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a b s t r a c t

An analysis of the mean three-dimensional horizontal circulation in the subtropical South Atlantic based
on velocity fields derived primarily from Argo data and AVISO sea surface heights, collected in the years
2000–2012, provides new insight into the zonal and meridional transports in the subtropical gyre. The
velocity fields reveal the reduction of the latitudinal extent of the subtropical gyre with increasing depth
that is mainly due to a southward shift of the westward flowing branch of the subtropical gyre, which is
most pronounced near the western boundary. An analysis of zonal and meridional transports in the
subtropical gyre in five 400 m thick layers from the surface to 2000 m reveals an interior pathway from
the South Atlantic Current (SAC) to the Southern South Equatorial Current (SSEC) between 181Wand 11E.
At 351S the northward transport in this longitude band ranges from 5.5 Sv (1 Sv¼1 Sverdrup¼
106 m3 s�1) in the shallowest layer to 3.5 Sv in the deepest layer, and adds up to total transport of
14.6 Sv in the upper 800 m. Within the uncertainty of the estimated transports, these northward
transports are consistent with the east-to-west strengthening of the SSEC in 181Wand 11E (e.g. 14.2 Sv in
the upper 800 m). For the SAC, the change of the transport has the correct sign, but the west-to-east
shrinking of the transport is larger than the northward transport, which suggests a transfer of water
from the SAC to the Antarctic Circumpolar Current. With respect to the boundary currents that are part
of the subtropical gyre, the southward transport of the western boundary current in the upper 2000 m
increases from 5.2 Sv at 281S to 44.2 Sv at 331S. This is followed by a decrease to 22.2 Sv at 361S and
another increase to 38.7 Sv at 391S. Further analysis shows that the increase of the transport by 15.2 Sv
between 311S and 331S is primarily due to the small recirculation cell just east of the Brazil Current that
has a northward transport of 13.1 Sv at 351S in the upper 2000 m. Along the eastern boundary, the
transport of the Benguela Current within the upper 1200 m at 351S is 23.9 Sv, increasing by about 10 Sv
between 371S and 321S. To the east of this current, the Benguela Poleward Undercurrent can be detected
in the velocity and salinity fields derived for the core of the Antarctic Intermediate Water. This current
extends as far south as 301S and potentially even to 331S.

Published by Elsevier Ltd.

1. Introduction

The circulation in the South Atlantic has been studied exten-
sively because it is an important part of the Atlantic Meridional
Overturning Circulation (AMOC), which consists of a northward
transport of relatively warm and fresh upper ocean water of
southern origin across the equator into the northern North
Atlantic and a southward transport of relatively cold and salty
deep water from the North Atlantic into the South Atlantic. The
upper branch of the AMOC carries water northward that enters the
South Atlantic via the cold and warmwater routes. Water from the

cold water route (McCartney, 1977; Georgi, 1979; Piola and Georgi,
1982) enters the Atlantic in the Antarctic Circumpolar Current via
the Drake Passage. Water following the warm water route enters
the Atlantic from the Indian Ocean via the Agulhas leakage and
rings (Gordon, 1985; Lutjeharms and Gordon, 1987; Lutjeharms
and Cooper, 1996). Part of the water coming through the Drake
Passage continues northward along the western boundary in the
Malvinas Current and meets warmer water of subtropical origin
that is carried southward in the Brazil Current. After the con-
fluence of these currents (e.g. Gordon, 1989; Garzoli, 1993) the
water flows east in the South Atlantic Current (SAC, e.g. Stramma
and Peterson, 1990). The water from the two source regions mixes
not only in the Cape Basin (e.g. Boebel et al., 2003) but also in
the Southern South Equatorial Current (SSEC) on its way to
the tropical South Atlantic (e.g. Gordon, 1986; Rintoul, 1991;
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Gordon et al., 1992; Schmitz, 1995). Once the SSEC reaches the
western boundary it bifurcates at depth-dependent latitudes and
feeds into the northward and southward boundary currents (e.g.
Stramma and England, 1999; Boebel et al., 1999).

This study will focus on the circulation in the subtropical gyre
of the South Atlantic from the surface down to 2000 m.
In preparation for this analysis a time-averaged three-dimensional
field of the horizontal velocity was derived from Argo profiles,

http://www.usgodae.org/argo/argo.html
http://www.usgodae.org/argo/argo.html
http://www.coriolis.eu.org//cdc/argo.htm
http://www.coriolis.eu.org//cdc/argo.htm
http://www.argodatamgt.org/Documentation


fields for each month and year in the period January 2000 to June
2012 (see Appendix A). Both sets of dynamic height fields are then
used to estimate the zonal and meridional geostrophic velocity
fields relative to a level of no motion at 1000 dbar, which
ultimately results in one set of velocity fields (see Appendix B).
To get absolute geostrophic velocities, fields of the subsurface
velocity from float trajectories are derived and then used to adjust
the relative geostrophic velocity (see Appendix C). Small gaps in
the velocity fields are filled using the approach described in
Appendix D. Finally, the Ekman velocity fields are calculated and
added to the adjusted geostrophic velocity fields using the wind
fields mentioned above (see Appendix E). A comparison of a
climatological field of the horizontal velocities at a depth of 15 m
with independent estimates based on surface drifters drogued at
that depth reveals a good agreement between them (see Appendix F).
The same is the case for localized comparisons of the velocity at
intermediate depth derived herein with those published in earlier
studies (see Appendix F).

The derived velocity fields are used to calculate the total zonal
and meridional volume transports which are then integrated in
the vertical over slabs with thicknesses selected to facilitate
studying the changes of the circulation patterns as a function of
depth. Climatological fields of the zonal and meridional volume
transports are estimated by averaging the monthly fields from the
period January 2000 to June 2012.

3. Vertical structure

Maps of the climatological transports for layers with varying
thicknesses in the upper 400 m of the ocean are shown in Fig. 2a–d
while Fig. 2e–h displays the transports in 400 m thick layers from
400 m down to 2000 m. The layers in Fig. 2b–d were chosen to
resolve the structure of the circulation in the upper 400 m in more
detail because large vertical gradients of the velocity can be
expected in many regions. In addition, Fig. 2a,b show the transports
in the upper 100 m with and without the Ekman component of the
flow. Below 400 m, a constant layer thickness was chosen because it
makes it easier to detect reductions of the transport with increasing
depth. The way these layers were chosen has the added benefit that
the 800–1200 m layer agrees well with the depth where the
Antarctic Intermediate Water (AAIW) circulates in the subtropical
gyre. In the following, the circulation in the different layers is
analyzed based on these estimated transports.

3.1. The 0–100 m layer

As mentioned above, Fig. 2a shows the transport in the upper
100 m without the Ekman transport, while Fig. 2b displays the
transport in the same layer with the Ekman transport included.
A comparison of these two flow fields reveals that the addition of
the Ekman transport has a large impact on the direction and
strength of the meridional transport north of 201S. Closest to the
equator, at 51S, the main impact is to make the flow much more
zonal thanwithout the Ekman component. In the northeast corner,
the cyclonic flow of the Angola Gyre (e.g. Gordon and Bosley, 1991;
Stramma and Schott, 1999) with its center at about 131S, 51E can
be seen clearly in the map of the geostrophic transport (Fig. 2a),
while the addition of the Ekman transport masks this gyre
(Fig. 2b). South of 201S, the addition of the Ekman component
only yields relatively small changes of the meridional transport.
These differences are too small to have a significant impact on the
large-scale spreading of water in the subtropics.

The major zonal currents in this layer are the eastward
Antarctic Circumpolar Current (ACC) near the southern edge of
the domain, the eastward South Atlantic Current (SAC) around
401S, and the Southern South Equatorial Current (SSEC) that is
heading from the northern Cape Basin near the tip of South Africa
(the southern part of the Cape Basin is marked by CB in Fig. 2a) to
the western boundary region, where the high-velocity core can be
seen between 101S and 201S (Fig. 2a). The southern edge of the
SSEC current is marked by the solid black line between 301S and
401S. Within the area dominated by the SSEC is an area of weak
eastward flow centered at about 241S, 401W (encircled by a black
contour line), which corresponds to the eastward flow in the small
northern cell of the subtropical gyre described by Vianna and
Menezes (2011) in their discussion of the double-celled structure
of the subtropical gyre. They found this northern cell between
211S and 271S, west of 321W and the southern cell south of 281S,
with the largest westward flow between 281S and 321S (depend-
ing on the longitude), which is consistent with the results
presented herein. About 201 farther south, between the SAC and
the ACC, the anticyclonic Zapiola eddy is clearly visible with its
center near 451S, 451W (e.g. Volkov and Fu, 2008). More informa-
tion on this eddy is given in Section 3.4.

With respect to the meridional currents, one can see the
southwestward flow of the Brazil Current, with some gaps because
this current is very close to the western boundary and thus under-
sampled by the floats, and the northwestward flow of the
Malvinas Current along the western boundary. These currents
meet each other in the Brazil–Malvinas Confluence near 391S, which is
consistent with earlier observations (e.g. Gordon and Greengrove,
1986; Bianchi and Garzoli, 1997; Gonzalez-Silvera et al., 2006;
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Fig. 1. Maps of the data coverage: (a) Availability of Argo profiles with temperature
and salinity in the study region for observations collected in the years 2000–2012.
(b) Availability of trajectory observations in the study region for observations
collected in to January 24, 1990 to March 24, 2013. The bin sizes are 0.51 by 0.51.
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Lumpkin and Garzoli, 2011). The Brazil Current originates in the
tropics (at the bifurcation of the SSEC) while the Malvinas Current is
fed by water originating in the Drake Passage that is entering the
domain in the southwestern corner as a northwestward current that
turns northward and then northeastward as it follows the topography.
In the southeastern part of the domain one can see the south-
westward Agulhas Current as large blue vectors that mask its retro-
flection due to the strength of the transport. Along the west coast of
Africa the Benguela Current shows itself as a broad northerly transport
that mostly feeds into the SSEC. In the interior of the subtropical gyre,

there is a broad area with northward flow approximately between the
Greenwich Meridian and 201W. This subtropical circulation pattern is
in general agreement with earlier results (e.g. Reid, 1989; Stramma
and England, 1999).

3.2. The 100–200 m layer

In the 100–200 m layer (Fig. 2c), the circulation in most of the
domain looks very similar to that in the shallowest layer (Fig. 2b),
however, there are three main changes in the northern half of the

Fig. 2. Maps of the adjusted climatological transports (1 Sv¼106 m3 s�1). Panels (b) and (c) include the Ekman component. Red (blue) vectors indicate northward
(southward) flow. Thick (thin) black lines mark a zonal transport of 0 Sv (0.5 Sv and 1 Sv). Only a subset of the data is shown in the interior (on a 11 by 1.51 grid). AC: Agulhas
Current; ACC: Antarctic Circumpolar Current; AG: Angola Gyre; BC: Brazil Current; BEC: Benguela Current; BPUC: Benguela Poleward Undercurrent; SAC: South Atlantic
Current; SSEC: Southern South Equatorial Current; ZE: Zapiola Eddy; CB: Cape Basin. (For interpretation of the references to color in this figure caption in black-and-white
copies, the reader is referred to the web version of this paper.)
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domain: (1) the area of weak eastward flow centered at about
241S, 401W that exists in the 0–100 m layer and is associated with
the double-celled subtropical gyre (see above) is almost comple-
tely gone in the 100–200 m layer. (2) The Angola Gyre (e.g. Gordon
and Bosley, 1991; Stramma and Schott, 1999) is weaker, but it is
still centered at about 131S, 51E in the 100–200 m layer (Fig. 2a and c).
(3) The 100–200 m layer has significantly fewer vectors with a
southward component of the transport northwest of 251S and the
Greenwich Meridian than the 0–100 m layer. The reason for this is
that the meridional component of transport due to the Ekman balance
is southward in the 0–100 m layer in this region, which can be seen
clearly when comparing Fig. 2a and b.

3.3. The 200–400 m layer

In the 200–400 m layer (Fig. 2d) the SSEC does not extend as far
north as in the two shallower layers, as indicated by a southward
shift of the maximum of the transport west of 201W from north of
151S to south of 151S (in Fig. 2c relatively large red vectors can be
seen northeast of 151W, 201W in an area where smaller velocities
of varying zonal flow direction are visible in Fig. 2d). This shift
goes hand in hand with a southward shift with increasing depth of
the bifurcation of the SSEC into the northward flowing North
Brazil Current and southward flowing Brazil Current consistent
with earlier studies (e.g. Stramma and England, 1999; Boebel et al.,
1999). Farther north, near 101S, an area of eastward flow (encircled
by a thick black contour line) can be seen between 301W and 51W
in the 200–400 m layer which is in a region that was dominated
by westward flow in both shallower layers. Simultaneously, a wide
area around this latitude range is governed by southward mer-
idional transports in the 200–400 m layer, while the meridional
transport is predominantly northward in the 100–200 m layer.
Most likely, a meandering of the flow causes the characteristics in
the deeper layer. Farther east, the Angola Gyre (e.g. Gordon and
Bosley, 1991; Stramma and Schott, 1999) is centered a bit farther
southwest, at about 151S, 31E, than in the upper two layers.

3.4. Layers below 400 m in comparison with the upper layers

Fig. 2e–h shows the transports in four 400 m thick layers
between 400 and 2000 m. As expected, the figure reveals that
the transports of the ACC, the SAC and the SSEC decrease with
increasing depth. This decrease is stronger in the SAC than in the
ACC, which is consistent with earlier results (e.g. Stramma and
Peterson, 1990). The vertical shear in the Zapiola eddy is even
smaller than in the ACC consistent with results from a previous
study of Dewar (1998) that attributed the phenomenon to an
eddy-driven flow controlled by bottom friction. An extensive
analysis of the dynamics of this eddy can be found in Volkov
and Fu (2008).

The area dominated by westward flow in the SSEC decreases
with increasing depth. In the upper 400 m, this decrease is
reflected in the build-up of a regime with eastward flow in the
northeast corner of the domain that expands westward to the
point of extending almost all the way from the eastern to the
western boundary in 200–400 m (Fig. 2d). This area with alter-
nating patches of eastward and westward flow expands south-
ward with increasing depths (see 400–800 m and deeper layers in
Fig. 2e–h). At larger depths an almost completely connected band
of eastward flow at about 201S becomes evident in 800–1200 m
(Fig. 2f) and is well-formed in the deepest two layers (1200–
1600 m and 1600–2000 m, Fig. 2g and h). Because of this the SSEC
at intermediate depth is predominantly zonally oriented, rather
than heading west-northwestward as is the case at shallower
depths. When comparing the deeper layers with the 0–400 m
layer (in which the structure of the SSEC is qualitatively similar to

that in the 0–100 m layer shown in Fig. 2b), these changes yield a
101 smaller latitudinal extent of the gyre in the 800–1200 m layer
(Fig. 2f). Below 1200 m (Fig. 2g and h) the latitudinal extent is 151
smaller than in the 0–400 m layer. These characteristics agree
quite well with the flow patterns derived in earlier studies (e.g.
Reid, 1989; Stramma and England, 1999; Schmid et al., 2000),
while providing more details about both the horizontal and the
vertical structure.

In addition, the transports in the SSEC become smaller with
increasing depth, and the westward transport in the deepest three
layers does not start near 151E, but about 21 farther west. The
latter fact means that the Agulhas Leakage is not likely to bring
significant amounts of water originating in the Indian Ocean into
the northern part of the South Atlantic at these depths. This is
consistent with results from earlier studies looking at the vertical
structure of the Agulhas Current and the exchange of water
between the Indian and the Atlantic Oceans (e.g. Lutjeharms and
Cooper, 1996).

As in the shallower three layers (Fig. 2b–d), the northward flow
of the Benguela Current is clearly visible near the eastern bound-
ary in the 400–800 m (Fig. 2e) and the 800–1200 m layers (Fig. 2f).
Different from the flow field in the shallower layers is the fact that
areas of southward flow are present farther east, between the
Benguela Current and the coast of Africa. These are associated with
the Benguela Poleward Undercurrent. More information on this
current follows in Section 4.3.1.

4. Longitude-dependence of zonal transports in the
subtropical gyre

4.1. The South Atlantic Current

To estimate the total zonal transports of the SAC in each layer
the boundaries of this current were defined as follows. The
northern boundary is the latitude where the flow direction
changes from eastward to westward (thick black line crossing
the basin near 301S in Fig. 2), while the southern boundary is the
location of the Subtropical Front approximated as the latitude of
minimum zonal transport that is closest to the latitude where the
salinity in the mixed layer is 34.9 psu (Deacon, 1982). Once the
boundaries of the current have been determined the transport in
400 m thick layers is derived for each month in all years. The
resulting transports and the latitudinal boundaries are used to
estimate their climatological means as well as their standard
deviations. The left panels in Fig. 3 show the zonal transports
while the right panels show the meridional boundaries for each
400 m thick layer. Below 800 m, the transport estimates east of the
Greenwich Meridian are less robust, because it is more difficult to
determine the northern and southern boundaries of this current in
that region. The reason for this is the high variability governing the
circulation in the Cape Basin.

The left panels in Fig. 3 reveal a pronounced longitude-
dependence of the zonal transports of the SAC in all 400 m thick
layers between the surface and 2000 m. In the interior, this is
reflected in a significant west to east decrease of the transport
between 221W and 71E. In terms of the vertical structure the large
transports found near 221W decrease from 32.4 Sv in the shal-
lowest layer (Fig. 3, top left) to 11.9 Sv in the deepest layer (Fig. 3,
bottom left). The magnitude of the transport reduction between
layers decreases with increasing depth, which is consistent with
the larger vertical shear of the zonal velocity in the upper ocean
than at intermediate depths. The minimum of the zonal transport
found near 71E ranges from 8.4 Sv (upper layer) to 0.4 Sv (in 800–
1200 m) and is 1.1 Sv in the two deepest layers. The differences
between the interior minimum and maximum decrease from
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Fig. 3. Climatological zonal transport as a function of longitude (left) and maps depicting latitude limits (right) for the South Atlantic Current as derived from the monthly
estimates from all years. Error bars indicate the standard deviation. The right panels show the 3500 m isobath.
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24.0 Sv in 0–400 m to 21.4 Sv in 400–800 m, 17.8 Sv in 800–
1200 m, 14.0 Sv in 1200–1600 m and 10.8 Sv in 1600–2000 m.
As mentioned above, the uncertainty of the transports in the
deepest layer is relatively large east of the Greenwich Meridian
because it is more difficult to define the boundaries of the SAC
there. However, the impact of this uncertainty on the magnitude
of the west to east decrease of the transports is quite small
because the large transports near 221W dominate the signal.

The longitude-dependence of the transports is partly due to a
change in the width of the current. In the interior the latitude of
the northern edge of the current does not depend much on the
longitude. Mainly, it shifts southward east of the Greenwich
Meridian and west of about 401W (Fig. 3, right panels). A stronger
and more complex longitude-dependence of the southern edge of
the current can be discerned in all layers. A southward shift
between 45 and 201W is followed by a weaker northward shift
between 201W and the Greenwich Meridian. East of the Green-
wich Meridian, there is another weak southward shift. For both,
the northern and the southern boundary of the current, the
standard deviations east of the Greenwich Meridian are larger
than west of it. Overall, there is a tendency towards larger
transports where the current is wider. This is reflected in correla-
tions between the transport and the width of the current that are
quite large, with values of about 0.78 in the upper four layers and
0.73 in the deepest layer. A discussion on the challenges of
defining the latitudinal boundaries of this current as well as an
interpretation of the transport changes follows in Section 4.4.

In the following, the reduction of the transport between 301W
and the Greenwich Meridian will be derived to allow a comparison
of the longitude-dependence of the transport with earlier results.
Because the transports at both longitudes not only vary with time
but also depend on the longitude itself, means and standard
deviations are derived within 21 of each of the two longitudes.
In 28–321W this approach results in mean transports of about
50 Sv in the upper 800 m and about 67 Sv in the upper 1200 m,
with standard deviations of 5 Sv and 7 Sv, respectively. Within 21
of the Greenwich Meridian the transports are 20 Sv in the upper
800 m and 25 Sv in the upper 1200 m with standard deviations of
4 Sv and 5 Sv, respectively. Based on these transports the west to
east decreases of the transport are 60% in the upper 800 m and
62% in the upper 1200 m.

A study based on several hydrographic sections across the SAC
by Stramma and Peterson (1990) reported that the SAC transport
in the upper 1000 m decreases from west to east by 59% (from
37 Sv at 301W to about 15 Sv at the Greenwich Meridian, based on
a level of no motion in the depth range of 2900–3600 m). In a
more recent study, Rodrigues et al. (2010) also reported a reduc-
tion of the transport of this current in the upper 1000 m by about
60% for the same longitude range (from 50 Sv to 19 Sv, barotropic
transport included). In contrast to this, transports in the upper
1500 m derived by Smythe-Wright et al. (1998) indicate that the
west to east decrease in this longitude range is only 24% (from
37.0 Sv to 28.2 Sv, based on a level of no motion at 1500 m). Two
factors are likely to give rise to this small reduction: (1) the
barotropic component of the flow is important for estimating the
transport of the SAC and (2) potentially their transport estimate
for the Greenwich Meridian includes the eastward flow south of
401S that is separated from the SAC by a wide band of westward
flow and thus is not likely to be part of the SAC. The new reductions
derived herein agree quite well with the result of Rodrigues et al.
(2010) as well as the higher percentage from Stramma and Peterson
(1990), while all these estimates are significantly larger than the
estimate of Smythe-Wright et al. (1998).

The transport in the 800–1200 m layer, which is roughly
representative of the AAIW layer, can be compared to results of
Schmid and Garzoli (2009) for this water mass. The focus will be

on the transports at the maximum (at 301W) and the minimum (at
71E) as well as the west to east decrease of the transports. Because
the transports vary quite strongly within 21 of both longitudes, a
more detailed analysis is done to determine the mean and its
uncertainties. The mean of all transports derived in the longitude
range 28–321W is 16.3 Sv with a standard deviation 2.3 Sv.3 For
the longitude range of 5–91E, the overall mean and standard
deviation are 1.3 Sv and 1.7 Sv, respectively.4 The difference
between the two overall means of 16.3 Sv and 1.3 Sv results in a
west to east decrease of 15.0 Sv with an uncertainty on the order
of 4 Sv. Schmid and Garzoli (2009) found that the transport of the
SAC at the depth of the AAIW, between 800 and 1100 dbar, is
5.5 Sv at 301W and 0.0 Sv at 71E (the corresponding standard
deviations do not exceed 1.1 Sv). When adjusting these earlier
estimates to be representative for a 400 m thick layer, then the
transport difference between the two longitudes is about 7.3 Sv.
In addition, the southern boundary used for the transport esti-
mates by Schmid and Garzoli (2009) is farther north while having
a similar shape, which results in a 40% narrower SAC.5 Correcting
for this difference of the width of the current increases the
transport estimated by Schmid and Garzoli (2009) to 10.2 Sv.
In the light of the statistical characteristics and the method-
based differences of the two independent estimates of the trans-
port, about 15 Sv for the new result versus about 10 Sv for the
earlier result can be seen as consistent with each other. Overall,
the comparisons with the previous studies show that the new
velocity fields represent the longitude-dependence of the SAC very
well and thus can be used to study this characteristic in more
detail both on the vertical and zonal axis.

4.2. The Southern South Equatorial Current

For each of the monthly fields available in the twelve years
considered in this study, the SSEC is located at each longitude by
using the northern edge of the SAC as its southern edge. Deter-
mining the northern edge of the current is more complicated.
When locating it, the double-gyre structure of the subtropical gyre
is ignored (Fig. 2). This decision was made because (1) the smaller-
scale recirculation pathways are strongly influenced by mesoscale
structures that cannot be fully resolved by the monthly fields
derived herein; and (2) earlier studies define the SSEC in the upper
layers as the flow from the Cape Basin diagonally across the South
Atlantic to about 10–151S at the western boundary (e.g. Stramma
and Schott, 1999). Wherever possible, the northern edge of the
current is identified as the latitude where the sign of the transport
changes. If the transport does not change the direction at any
latitude north of the southern edge, then the northern edge of the
current is defined as the latitude where the transport is smallest.
Once the boundaries of the current have been determined the
transport is derived for each month in all years. The resulting
latitudinal boundaries and zonal transports are used to estimate
their climatological means and standard deviations. The left panels
in Fig. 4 show the zonal transports while the right panels show the
meridional boundaries of the SSEC for each layer. Below 800 m,
the transport estimates east of the Greenwich Meridian are less

3 The transports from the full time series (not shown) range from 8.5 Sv to
21.8 Sv. Deriving the time means at each grid point results in transports ranging
from 11.4 Sv to 19.4 Sv.

4 The transports from the full time series (not shown) range from 0.0 Sv to
9.2 Sv and the longitude dependent range of the time means is 0.4 Sv to 3.8 Sv.

5 In Schmid and Garzoli (2009) the location of the southern boundary was
defined based on the structure of the zonal velocity rather than the location of the
Subtropical Front. At the widest point the difference in the width of the SAC from
these two definitions amounts to about 40% of the width estimated herein.

C. Schmid / Deep-Sea Research I 91 (2014) 50–7156





is not changing and therefore the decrease is due to a reduction of
the velocity. In the east the change of the transport is largely due
to the change of the width of the current. It has to be noted that
the absence of a significant longitude-dependence of the transport
and the width of the current in the interior is different from the
results obtained for the SAC.

The characteristics of the SSEC in the 0–400 m layer are
mirrored in a large correlation (0.90) between the transport and
the width of the current (0.12 higher than the correlation derived
for the SAC in the same layer). With increasing depth, the
correlation for the SSEC decreases quite rapidly by about 0.1 or
more, which can be easily understood when looking at the
transports and boundaries of the current in Fig. 4. In the 400–
800 m layer the changes of the mean transport in the east are
similar to those in the uppermost layer, but they are more noisy.
This noisiness cannot be explained by the longitude-dependence
of the width of the current. In addition, the drop-off of the
transport near the western boundary in the 400–800 m layer
occurs farther east than in the 0–400 m layer. The tendency
towards noisy mean transports is also observed in the deeper
layers. In addition, as mentioned above, the transport estimates
near the eastern boundary, where the dependence of the transport
on the width of the current is largest, are less robust than
elsewhere. These two effects together cause the lower correlations
in the deepest three layers. This strong depth-dependence of the
correlation is different from the results for the SAC. An interpreta-
tion of the transport changes follows in Section 4.4.

As for the SAC (see Section 4.1), the longitude-dependence of
the transport of the SSEC in the 800–1200 m layer can be
compared with earlier results of Schmid and Garzoli (2009) for
the 800–1100 dbar layer. Schmid and Garzoli (2009) found that the
transport of the SSEC is about 6.3 Sv at 401W and 1.8 Sv at 101E
(the corresponding standard deviations do not exceed 0.9 Sv).
When adjusting their estimate to be representative for a 400 m
thick layer as well as differences in the width of the current at
401W (33%), then the transport difference between the two long-
itudes is about 8.0 Sv in the earlier study. For comparison, the
overall means for the 800–1200 m layer are 9.5 Sv within 21 of
401W and 4.4 Sv within 21 of 101E, with standard deviations of
0.9 Sv and 1.9 Sv, respectively. The range of time means in the two
longitude ranges is 8.8–10.0 Sv (around 401W) and 2.2–6.4 Sv
(around 101E). Based on these numbers, the change of transports
between 401Wand 101E is 5.1 Sv with an uncertainty of about 2 Sv.
As before, in the light of the statistical characteristics and the
method-based differences of the two independent estimates of the
transport, the new and the earlier result can be seen as consistent
with each other. An interpretation of the longitude-dependence of
this current follows in Section 4.4.

4.3. Meridional transports in the subtropical gyre

The longitude-dependencies in the interior are consistent with
pathways within the subtropical gyre that carry water northward
from the SAC to the SSEC as suggested in earlier studies (e.g.
Schmid et al., 2003; Schmid and Garzoli, 2009). The main interior
pathway between the Greenwich Meridian and 201W can be seen
clearly in Figs. 2 and 5. The cumulative meridional transports at
351S in Fig. 5 reveal five distinctive regimes in all five layers:
(1) the eastern boundary regime dominated by the northward
Benguela Current in the upper three layers (i.e., east of about
101E); (2) the western boundary regime governed by the south-
ward Brazil Current (i.e., west of about 501W); (3) a regime with
large-amplitude changes of the transport between 401W and the
Brazil Current; (4) an interior regime between 40 and 181W with
small amplitude changes of the transport; and (5) an interior

regime between 181Wand 11E with a large northward transport in
all layers.

With respect to the boundary currents it has to be cautioned
that the shallow part of these currents next to the shelf break, at
depths of less than 1000 m, and potentially also on the shelf
cannot be captured with the method applied herein. However,
these transports are typically small. Based on studies showing
velocity or transport sections for the Brazil Current the under-
estimation of its transport is 1 Sv or less (e.g. Evans et al., 1983;
Gordon and Greengrove, 1986). For the Benguela Current the
underestimation due to limitations of the method adjacent to
the shelf is expected to be even smaller. In support of this, for
example, results of Stramma and Peterson (1989) and Garzoli and
Gordon (1996) indicate that the current is typically found off-shore
of the 1000 m isobath. Each of these regimes will be addressed in
the following. Then the meridional transports will be analyzed in
conjunction with the zonal transports of the SAC and the SSEC in
Section 4.4.

4.3.1. The eastern boundary regime
In the upper three 400 m thick layers the large northward

transport at the eastern boundary at 351S is associated with the
Benguela Current (Fig. 5). The transports in these three layers are
13.4 Sv, 7.2 Sv and 3.3 Sv, respectively. Based on these numbers,
the total transport of the Benguela Current in the upper 1200 m is
23.9 Sv. To investigate the latitude-dependence of the transports
Fig. 6 shows estimates of the northward transport between the
Greenwich Meridian and the eastern boundary, in a longitude
range that was chosen by Garzoli et al. (2012) as the integration
boundaries for the Benguela Current. They are used herein to allow
a comparison of the independently obtained transports even
though they lead to the inclusion of the small southward trans-
ports west of the Benguela Current (between 101E and 11E, Fig. 5),
which leads to a small underestimation of the transport of this
current. Nevertheless, these integration boundaries approximate
the region dominated by this current quite well.

In 0–800 m and in 0–1200 m the transport increases by more
than 10 Sv from 371S to 321S (black lines in Fig. 6). Most transports
in the upper 800 m from Garzoli et al. (2012) agree quite well with
the new results (gray dots in Fig. 6a). Even though direct
comparisons are not straightforward due to different integration
boundaries used in other previous studies (e.g. Stramma and
Peterson, 1989; Gordon et al., 1992), one can still determine that
the new results are consistent with their estimates which ranged
from 25 Sv to 29 Sv in the latitude range of 28–321S for a western
integration limit within 51 of the Greenwich Meridian and a
vertical integration limit within 300 m of the 1200 m shown in
Fig. 6b. The deviation of up to 5 Sv can be seen as insignificant
because it is within the uncertainties given by the standard
deviations if enough estimates from the earlier study are available
to get a robust mean. A larger difference between the transports
can be seen at 34.51S where the estimate of Garzoli et al. (2012) is
based on a single section. It is noted that the transports from
Garzoli et al. (2012) do not fully reveal the latitude-dependence
found in the new results. This is most likely due to the much more
limited number of transport estimates available in their study.

To the east of the Benguela Current a small poleward flow can
be seen in the 400–800 m layer (�0.5 Sv) and the 800–1200 m
layer (�1.3 Sv, Fig. 5). In the 1200–1600 m layer and the 1600–
2000 m layer, a relatively strong southward transport (�2.1 Sv
and �2.9 Sv, respectively) exists along the eastern boundary
followed by a weak northward transport (0.8 Sv and 0.4 Sv,
respectively), that is too deep to be part of the Benguela Current,
to the west of it. To investigate the regional context of the
southward transports at intermediate depths, Fig. 7 shows the
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salinity, pressure and circulation at the depth of the AAIW, which
is characterized by a subsurface salinity minimum in its core. The
pressure map reveals that the salinity minimum is mostly below
750 dbar, with the exception of an up to 71 wide band that extends
from 241S at 51E to 351S at the eastern boundary. The salinity map
shows a southward spreading of high-salinity water along the
eastern boundary all the way to 301S and potentially even to
33.51S, where a patch with elevated salinity can be seen. In general
agreement with this, the velocity field reveals three areas with
southward flow that indicate a southward spreading of the water
along or close to the eastern boundary to 33.51S. Because of the
relatively poor data coverage in this region (Fig. 1), which
increases the uncertainty of the velocity due to the pronounced
mesoscale variability, it is of no big concern that there is no
continuous southward flow in this region.

Many studies already reported that a poleward undercurrent is
present under the Benguela Current (e.g. Chapman and Shannon,
1985; Duncombe Rae, 2005; Lass and Mohrholz, 2008; Veitch
et al., 2010). This current was called the Benguela Poleward
Undercurrent. Based on water properties this current can be seen
as consisting of two parts (e.g. Duncombe Rae, 2005; Shillington
et al., 2006). The upper part transports Central Water southward
within the thermocline while the deeper part carries a relatively
salty blend of AAIW towards the south. At the depth of the Central
Water shown in Fig. 2e the poleward flow ends near 271S, which is
in agreement with Lass and Mohrholz (2008) as well as the
workshop report “Benguela Current Large Marine Ecosystem

Programme (2007)”. Maps of the adjusted steric height generated
by Reid (1994) also do not show southward flow extending farther
south at or above 1000 dbar. In contrast to this, Richardson and
Garzoli (2003) reported that some floats moved southward near
the African continent at intermediate depths before being caught
in the Benguela Current near the tip of South Africa. The results
presented in Fig. 7 and discussed above indicate that such a
pathway is possible but may not be very stable. The latter could
explain the absence of such a flow in the map for 1000 dbar
presented by Reid (1994). Similar to the new results, a modeling
study of Veitch et al. (2010) showed that alongshore poleward
flow, which deepens on the way to the south and is below about
600 m, extends into the southern Benguela Regime around 321S
(their Fig. 14), which agrees quite well with the southward extent
found herein. Further research is needed to resolve how far south
the Benguela Poleward Undercurrent extends, how the depth of
this current depends on the latitude and how much it varies. Such
an analysis is beyond the scope of this study.

4.3.2. The western boundary regime
At 351S the meridional transports at the western boundary

decrease with increasing depth from 5 Sv in the 0–400 m layer to
2 Sv in the 1600–2000 m layer (Fig. 5). When expanding the
analysis to other latitudes it is found that similar decreases of
the alongshore transport are typical south of 351S (Fig. 8). North of
351S, the decrease with increasing depth typically ends in the
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Fig. 5. Climatological cumulative meridional transport at 351S as derived from the transports shown in Fig. 2. Error bars indicate the standard deviation.
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800–1200 m layer, and it is often followed by an increase in the
deeper layers that can exceed 1 Sv from layer to layer. An example
for this are the transport differences between the 1200–1600 m
layer and the 1600–2000 m layer at and north of 261S. This
strengthening of the flow can also be seen in the maps of the
transports for these two layers (Fig. 2g and h). In addition to the
depth-dependence, Fig. 8 reveals that the transport in each layer
increases from a minimum of less than 5 Sv at 251S to a relative
maximum in the range of 7–11 Sv at 331S that is followed by a
relative minimum of 2–7 Sv at 361S and another maximum of
5–13 Sv at 391S. In addition, there is a relatively weak minimum
near 321S. The overall increase of the southward transport
between 251S and 31.51S can be understood quite easily when
looking at the maps of the transport (Fig. 2), which show west-
ward flow throughout this latitude range. Farther south, the
relatively sharp increase in the 0–400 m layer between 321S and
331S is associated with water from the recirculation of the Brazil
Current that feeds into the boundary current (Fig. 2b-d, more
information on this recirculation follows in Section 4.3.3). In the
deeper layers the increase in this latitude range is partly due to a
recirculation and partly due to westward flow reaching the
boundary (Fig. 2e–h).

In the following, the focus will be on the transports in two
layers (Fig. 9). The 0–800 m layer represents the Brazil Current,
while the 0–2000 m layer includes the recirculating Antarctic
Intermediate Water and Upper Circumpolar Deep Water. The
benefit of these two layers is that the transports derived herein
can be compared with earlier estimates. Transports for the upper
800 m from a study of Garzoli et al. (2012) at latitudes where they

had data from multiple transects (24.5–251S and 34.5–35.51S,
indicated by gray dots with error bars in Fig. 9a) are tendentially
higher than the transports derived herein, but that difference is
within the uncertainty of the estimates as indicated by the
standard deviation. The same is the case for the relatively low
transport at 331S, indicated by a gray triangle with error bar in
Fig. 9a, that is based on two estimates of Stramma (1989). The
relatively large difference between the new and the earlier
transports from two transects at 321S, depicted by the gray
triangle from Stramma (1989) and the gray dot from Garzoli
et al. (2012), are not of a big concern, because of the wide range
of transports that gave rise to the large standard deviations of the
other earlier estimates. Another study, by Rodrigues et al. (2010),
estimated transports of 20.9 Sv at 301S and 46.0 Sv at 351S for a
layer extending from the surface to 1000 dbar. The former is about
twice as large as the new estimate of about 10 Sv in the upper
1000 m, while the latter is about three times larger than the new
estimate of about 16 Sv in the upper 1000 m as well as signifi-
cantly larger than most earlier results in both the 0–800 m and 0–
2000 m layers (Fig. 9). It seems very likely that the transports
derived by Rodrigues et al. (2010) are so large because they are
based on an insufficient amount of data to determine the mean. For
example, their large transport at 351S is dominated by the baro-
tropic component of their flow field, which shows a small strong
anticyclonic recirculation of about 28.5 Sv to the east of the Brazil
Current that is most likely caused by the lack of sufficient Lagran-
gian data to determine the mean barotropic flow in that region.

Proceeding to the layer from the surface to 2000 m one can also
see a generally good agreement between the new and the earlier
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Fig. 6. Climatological mean northward transports between Greenwich and the eastern boundary in the upper 800 m (a) and in the upper 1200 m (b) as a function of latitude
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transports, both for most estimates of Garzoli et al. (2012, gray
dots) and the estimate of Zemba (1991, gray circle) at 341S
(Fig. 9b). One earlier estimate at 341S of Garzoli et al. (2012)
deviates quite strongly from the new results, which again is of no
big concern because it is based on a single transect. Another
estimate of Zemba (1991) with 69.9 Sv at 361S is so large that it
was not included in Fig. 9b. Potentially, this large transport is due
to a strong deep-reaching eddy just east of the Brazil Current.
Signs for such an eddy can be seen in the velocity section

presented by Zemba (1991). Overall, the generally good agreement
between the independent estimates of the transport (Fig. 9)
increase the confidence that the latitude-dependence visible in
Figs. 8 and 9 is realistic. The characteristics of this pattern will be
described in the following.

The transports of the Brazil Current shown in Fig. 9a reveal
three minima, with 3.1 Sv, 12.6 Sv and 11.4 Sv at 271S, 321S and
361S, respectively. The maxima are 15.3 Sv at 31.51S, 20.7 Sv at
331S and 22.2 Sv at 391S. As was already apparent from Fig. 8, the
latitude-dependence of the total transport in the upper 2000 m
follows a similar pattern to that in the upper 800 m, i.e., most
maxima and minima are found at the same latitudes as in the
upper 800 m (Fig. 9). After an overall decrease of about 6 Sv
between 25 and 27.51S, the transport increases gradually with
latitude from a minimum of 5.2 Sv at 281S to a relative maximum
of 33.3 Sv at 31.51S. It then decreases again to 29.0 Sv at 321S
before increasing to 44.2 Sv at 331S. Continuing southward the
transport drops once again to 22.2 Sv at 361S before increasing to
38.7 Sv at 391S. As discussed in the first paragraph of this section,
the increase in the northern half of the shown latitude range can
be attributed to the westward flow reaching the boundary, while
the smaller but relatively sharp increase between 321S and 331S
can be attributed partly to the recirculation of the Brazil Current
(see next section) for the 0–800 m layer and to the westward flow
in the SSEC in the 400–800 m layer.

4.3.3. The large-amplitude regime between 401W and the Brazil
Current

The northward flow immediately east of the Brazil Current in
Fig. 5 is part of a recirculation cell of the Brazil Current (e.g.
Gordon and Greengrove, 1986; Stramma, 1989). At 351S the north-
ward transports in this cell are 4.3 Sv, 2.8 Sv, 2.2 Sv, 2.1 Sv and
1.7 Sv in the five layers. These numbers add up to a total transport
of 13.1 Sv, which is in very good agreement with the estimate of
13.2 Sv at 341S that Zemba (1991) derived for a layer extending
from the surface down to the lower boundary of the Upper
Circumpolar Water (which is close to 2000 m). Also, Stramma
(1989) estimated a transport of 7.5 Sv in the upper 800 m south of
281S for this recirculation, which again agrees well with the new
estimate of 7.1 Sv (as derived from the transports in the upper
2 layers at 351S). Based on the Brazil Current transports derived
herein, the northward transport in this recirculation cell feeds
back into the Brazil Current north of 331S, and the estimates for
both layers are in very good agreement with the change of the
alongshore transport between 321S and 331S (Fig. 9). For the upper
800 m this change is 8.1 Sv (to be compared with the 7.1 Sv), while
it is 15.2 Sv (to be compared with the 13.1 Sv) in the upper
2000 m. The standard deviations for all four transports going into
the calculation of the changes of the Brazil Current transports are
about 3 Sv and therefore the imbalances of less than about 2 Sv are
insignificant.

Farther offshore, around 431W, two bands of opposing flow
with meridional transports on the order of 2 Sv can be seen in all
layers. The cause for this could be a southward excursion of the
SSEC as indicated by the southward dip of the contour lines
depicting the latitude where the zonal velocity goes to zero in
Fig. 2.

4.3.4. The interior regime between 181W and 11E
A large change of the cumulative meridional transport between

181Wand 11E is present in all five of the 400 m thick layers (Fig. 5).
The transport in this region of interior northward flow shrinks
with increasing depth from 6.8 Sv in the uppermost layer to 3.9 Sv
in the deepest layer. In the three layers in between 400 m and
1600 m the transports are 5.6 Sv, 5.1 Sv and 4.6 Sv, respectively.

Fig. 7. Maps of climatological salinity, pressure and velocity at the salinity
minimum of the Antarctic Intermediate Water. Colors of the vectors in the lower
panel are the same as in Fig. 2. (For interpretation of the references to color in this
figure caption in black-and-white copies, the reader is referred to the web version
of this paper.)
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Fig. 8. Climatological mean transports along the western boundary in five layers as a function of latitude derived from the monthly means for all years. Error bars indicate
the standard deviation.
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The sum of the transports in the five layers yields a total north-
ward transport of 26.0 Sv for the upper 2000 m. Earlier studies
also found northward flow in this region (e.g. Reid, 1989; Stramma
and England, 1999; Schmid and Garzoli, 2009), but they provided
less details on the horizontal and vertical structure of the flow
because of a much smaller availability of observations.
A study by Schmid et al. (2000) showed that these northward
transports can be explained on the basis of the Sverdrup dynamics.

4.3.5. The interior regime between 401W and 181W
West of the interior regionwith large northward transports, the

transport alternates between southward and northward, with two
bands of northward and two bands of southward transport
between 18 and 401W (Fig. 5). The two bands of northward
transport are about 61 wide and have a transport of about 1 Sv
in all five layers. In the uppermost layer, the northward transports
dominate, i.e., the largest cumulative transport is found at 401W.
This is not the case in the other layers. In the 400–800 m layer, the
northward and southward transports are almost the same (the
cumulative transports at 181W and 401W are within 0.1 Sv of each
other), while the southward transports dominate in the deeper
layers. These differences between the layers are due to the size of
the southward transports. In the shallowest layer, the southward
transports in the bands around 281W and 371W are smaller than
0.3 Sv. In the 400–800 m layer the southward transports in these
bands are 0.4 Sv and 0.7 Sv, respectively. Going deeper, one finds
similar or larger southward transports in these two bands (up to

about 1.4 Sv near 281W). Similar to the situation farther west,
which is described in Section 4.3.3, this could be associated with
the southward excursions of the SSEC as indicated by the south-
ward dip of the contour lines depicting the latitude where the
zonal velocity goes to zero (Fig. 2f and g).

4.4. Joint analysis of the zonal and meridional transports
in the subtropical gyre

In earlier studies, the changes of the SAC between 301W and
the Greenwich Meridian were discussed (e.g. Stramma and
Peterson, 1990; Peterson and Stramma, 1991; Smythe-Wright
et al., 1998; Rodrigues et al., 2010). The four main scenarios
addressed in these studies are: (1) the Mid-Atlantic Ridge causes
a reduction of the SAC transport (e.g. Stramma and Peterson, 1990;
Peterson and Stramma, 1991); (2) part of the water in the SAC
recirculates in the interior of the subtropical gyre throughout a
large part of the basin (e.g. Peterson and Stramma, 1991); (3) part
of the water in the SAC recirculates in the interior of the
subtropical gyre west of 201W (e.g. Smythe-Wright et al., 1998);
and (4) the SAC splits up into a southern (south of 411S) and a
northern (north of 381S) branch near 71W (Rodrigues et al., 2010).

To address the underlying dynamic of the transport changes of
the SAC and also the SSEC, Fig. 10 combines the zonal transports at
longitudinal boundaries between the regimes described above as
well as at additional longitudes with the meridional transports
between these longitudes in five 400 m thick layers. No transport
estimate for the SSEC is shown at 401W in the shallowest layer,
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Fig. 9. Climatological mean transports of the Brazil Current (a) and in the upper 2000 m (b) as a function of latitude derived from the monthly means for all years are shown
in black. Gray triangles depict transport estimates of Stramma (1989), the gray circle shows a transport estimate of Zemba (1991), and the gray dots are based on transport
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because this longitude is too far west to allow for defining the
northern boundary of this current.

Before interpreting the relationships between zonal and mer-
idional transports the sources of uncertainties of the zonal trans-
ports need to be identified. For the SAC the uncertainties are
largest in the Brazil–Malvinas Confluence in the west and in the
eastern Cape Basin (near South Africa). Both regions are domi-
nated by large mesoscale variability which gives rise to, for
example, the larger standard deviations near the western boundary
in the top right panel of Fig. 3 and in the vicinity of the eastern
boundary in the lower two panels of Fig. 3. Away from the
boundaries, the mesoscale variability is smaller, but the complication
for estimating the transport of the SAC is nevertheless related to the
uncertainty associated with separating this current from the ACC by
determining where the transport minimum nearest to the Subtropi-
cal Front is (Section 4.1). It has to be kept in mind that changes of the
transport of the SAC in the interior that cannot be explained by
meridional transports from the SAC to the SSEC may be due to cross-
frontal transports between the SAC and the ACC as well as uncer-
tainties about where exactly the boundary between the two
currents is. For the SSEC the reason for large uncertainties is the
difficulty in determining the northern boundary of this current,

especially near the western boundary in the shallowest layer. Also, the
zonal transports near the eastern boundary do not fully reflect the
transport of the SSEC due to the meridional component of its flow.

Between 11E and 181W, in the interior longitude range with the
largest northward transport, the zonal transport of the SAC
decreases in all layers and these changes of the zonal transports
are consistent with the northward transport within the uncer-
tainty of the estimates. While the drop-off of the zonal transport in
the SAC starts at the western edge of the Mid-Atlantic Ridge when
defined as the western longitude where the water depth is
3500 m, it does not end when the water depth increases again
on the eastern side of the ridge (Fig. 3). This characteristic excludes
scenario 1 (the Mid-Atlantic Ridge) as the cause for the drop-off of
the zonal transport of the SAC and supports scenario 2 (recircula-
tion in the interior in a large part of the basin). The narrowing of
the SAC that mainly occurs in the Cape Basin does leave some
room for scenario 4 (that the SAC splits up), however, because of
the high mesoscale variability in this region it is not yet clear what
exactly is happening to the SAC. Potentially, some of its water is
entrained into the ACC here.

With respect to the SSEC the meridional transport between 11E
and 181W agrees well with the changes of the zonal transport in
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Fig. 10. Gyre transports at selected longitudes and latitudes derived from the monthly estimates from all years. Error bars indicate the standard deviation. Meridional
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the upper three layers. When going deeper, in the deepest two
layers, there is a relatively large imbalance of the transports for the
SSEC. This is most likely an artifact of a large uncertainty of the
width of the current and the estimated zonal transports (Fig. 4).
Therefore, more observations are needed to get robust estimates of
the mean zonal flow below 1200 m in this region.

West of 181W the transport of the SAC tends to increase from
west to east in all layers until it reaches a relative maximum near
301W in most layers (Fig. 3). This longitude-dependence does not
support scenario 3 (recirculation west of 201W as an explanation
for the decrease of the SAC transport between 301W and the
Greenwich Meridian) and it cannot be explained by meridional
transports from the north into the SAC because many of these
transports are, on average, northward and those that are south-
ward are too small (Fig. 10). The most likely explanation for this
longitude-dependence is that the Zapiola Eddy causes a split of the
zonal flow, with the larger part heading east to the south of it.
Some of that water can join the SAC east of the Zapiola Eddy, while
most of it stays south of the Subtropical Front and thus remains in
the ACC. This possibility is supported by the predominance of
northward flow to the east of the Zapiola Eddy (Fig. 2).

For the SSEC the transport west of 181W decreases from east to
west in the upper two layers. However, the decrease in the
shallowest layer occurs primarily very close to the western
boundary, while the decrease in the second layer is insignificant
(Fig. 4). In the 800–1200 m layer the transport increases signifi-
cantly from east to west before dropping off again. In the two
layers below 1200 m the transport is very variable with only a
slight increase. This increase in the deepest two layers is asso-
ciated with a widening of the current that can be interpreted as
horizontal entrainment of water from the north into the SSEC. This
could be an explanation for the fact that there is no sign for a
balance between the quite large changes of the zonal transports
and the relatively small meridional transports to the south
(instead of northward, Fig. 10). More observations are needed to
clarify this issue.

5. Summary and conclusions

Data from Argo floats and sea surface height from altimetry are
combined to derive a three-dimensional velocity field for the
South Atlantic that extends from the surface down to 2000 dbar.
The results of an analysis of this velocity field increase the
understanding of the three-dimensional structure of the subtro-
pical gyre in the South Atlantic (e.g. Boebel et al., 1999; Stramma
and Schott, 1999; Rodrigues et al., 2007) as well as the longitude
and depth-dependence of the transports in it (e.g. Schmid et al.,
2000; Schmid and Garzoli, 2009).

With increasing depth, the latitudinal extent of the subtropical
gyre becomes smaller by about 101 between the surface and the
depth where the Antarctic Intermediate Water is found (see Fig. 2
and Section 3). Below that depth the gyre shrinks by another 51.
Most of this change is due to a southward shift of the westward
flowing branch of the subtropical gyre with increasing depth that
is most pronounced near the western boundary. This pattern is
consistent with the Sverdrup dynamic that governs subtropical
gyres (e.g. Schmid et al., 2000).

The new results also reveal a small area within the subtropical
gyre near the western boundary where the zonal flow is reversed
(see Fig. 2b and Section 3.1). This reversal can be associated with
the double-celled subtropical gyre that has been found in esti-
mates based on observations of the sea level by Vianna and
Menezes (2011). In an expansion of their earlier work, the new
velocity fields reveal a reduction of the size of this feature with
increasing depth (see Fig. 2b and c, and Sections 3.1 and 3.2).

The zonal transports estimated for the South Atlantic Current
(SAC) and the Southern South Equatorial Current (SSEC) reveal a
pronounced longitude-dependence in most 400 m thick layers
between the surface and 2000 m (see Figs. 3 and 4, and Sections
4.1 and 4.2). For example, a west to east decrease of the transport
of the SAC between 181Wand 11E of 15.0 Sv with an uncertainty of
about 4 Sv has been derived for the 800–1200 m layer (Section 4.1).
Similarly, the transport of the SSEC increases by 5.1 Sv between 101E
and 401W in the same layer, with an uncertainty of about 2 Sv
(Section 4.2). For both currents, a detailed comparison of these
estimates with earlier results for the Antarctic Intermediate Water
(AAIW) layer reveals good agreements, within the uncertainty of the
estimates. The new velocity fields show that the longitude-
dependence of the SAC transport has a very similar shape in all
five layers. In contrast to this, the longitude-dependence of the SSEC
transport changes significantly from layer to layer. In addition to
providing more detailed information of these currents as a function
of depth, the new velocity fields also allow a more detailed analysis
of this longitude-dependence in conjunction with the meridional
transports. This analysis will be summarized after taking a look at
the meridional transports near the boundaries and in the interior.

Northward transports of the Benguela Current decrease quite
strongly with increasing depth from 13.4 Sv in the upper 400 m at
351S to 3.3 Sv in 800–1200 m at the same latitude, yielding a total
transport of 23.9 Sv (see Figs. 5 and 6, and Section 4.3.1). Estimates
of the transports at different latitudes reveal an increase by more
than 10 Sv from 371S to 321S, both in the upper 800 m and the
upper 1200 m. For the thinner layer, this latitude-dependence
agrees quite well with results based on independent transport
estimates at a smaller number of latitudes that do not cover the
full latitude range considered herein.

Southward transports at the eastern boundary, east of the
Benguela Current, at 351S are found in the four 400 m thick layers
between 400 m and 2000 m (see Figs. 5 and 7, and Section 4.3.1).
The salinity minimum of the AAIW reveals relatively high salinity
at 33.51S that could originate from the north. In the 400–800 m
and the 800–1200 m layers Fig. 5 shows southward flow that can
be associated with the Benguela Poleward Undercurrent. This flow
extends to 33.51S in the deeper layer, which is farther south than
suggested by the results of earlier studies. Lass and Mohrholz
(2008) reported that this current extends to 271S, while Veitch
et al. (2010) found it at 321S. More observations are needed to
determine the meridional extent and the variability of this current.

Along the western boundary a strengthening of the Brazil
Current (in 0–800 m) from 3.1 Sv at 271S to 15.3 Sv at 31.51S can
be attributed to the westward transport of the SSEC (see
Figs. 8 and 9, and Section 4.3.2). After a relatively small decrease
in 31.51S to 321S the transport of the Brazil Current increases once
again from 12.6 Sv at 321S to 20.7 Sv at 331S. The maps of the
transports in Fig. 2 show that this increase is largely due to the
recirculation of the Brazil Current, especially in the upper 400 m,
and to a lesser extent to the portion of the SSEC that flows
westward between these two latitudes. From 331S to 361S the
transports weaken to 11.4 Sv before strengthening again to 22.2 Sv
at 391S. A similar pattern exists in the transports integrated over
the upper 2000 m. These results can be considered to be robust,
because comparisons with earlier transport estimates at a small
number of latitudes, that do not allow a detailed analysis of their
latitude-dependence, reveal mostly good agreements.

The small recirculation cell of the Brazil Current was found in
all five 400 m thick layers, i.e. not just in the depth range governed
by the Brazil Current but also at greater depths, with transports
between 4.3 Sv in the 0–400 m layer and 1.7 Sv in the 1600–
2000 m layer at 351S (see Fig. 5 and Section 4.3.3). The transport of
this recirculation is 7.1 Sv in the upper 800 m (the Brazil Current)
and 13.1 Sv in the upper 2000 m, respectively. Both estimates
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agree quite well with results from earlier studies and within the
uncertainty of the estimates they are in agreement with the
changes of the alongshore transport between 321S and 331S that
amounts to 8.1 Sv for the upper 800 m and 15.2 Sv for the upper
2000 m.

An analysis of zonal and meridional transports in the subtro-
pical gyre reveals an interior pathway from the SAC to the SSEC
between 181W and 11E with transports between 6.8 Sv and 3.9 Sv
in five 400 m thick layers from the surface to 2000 m (see Fig. 10,
and Sections 4.3.4 and 4.4). The total northward transport in the
upper 2000 m adds up to 26.0 Sv. Within the uncertainty of the
estimated transports these northward transports are consistent
with the changes of the zonal transports in the SAC and SSEC. This
pathway is consistent with a scenario proposed by Peterson and
Stramma (1991), that part of the transport in the SAC recirculates
in the subtropical gyre throughout a large part of the basin
between 301W and the Greenwich Meridian, and it does not
support a role of the Mid-Atlantic Ridge (e.g. Stramma and
Peterson, 1990; Peterson and Stramma, 1991) or a recirculation
west of 201W (e.g. Smythe-Wright et al., 1998).

Farther west, between 401W and 181W the meridional trans-
ports are quite small and very variable (see Section 4.3.5). In this
region, the balance between changes of the transports in the two
zonal branches of the subtropical gyre and the meridional trans-
ports is quite poor (see Fig. 10 and Section 4.4) in most layers,
especially for the SAC due to the presence of the Zapiola Eddy (see
Fig. 2 and Section 3).

Plans for the future are to expand on this work with the goal to
study seasonal to interannual variability of the circulation in the
South Atlantic by taking advantage of the constantly increasing
amount of Argo observations. This is expected to improve the
ability to monitor the circulation in the South Atlantic.
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Appendix A. Deriving fields of the dynamic height

The approach is to derive the dynamic height for each profile
that has good salinity and temperature measurements (see Section 2
on the profile data used). These profiles are then used to obtain
gridded fields of the mean dynamic height for each month of the
period March 2000 to June 2012 on a 0.51 by 0.51 grid with a vertical
resolution of 10 dbar. Similar to an approach used by Willis (2010),
the individual profiles are used to generate synthetic profiles of the
dynamic height on the same grid based on linear fits between them
and the sea surface height from AVISO (see Section 2 on the altimetry
data used). To achieve this all profiles and the corresponding sea
surface heights within a 51 by 21 box around each grid point are
assembled. If at least 10 data pairs are available for a given grid point,
then the correlation between them is calculated and a linear fit is
derived at each pressure level. The correlations are quite good
throughout the study region (e.g. at 1000 dbar, Fig. 11a). A compar-
ison of the annual climatologies of the two dynamic height fields at
1000 dbar from in situ observations (Fig. 11b) and from the empirical
relationship between dynamic height and sea surface height (Fig. 11c)
shows that they agree quite well.

Appendix B. Estimating the relative geostrophic velocity

The zonal and meridional components of the relative geos-
trophic velocity are estimated from the gradients of in situ as well
as the synthetic dynamic height fields with a level of no motion at
1000 dbar for each month in the period covered by this study.
Merged velocity fields are then obtained by using the velocity
from the synthetic dynamic height field at a grid point in a given
month if no velocity could be derived from the in situ dynamic
height field at that location. The geostrophic velocities at 20 dbar
relative to a level of no motion at 1000 dbar from the merged
fields for January 2011 illustrate the main characteristics of the

Fig. 11. (a) Correlation between sea surface height and dynamic height at 1000 dbar. (b) Climatology of the dynamic height at 1000 dbar from in situ observations.
(c) Climatology of the dynamic height at 1000 dbar calculated using the fits quantifying the relationship between the sea surface height from AVISO and the in situ dynamic
height. (For interpretation of the references to color in this figure caption in black-and-white copies, the reader is referred to the web version of this paper.)
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large-scale circulation in the South Atlantic quite well (Fig. 12a and b),
as will be discussed in Appendix C.

Appendix C. Deriving the absolute geostrophic velocity

Trajectories from profiling floats and subsurface floats are used
to determine the subsurface velocity needed for the barotropic
adjustment of the relative geostrophic velocity, this has also been
called the level of known motion approach. How this processing
and the adjustment are done is described in the following.

Profiling floats pose a challenge when it comes to estimating
their subsurface drift velocity. Two main factors are important in
this context: (1) Profiling floats typically spend some time on the

surface during which their position has not been measured. (2) It
takes profiling floats several hours to ascend from the drift depth
to the surface and descend back to the drift depth. In most cases,
the first factor has a larger impact on the estimation of the
subsurface velocity than the second factor, because the velocity
at the surface is larger than the velocity encountered during the
ascent or descent. A more accurate surface drift of the profiling
floats has been derived using an extrapolation method that is
based on the approaches used by Schmid et al. (2001) and Davis
et al. (1992) both of which used cokriging. The difference between
their methods is the choice of the structure function that was used
to derive fits to the dissimilarities (the variogram) estimated from
the data. Schmid et al. (2001) used a structure function that only
works in the tropics and described the approach in detail in their

Fig. 12. Maps of the mean fields of the horizontal velocity for January 2011. Top: geostrophic velocities at 20 dbar, obtained with a level of no motion at 1000 dbar.
The estimates are based on statistical mean and synthetic profiles of the dynamic height estimated using the correlation between and in situ observations. Middle: Mean
fields of the absolute subsurface velocity from the float trajectories (climatological velocity estimates are used if needed, as described in the text). Bottom: geostrophic
velocity at 20 dbar, adjusted with the absolute subsurface velocity. Left: zonal velocity. Right: meridional velocity. (For interpretation of the references to color in this figure
caption in black-and-white copies, the reader is referred to the web version of this paper.)
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appendix, while Davis et al. (1992) used a structure function and a
set of coefficients that work well in the higher latitudes.

Herein, most of the domain is not in the tropics, therefore it is
necessary to apply the structure functions used by Davis et al.
(1992). The difficulty is that the quality of the solution depends on
the positions measured during the surface phase as well as on the
coefficients used in the structure function. To get the best solution,
the extrapolation was performed for six different sets of coeffi-
cients. Four of these sets have fixed coefficients (Table 1) to allow
for dynamical differences. The coefficients for the remaining two
sets are estimated from the drift information collected during the
surface period of a profiling float. One of these two sets uses the
positions while the other uses the velocities for the derivation of
the coefficients for the structure function. Following Davis et al.
(1992), the position errors of each satellite fix are assumed to be
1000 m for all six sets. For all six solutions, the median velocity of
the measured surface drift is compared with the median of the
extrapolated surface drift to identify the best match for each cycle.
Once this has been accomplished, the best estimates for the
subsurface displacements for each profiling float can be deter-
mined and the zonal and meridional displacement velocities can
be estimated.

Before the box-averaging can be done it is necessary to
normalize the velocities from most floats in such a way that they
represent daily means of the velocity, because their original data
contain velocities that are representative of different time periods.
Box-averaged subsurface velocities and associated pressures are
then derived on the same grid as the one used for the geostrophic
velocity profiles for each month and year of the study period.
As an example, the resulting subsurface velocities for January 2011
are shown in Fig. 12c and d. These two fields and the correspond-
ing pressure field (not shown) are used in conjunction with the 3-
dimensional fields of the relative geostrophic velocity to estimate
the absolute geostrophic velocity. To overcome the challenge that
there are grid points with a geostrophic velocity profile that do not
have a subsurface velocity in a given month, the climatological
mean of the subsurface velocity (and its pressure) is used for the
adjustment in these cases. The resulting adjusted geostrophic
velocity fields at the 20 dbar level for January 2011 are shown in
Fig. 12e and f.

As expected, the absolute geostrophic velocity field is more
realistic than the relative geostrophic velocity (compare top and
bottom row of Fig. 12): The eastward flow in the South Atlantic
Current and Antarctic Circumpolar Current region is significantly
stronger than in the unadjusted velocities, due to strong baro-
tropic flow associated with both currents. The same is the case for
both velocity components in the Brazil/Malvinas Confluence
region, for the Zapiola Eddy, and in the region dominated by the
Agulhas Current and its retroflection. In contrast to this, the
westward flow in the Southern South Equatorial Current did not
change much due to the adjustment, which is not surprising
because this current is known to be less barotropic than the other
currents mentioned above. The same is the case farther north.

Appendix D. Filling in small gaps

Small gaps in the absolute velocity fields that are surrounded
by observations are filled with objective mapping using the
method developed by Hiller and Käse (1983). The correlation
length scales for longitude and latitude were both set to 31.6 The
root mean square error of the velocity and its climatological
estimates are set to 2 cm s�1 and 10 cm s�1, respectively. Based
on an analysis of the resulting fields, grid points where the root
mean square error of the method exceeds 4.9 cm s�1 are excluded
from the analysis. The resulting fields are smoothed with a second
order Butterworth filter that has a length scale of 21 to remove the
mesoscale signal from the velocity fields because it masks the
large-scale features of the circulation.

Appendix E. Adding the Ekman velocity

The zonal (u) and meridional (v) components of the Ekman
(1905) velocity are

u¼ Veðz=DEÞ cos ðπ=4þπz=DEÞ ðE:1Þ

v¼ Veðz=DEÞ sin ðπ=4þπz=DEÞ; ðE:2Þ
with the surface velocity V and the Ekman depth DE defined by

V ¼
ffiffiffi
2

p
πτ=ðDEρjf jÞ ðE:3Þ

and

DE ¼ π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Az=jf j

q
; ðE:4Þ

respectively. In these equations τ is the wind stress, ρ is the water
density, f is the Coriolis parameter, Az is the friction coefficient and
z is the depth. Rio and Hernandez (2003) derived friction coeffi-
cients for the world oceans for two different seasons. For the South
Atlantic they reported that the coefficients vary between about
10� 10�3 m2 s�1 and about 20� 10�3 m2 s�1 in boreal summer
while they tend to be a bit smaller in boreal winter (their Figs. 10
and 11). Based on the results of Rio and Hernandez (2003), the
friction coefficient is set to be latitude-dependent in such a way
that it decreases linearly from 20� 10�3 m2 s�1 at the southern
end of the domain to 10� 10�3 m2 s�1 at the equator. This choice
of parametrization results in an Ekman depth in the range of 60 m
at 501S to 131 m at 51S, which is close to the results obtained by
Rio and Hernandez (2003). The wind field from the NCEP reana-
lysis 2 (Kanamitsu et al., 2002) is used to estimate the Ekman
velocity using the equations given above. All transports in this
study are derived from the adjusted geostrophic velocity after the
addition of the Ekman velocity. The unit Sverdrup (Sv,
1 Sv¼106 m3 s�1) is used for transports throughout this study.

Appendix F. Comparisons of the velocity field with other
observations

To increase the confidence in the fields of the horizontal velocity
derived herein, the zonal and meridional velocities at 15 m are
compared to independent estimates derived from surface drifters
with a drogue centered at 15 m (available at http://www.aoml.noaa.
gov/phod/dac/dac_meanvel.php). The methodology used to derive
the drifter data set has been described in Lumpkin and Johnson
(2013). At greater depths, the velocities derived herein are com-
pared with those published previously.

Table 1
Fixed-value parameter sets used for the cokriging. Scale 1 is the velocity scale for
the low-frequency variability. Scale 2 is the velocity scale for the high-frequency
variability. Scale 3 is the time scale for the low-frequency variability.

Set Scale 1 [cm s�1] Scale 2 [cm s�1] Scale 3 [days]

1 20 5 1.5
2 10 10 1.5
3 40 10 1.5
4 60 20 1.5

6 A float in every 31 by 31 box of the world oceans within 601 of the equator is
the target density of the Argo array.
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Before proceeding to the comparison with the drifter data set
one has to keep in mind that the drifters measure the total flow
including the Ekman component while the Ekman flow has to be
added to the geostrophic flow field derived herein to get the total
flow as described in Appendix E. The problem is that the Ekman
velocity at a given level depends significantly on the friction
coefficient. Herein, this is only of concern for the direct compar-
ison of the velocities that follows below, because the primary focus
of this study is on transports in layers that are mostly at least
400 m thick.

Climatological maps for the zonal and meridional velocities
show good agreements of the major features of the circulation in
the South Atlantic (Fig. 13). For example, both products reveal:
(1) the separation between the South Atlantic Current and the
Antarctic Circumpolar Current (Fig. 13, top row); (2) the Southern
South Equatorial Current heading from the tip of South Africa
towards the northwest; (3) the Brazil and Malvinas Currents as
well as their confluence (Fig. 13, bottom row); (4) the Zapiola Gyre
centered near 451S, 451W; (5) the Agulhas Current System includ-
ing the retroflection and the Agulhas Return Current. The main
differences between the two products can be seen near the zonal
boundaries and in highly dynamic regions with large mesoscale
variability. In the boundary regions, relatively few observations are
collected by Argo floats, which reduces the ability to fully resolve
the boundary currents. In addition, the Ekman velocity at 15 m in
the trade winds regime near the western boundary is strong
enough to weaken the flow in the North Brazil Current signifi-
cantly. However, this would not be of major concern in a study of
the transport of this current because in this case the vertical
integration limits would be from the surface to 200 m or more and
one would get a strong transport towards the equator (Fig. 2).
In the regions with large mesoscale variability, the new 3-
dimensional velocity field is likely to generate a more realistic
velocity field, due to the use of the sea surface height from AVISO,
which resolves mesoscale features better than the array of surface

drifters can. Overall, the good agreement between the two
products shows that both the methods to derive the absolute
geostrophic flow described in Appendix C as well as the approach
used to derive the Ekman velocities described in Appendix E work
well in the study region.

At greater depths, comparisons that go beyond those of the layer
transports which are studied in this paper also show good agree-
ments of the newly derived flow field. Several examples for this are
given in the following. At the western boundary Vivier and Provost
(1999) published observations of the Malvinas Current based on
current meters. At about 1000 m they found that the mean velocity
at three mooring sites is in the range of 12.4–21.5 cm s�1

(21.5 cm s�1, current meter C53 at 912 m; 16.0 cm s�1, current
meter C63 at 1010 m; 12.4 cm s�1, current meter C73 at 976 m).
The 1000 dbar velocities in the Malvinas Current from the new
product fall into this range. For the Brazil Current, Núñez-Riboni
et al. (2005) reported that the speed at intermediate depth is
11.677.4 cm s�1 south of 301S. Plate 2 in Boebel et al. (1999) shows
similar southwestward speeds in the Brazil Current between 301S
and 351S. In this region, the velocity field derived herein has a
slightly lower speed of 975 cm s�1 than what was reported by
Núñez-Riboni et al. (2005). All these estimates are consistent with
each other.

Proceeding to the east, Fig. 1 of Giulivi and Gordon (2006) shows
the meander of the Agulhas Return Current at a location that is
consistent with its location in the new velocity field derived herein.
In addition to that, a study of Boebel et al. (2003) showed that the
mean intermediate depth velocities in the Agulhas Current are
typically about 25 cm s�1 while those in the Agulhas Return Current
are about 10 cm s�1 (Fig. 11 in Boebel et al., 2003). Núñez-Riboni
et al. (2005) reported a very similar value of 25.3714.2 cm s�1 for
the Agulhas Current and a larger velocity (22.9713.2 cm s�1) for the
Agulhas Return Current. The corresponding estimates derived herein
are 28713 cm s�1 for the Agulhas Current and 1274 cm s�1 for the
Agulhas Return Current, both of which agree well with the

Fig. 13. Comparison of climatological mean of the 15 m velocities from drifters (left) with the 15 m velocities from the three-dimensional velocity field (right). The Ekman
velocity is included in all panels. Top: zonal velocity. Bottom: meridional velocity. (For interpretation of the references to color in this figure caption in black-and-white
copies, the reader is referred to the web version of this paper.)

C. Schmid / Deep-Sea Research I 91 (2014) 50–71 69



results of Boebel et al. (2003). The new estimate of the Agulhas
Current velocity also agrees well with the velocity derived by
Núñez-Riboni et al. (2005). Given the uncertainties of the velocity
estimates the difference between the velocity of the Agulhas Return
Current published by Núñez-Riboni et al. (2005) and those obtained
herein, as well as by Boebel et al. (2003) can be seen as insignificant.
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