the WOCE line
A10 (30°S), 0.40 PW, using an inverse model; by
Donners and Drijfhout (2004) using a numerical
model at 32.5°S, 0.63 PW, and to direct calculations
from the model velocity fields (Matano, personal
communication) at 35°S, 0.55 PW. These values are
all larger than those obtained by McDonagh and
King (2005) 0.22 4+ 0.08 PW across A10 using Heller-
man and Rosenstein winds. It must be noticed that
the authors indicate that they also obtained lower
values for the WOCE line All (nominally 40°S),
(0.43+0.08 PW) than previous estimates of north-
ward heat flux at A11 by Saunders and King (1995),
0.8PW and Ganachaud (2003) 0.66+0.12PW,
values that are closer to the estimates of this paper
and the ones obtained by Lumpkin and Speer (2007)
also for Al1, 0.60+0.08 PW.

Many of the inverse model calculations use
annual mean winds to estimate the Ekman fluxes.

These will provide another explanation of the
differences obtained between these values and those
obtained from direct observations using monthly
winds. Numerical models also use different wind
forcing and hence the South Atlantic heat transport
obtained from these models may similarly differ.

Given the large seasonal and interannual varia-
bility, the huge influence of the variable wind field,
and the different latitudes of the sections, many
more observations would be needed to assess the
seasonal cycle much less any climate trend from
these observations. The high-density lines AX18 are
to be continued at the rate of 4 per year. After a
sufficient number of realizations, it is assumed that
these heat transport estimates will become more
robust. It is concluded that at these latitudes, the
mean heat transport observed was 0.54 PW with an
uncertainty of 0.18 PW.
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