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Abstract

Mass transports for the thermocline, intermediate, deep and abyssal layers in the
Atlantic Ocean, at 30°S and for 2003 and 2011, have been estimated using data from
GO-SHIP hydrographic transoceanic sections and applying three inverse models with
different constraints. The uppermost layers comprise South Atlantic Central Water
(SACW) and Antarctic Intermediate Water (AAIW), with a net northward transport in
the range of 12.1-14.7 Sv in 2003 and 11.7-17.7 Sv in 2011, which can be considered as
the northward returning limb of the Meridional Overturning Circulation (MOC). The
western boundary Brazil Current transports twice as much SACW in 2003 (-20.2+0.7
Sv) than in 2011 (-9.7+0.7 Sv). A poleward current consisting of AAIW and Upper
Circumpolar Deep Water (UCDW) flows beneath the Brazil Current. The eastern
boundary Benguela Current, characterized by a high mesoscale eddy activity,
transports 15.6+0.9 Svin 2003 and 11.2+0.8 Sv in 2011, east of the Walvis Ridge. In the
ocean interior, the northward flow is mainly located east of the Mid Atlantic Ridge
(MAR) where Agulhas Rings (ARs), observed in both 2003 and 2011, transport warm
and salty water from the Indian to the Atlantic Ocean. For the deep layers, the
southward transport of North Atlantic Deep Water (NADW) occurs as the Deep
Western Boundary Current and also in the eastern basin. The western and eastern
basins transport similar amounts of NADW to the south during both years, although
the eastern pathway changes substantially between both years. The total NADW
transport, which is also considered the MOC, is in the range 16.3-24.5 Sv in 2003 and

17.1-29.6 Svin 2011, hence with no significant change.
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1. Introduction

During the 1990s, the international World Ocean Circulation Experiment
(WOCE) surveyed all of the main ocean basins. The global network of high quality
hydrographic data from transoceanic zonal and meridional sections of closely spaced
stations allowed estimates of the oceanic transports of mass, heat, freshwater and
other properties, from the sea surface to the bottom of every ocean (Ganachaud and
Wunsch, 2003; 2000; Macdonald and Wunsch, 1996). The general features of the
ocean’s global overturning long predated WOCE (e.g. summaries in Gordon (1986) and
Schmitz (1995)), but the newly collected global-scale data along with the newly-
developed approach of inverse modeling allowed an improved, internally consistent,
quantification of global transports (Roemmich and Wunsch, 1985; Wunsch, 1996).
From these data, a clearer picture of the global circulation emerged, including a
continued recognition of the pivotal role of the Atlantic Meridional Overturning
Circulation (AMOC) (Ganachaud and Wunsch, 2003; 2000; Macdonald, 1998;
Macdonald and Wunsch, 1996; Talley, 2013).

In the Atlantic Ocean, about 15 Sv of North Atlantic Deep Water (NADW)
originate in the northern North Atlantic, essentially as Labrador Sea Water (Talley and
McCartney, 1982) and overflow waters from the Nordic Sea (Smethie et al., 2000), and
flow south mainly via a Deep Western Boundary Current (DWBC) (Fine and Molinari,
1988; Joyce et al., 2001; McCartney, 1993). During its transit to the Southern Ocean,
the NADW entrains Antarctic Intermediate Water (AAIW) at its upper boundary and
Antarctic Bottom Water (AABW) at its lower boundary (de Carvalho Ferreira and Kerr,
2017; Johnson, 2008), increasing to a southward mass transport of approximately -23
Sv at about 30°S. This southward mass transport of NADW has to be balanced by a
northward flow of abyssal and thermocline waters, consisting of about 6 Sv of AABW
and 17 Sv from the South Atlantic and Indian Oceans, the latter through the Agulhas
leakage around the southern tip of Africa (Beal et al., 2011; Gordon, 1985a).This
pattern of circulation has been summarized by Schmitz and McCartney (1993) for the
North Atlantic circulation and Schmitz (1995), Talley (2008) and Talley (2013) for the

global ocean circulation.
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Following WOCE, a natural next step has been to estimate how the property
transports and patterns of circulation have changed over time. For this purpose,
repeat hydrographic sections in key latitudes and longitudes have been accomplished
in the framework of the Global Ocean Ship-based Hydrographic Investigation Program
(GO-SHIP) (www.go-ship.org). High accuracy measurements of different ocean
properties - including temperature, salinity, nutrients and oxygen - are collected from
the surface to the bottom of the ocean with an approximate decadal base and with the
same horizontal sampling strategy as in WOCE, that is, a spatial resolution of 55 km
near the internal Rossby radius, and with sections that extend (close) from coast to
coast or enclose regions, that is, with closed mass budgets.

A now classical method used to estimate the ocean circulation and property
transports from closed hydrographic sections is the inverse method (Wunsch, 1996;
1977). However, the results differ depending on the a priori variance specified within
the inverse model, and on specific constraints and initial conditions imposed in the
models. As a result, each separately calculated inverse estimate of transports from a
given hydrographic section tends to be different. If we are to determine that the
differences in the solution are due to the decadal changes in hydrographic data, and
not due to the differences in the inverse models, the same a priori variance, same data
types, and same approach to constraints should be specified for the inverse models.
Using this consistent approach, Hernandez-Guerra et al. (2014) and Hernandez-Guerra
and Talley (2016) estimated the changes in the ocean circulation and Meridional
Overturning Circulation at 7.5°N and 24.5°N in the Atlantic Ocean during 1992-93 and
2010-11, and in the Indian and Pacific Oceans at 30°S in 2002-03 and 2009. In addition,
Katsumata and Fukasawa (2011) applied an inverse model to the hydrographic data
collected in the Indian, Pacific and Atlantic oceans at 30°S during the WOCE (1992-95)
and repeated in 2003-04.

At 30°S in the South Atlantic Ocean, the boundary currents in the thermocline
layers of the subtropical gyre are the Brazil and Benguela Currents. The Brazil Current
is the narrow southward western boundary current (Mdiller et al., 1998; Zemba, 1991)
and the Benguela Current is a broad eastern boundary current flowing north with
intense mesoscale activity (Garzoli et al., 1996; Macdonald, 1993). In the ocean

interior, the net mass transport is to the north though there are alternative
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northward/southward flows, including the distinctive Agulhas Rings (Goni et al., 1997;
Gordon and Haxby, 1990) often found in this part of the ocean. In the deep NADW
layers, the main flow takes place via the DWBC although southward transport also
occurs in the eastern basin (Garzoli et al., 2015; Reid, 1989; van Sebille et al., 2012;
Tamsitt et al., 2017; Zangenberg and Siedler, 1998). In abyssal layers, AABW flows to
the north with a gradual latitudinal decrease in mass transport.

Our main goal here is to extend to the South Atlantic Ocean at 30°S our
previous studies of the Indian and Pacific Oceans, and to estimate if the ocean
circulation and the Atlantic Meridional Overturning Circulation has changed in
different decades, analyzing the hydrographic data collected in 2003 and 2011. To
accomplish our main goal, section 2 presents the data for the two years, 2003 and
2011, and the vertical sections of the different ocean properties, aimed at describing
the main water masses present at 30°S (e.g. Chapter 9 of Talley et al. (2011)). Section 3
presents the geostrophic transport relative to initial reference level choices and
describes the characteristics of our inverse box model. The final mass transports for
both years, obtained after applying the inverse model, are presented in section 4,
including our estimate of the AMOC and its variability. Section 5 describes the
horizontal circulation focusing on the upper, deep and abyssal layers. We summarize

the principal results in section 6.

2. Data, vertical sections and water masses
Hydrographic data collected in 2003 and 2011 over the entire water column at
stations along section A10, nominally at 30°S in the South Atlantic Ocean, are available

through the Carbon Hydrographic Data Office (CCHDO, http://cchdo.ucsd.edu) (Table

1). They were collected as part of the international Global Ocean Ship-Based
Hydrographic Investigations Program (GO-SHIP) (Talley et al., 2016). The 2003 section
was part of the circumpolar Japanese Beagle expedition (Katsumata and Fukasawa,
2011; Katsumata et al., 2013). The 2011 section was collected by US GO-SHIP. Tracks
deviated from the indicated latitude mainly at the western and eastern boundaries, in
order to angle the section perpendicular to the currents (Figure 1). The distances
between stations were about 50 km, with smaller spacing across boundary currents

and strong topographic slopes. At each station, temperature and salinity every two
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decibars was reported using a CTD as well as water samples for salinity, oxygen, silicate
and other chemical tracers. For both cruises, a Lowered Acoustic Doppler Current
Profiler (LADCP) - at 300 kHz and 150 kHz in 2003 and 2011, respectively - provided an
absolute velocity profile at each station. As in Hernandez-Guerra and Talley (2016),
LADCP data are helpful to constrain the boundary currents in the inverse model.

The transatlantic section may be divided into western and eastern basins,
separated by the Mid-Atlantic Ridge (MAR). The vertical distributions of potential
temperature (9), salinity, neutral density (y", (Jackett and McDougall, 1997)), oxygen
and silicate are shown for both cruises in Figures 2-6. The 2003 A10 sections were
originally presented by Katsumata and Fukasawa (2011) . We use the sections to
identify the vertical and density distribution of the existing water masses. With the
double objective of selecting the reference level (used to integrate the thermal wind
equation) and calculating the partial transports, a description of the different water
masses follows, following well-known classifications (Talley et al., 2011), and similar to
Katsumata and Fukasawa (2011) description.

The South Atlantic Central Water (SACW) extends from the surface to the
density interface of y"=27.23 kg/m? (approximately 730 m depth), defining the
thermocline layer. SACW is formed by subduction in the subtropical gyre of the South
Atlantic Ocean, north of the subtropical front (Gordon, 1989; 1981; Sprintall and
Tomczak, 1993). SACW is characterized by low silicate (<10 uM/kg) and high oxygen
(>210 uM/kg), mainly in the shallowest thermocline layers (Figs. 5 and 6). According to
Stramma and England (1999), SACW is transported to western Africa via the South
Atlantic and Benguela Currents.

From an Optimum Multiparameter Analysis, Poole and Tomczak (1999)
concluded that the eastern thermocline layers of the South Atlantic Ocean near 30°S
also have a high contribution from the Indian Ocean, mainly in deeper layers (>500 m),
due to the leakage of Indian Ocean thermocline waters through the Agulhas
Retroflection (Gordon, 1985b; Poole and Tomczak, 1999; Sprintall and Tomczak, 1993).
The relatively low-oxygen waters in the eastern basin around 3°E probably come from
the Indian Ocean transported by the Benguela Current (Gordon et al., 1992). Another
Indian Ocean contribution comes from the Agulhas Retroflection, as the Agulhas rings

slowly propagate and diffuse out in the Atlantic Ocean (Casanova-Masjoan et al.,
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2017). Both cruises crossed one Agulhas ring: at about 1.5°E in 2003 and about 6.5°W
in 2011, the former being stronger and deeper, reaching to the sea bottom, as shown
by the downward dome of the isotherms and isopycnals (Figs. 2 and 4).

The signature of the Brazil and Benguela Currents is clear in the rising of the
isotherms and isoneutrals near the western and eastern margins, respectively (Figs. 2
and 4). The Brazil Current stands as a relatively narrow poleward western boundary
current while the Benguela Current appears as a relatively wide equatorward eastern
boundary current, stretching westward to about 3°E (Garzoli et al., 1996). In the ocean
interior, these isolines plunge slowly to the west, implying northward geostrophic flow
relative to a reference layer located in deeper layers. The relatively low-oxygen waters
near the eastern boundary represents tropical South Atlantic thermocline waters
advected by an undercurrent at some 200 m depth (Gordon et al., 1995).

At intermediate levels (about 27.23 kg/m3<y"<27.58 kg/m3, approximately in
the 730-1140 depth range), the vertical section of salinity (Fig. 3) shows minimum
values (<34.5) corresponding to Antarctic Intermediate Water (AAIW). The relative
high oxygen in the western basin is accompanied by a salinity minimum. The sources of
AAIW are primarily in the southeastern Pacific, in the northern Drake Passage and in
the Malvinas Current loop (Suga and Talley, 1995). The northern limit of the minimum
salinity corresponding to AAIW in the Atlantic Ocean is usually 20-25°N (Talley, 1996).
At the western boundary, a relatively wide tongue of AAIW is transported through the
Caribbean (Joyce et al., 2001). In the eastern basin, a narrow flow of AAIW has been
repeatedly measured in the Lanzarote Passage, in the channel between the eastern
Canary Islands and the African coast at ~29°N (Hernandez-Guerra et al., 2017; Machin
et al., 2010). The higher salinity in the eastern basin of the South Atlantic Ocean at any
depth is due to the influence of older AAIW and mixed with Red Sea water entering
from the Indian Ocean that contains higher salinity than the AAIW from the
southwestern Atlantic Ocean (Shannon and Hunter, 1988). The decrease of oxygen in
the eastern basin also points to origin in the Indian Ocean (Gordon et al., 1992; Talley,
1996). The patches of minimum salinity (<34.3) found in the western basin suggests
that more recently ventilated AAIW is transported by northward flows in the ocean

interior. Silicate increases with depth, at a maximum rate in the AAIW layer.
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Below the AAIW, a body of oxygen-poor and relatively fresh water (core salinity
of about 34.6) is observed corresponding to the Upper Circumpolar Deep Water
(UCDW). The oxygen minimum occurs at the approximate density range between
27.58 kg/m?3 and 27.84 kg/m? (corresponding to approximately 1140-1560 m depth)
(Figs. 4 and 5). The source of UCDW is located in the eastern South Pacific Ocean. It is
transported to the western Atlantic margin through Drake Passage (Callahan, 1972)
and transported to the eastern margin through an anticyclonic circulation as seen in
(Reid, 1989). The UCDW stratum is thicker in the eastern than in the western basin, as
also shown in Larqué et al. (1997).

The North Atlantic Deep Water (NADW) is best observed in the western basin
but also stretches to the eastern basin, being transported by the Deep Western
Boundary Current (Stommel et al., 1958) as a tongue of relatively high salinity (>34.85),
high oxygen (>240 uM/kg) and low silicate (<50 uM/kg) (Figs. 3, 5 and 6). The NADW is
composed of two different water masses formed at different locations: the Upper
North Atlantic Deep Water (UNADW) essentially formed by Labrador Sea Water (Talley
and McCartney, 1982) and the Lower North Atlantic Deep (LNADW) with overflow
waters from the Nordic Sea (Pickart, 1992; Smethie et al., 2000). In the North Atlantic
Ocean at 24.5°N, the UNADW is centered at about 2300 m and the LNADW is located
at about 4000 m depth. Two lobes, one in each layer, of southward mass transport are
observed centered at approximately these depths (Herndndez-Guerra et al., 2014). By
the time the NADW reaches 30°S, mixing has eroded the two-lobe signal, appearing as
a single core in the density range 27.84-28.1 kg/m3 (from about 1600 to 3400 m),
where single relative maximum of salinity and oxygen and a relative minimum in
silicate are observed (Figs. 3, 5 and 6) (Tsuchiya et al., 1994). The NADW extends east,
towards the MAR, with a decrease in salinity and an increase in silicate. According to
Larqué et al. (1997), the relative minimum in silicate observed in the eastern basin is
NADW. Thus, the southward flow of the NADW in the South Atlantic subtropical gyre
occurs in both the western and eastern basins (Garzoli et al., 2015; Reid, 1989; van
Sebille et al., 2012; Tamsitt et al., 2017), as will be discussed in Section 5.2. During its
path to the south, the NADW splits the Circumpolar Deep Water into UCDW and Lower
Circumpolar Deep Water (LCDW).
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The densest water mass (y">28.1 kg/m?, from approximately 3420 m depth to
the seafloor) is Antarctic Bottom Water (AABW), fresher with lower oxygen
concentrations than the NADW (Fig. 3, 5). It is characterized by 0 < 2°C, S < 34.86 and
silica concentration >70 uM/kg (Reid, 1989). The primary source of AABW at 30°S is
LCDW (Heywood and King, 2002; Peterson and Whitworth, 1989; Reid et al., 1977),
which is a mixture of Antarctic waters with NADW (de Carvalho Ferreira and Kerr,
2017; Mantyla and Reid, 1983). The westward shoaling of the near bottom isotherms
and isoneutrals (y"=28.15 kg/m?) indicates a northward AABW path, as shown by the
highest silicate in the water column (Fig. 6). In the eastern basin, the Walvis Ridge

prevents the equatorward flow of AABW.

3. Relative geostrophic transport and inverse model

The thermal wind equation is used to compute the relative geostrophic velocity
normal to the vertical plane between two adjacent hydrographic stations. The relative
geostrophic velocity depends on the selected reference layer, which is chosen near the
the NADW-AABW interface, at y"=28.1 kg/m?® (about 3420 m depth) (Fig. 4). This is the
same reference layer used in a previous study carried out using the hydrographic data
at 30°S in the Pacific and Indian Oceans (Hernandez-Guerra and Talley, 2016). In their
study of the oceanic fluxes in the South Atlantic, McDonagh and King (2005) used a
similar reference layer for the A10 section carried out in 1993. However, our initial
reference layer is slightly shallower than that used by Ganachaud and Wunsch (2000)
and Ganachaud (2003) in their global transport study with the WOCE sections. In those
station pairs where the deepest common depth is shallower than the reference layer,
the bottom is considered as the reference layer; below the deepest common depth of
each station pair, velocities are considered constant. The LADCP data can be used to
estimate the velocity at the reference layer (Comas-Rodriguez et al., 2010; Joyce et al.,
2001) and to constrain the mass transport in the boundary currents.

The mass and property transports have been computed for the different y"
layers that divide the water column, selected following Talley (2008) and Hernandez-
Guerra and Talley (2016). When we require separate estimate of Ekman transports,

which are introduced into the first layer, they have been computed from the NCEP
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wind stress (Kalnay et al., 1996) corresponding to the times of the cruises (Hernandez-
Guerra and Talley, 2016) (Table 2).

The initial mass transport through 30°S in the Atlantic Ocean is shown in Figure
7. The total mass transports present imbalances of 36.4 Sv for 2003 and 38.6 Sv for
2011, both northward as a result of thermocline and Antarctic Bottom Water
transports, with almost no transport in the North Atlantic Deep Water layer, which is
known from all previous analyses to have net southward transport. To reduce this
large imbalance, we applied an inverse model to solve for an adjustment to the
reference velocity reference velocity that seeks mass conservation (Wunsch, 1996;

1978). The following equation is solved:

ffpb dxdz =- ffer dxdz+ Ej, (1)

where p is the density, b is the unknown reference velocity, V, is the relative
geostrophic velocity obtained from the thermal wind equation, Ey is the Ekman
transport normal to the section, and (x, z) designate the along-section and vertical
coordinates, respectively.

The above procedure would provide one single equation (vertically-integrated
mass conservation) with 110 unknowns for 2003 and 119 unknowns for 2011 (the
number of station pairs). New equations have to be introduced in order to reduce this
underdetermined system. To be consistent with Hernandez-Guerra and Talley (2016),
when we later combine the results from those Indian and Pacific analyses with this
Atlantic analysis, we apply several different inverse models using independent
estimates as constraints for layer and total mass conservation (Table 3). Model A
employs the mass transport and standard deviation from Talley (2008) (hereafter T08),
obtained using the Reid (2003; 1994; 1997) absolute geostrophic analysis for
transoceanic hydrographic sections carried out in 1959 and 1972 in the Atlantic Ocean
at 32°S. Model B utilizes the mass transport and standard deviation from the Southern

Ocean State Estimate (SOSE, http://sose.ucsd.edu) output for 2005-2007 (Mazloff et

al., 2010), calculated from the zonally integrated flow at 30°S in neutral density layers.
Our hydrographic data were collected in different years than T08'’s and SOSE’s outputs.

However, the standard deviation, used as a priori uncertainty in the inverse model, is

10
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large enough to allow the inverse model to adjust the mass transport for the
oceanographic conditions of each cruise. Additionally, we set up model C as a ‘classic’
inverse model where, in addition to total mass conservation, we introduce several
regional constraints. These local constraints are also used in models A and B.

Figure 8 shows the mass transports with standard deviations from TO8 and
SOSE that are then applied as constraints for inverse models A and B. The resemblance
of the mass transport per layer for both transports is notable given their
independence: the southward North Atlantic Deep Water (NADW) transport is
compensated by northward bottom and surface water transports. TO8 and SOSE differ
in the abyssal layers: the transport is northwards in three layers in TO8 while for SOSE
there is only one layer transporting water northward, with the deepest layer showing
no net flow. For the thermocline and intermediate layers, the northward mass
transport is 12.8+2.3 Sv for TO8 and 13.8+3.8 Sv for SOSE. The southward NADW
transport is also not significantly different for TO8 (-17.6+5.5 Sv) and SOSE (-16.1+4.2
Sv).

We introduce regional constraints for different longitude and depth ranges,
listed in Table 4. The flow through the Bering Strait connects the Pacific and Atlantic
Oceans with mean transports of -1.0+0.6 Sv and -1.240.6 Sv in models A and B,
respectively, and -0.8+0.6 Sv in model C (Coachman and Aagaard, 1988); this
constraint has been used in other inverse models (Ganachaud, 2003; Garabato et al.,
2014; Macdonald, 1993). Constraints on the deep flow along the Vema Channel, as
measured by Hogg et al. (1982) and Hogg and Owens (1999), and the deep flow
through bathymetric constraints as in Walvis Ridge North and entering dead-end
basins as the Walvis Ridge South (Ganachaud et al., 2000), are also applied to every
model. The constraint of the total deep flow into the Brazil Basin comes from
estimates by Hogg et al. (1999), Speer and Zenk (1993) and Zenk et al. (1999) in the
western boundary over the Santos Plateau and the Vema and Hunter Channels. This
constraint was also used by Saunders and King (1995) and Vanicek and Siedler (2002)
in their inverse models. Similar deep constraints were considered by Rintoul (1991) in
his study of the South Atlantic interbasin exchange. McDonagh and King (2005) used

lower mass transports than ours as constraints for the Vema Channel and Brazil Basin.
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We also constrain the relatively strong western and eastern boundary currents
(Brazil and Benguela Currents) using LADCP data from the cruises. Stations with the
same flow direction were selected to delineate the boundary currents. We could have
used various previous transport estimates for these currents, as in McDonagh and King
(2005) and Garabato et al. (2014). Both used an initial constraint of -25+10 Sv for the
Brazil Current; the final adjusted solution after the inverse model was -11.4+1.6 Sv for
Garabato et al. (2014) and -17.3£3.3 Sv for McDonagh and King (2005). Given this large
difference between solutions and initial conditions, we have preferred to use the
LADCP data from the cruises to initialize the field, as already done for the Agulhas
Current in Hernandez-Guerra and Talley (2016). Comas-Rodriguez et al. (2010)
describe the procedure to adjust the geostrophy relative velocity to the LADCP-derived
velocity profile from two adjacent stations. In order to reduce the high frequency,
ageostrophic movements, we select the reference velocity by searching for a depth
interval over which the vertical structure of the LADCP-derived velocity matches the
relative geostrophic velocity.

Figure 9 shows four profiles of the LADCP-derived velocity, the geostrophic
relative velocity and the geostrophic velocity adjusted to the LADCP-derived velocity
for both the Brazil and the Benguela Currents. In the Benguela Current, the flow is
constrained only using the easternmost stations, where the isoneutral slopes are large
(Fig. 4). Table 4 shows the initial mass transport (with zero reference velocity), the
LADCP-adjusted mass transport used as a constraint, and the final mass transport
resulting from each inverse model. The western boundary (Brazil) current constraint in
2003 contains deeper layers (1 to 7) than in 2011 (1 to 5), where the flow has the same
direction as in the thermocline layers (see sections 5.1.1 and 5.1.2). Contrary to other
models (McDonagh and King, 2005), the recirculation of the Brazil Current is not
imposed but rather is inferred from the inverse model.

The inverse models A and C also adjust the Ekman transport (Tables 2 and 3) as
in Ganachaud (2003), Fraile-Nuez and Hernandez-Guerra (2006), Macdonald et al.
(2009) and Hernandez-Guerra et al. (2010) . As already mentioned, the Ekman
transport used in model C is computed from the NCEP wind stress at the time of each

cruise (Kalnay et al., 1996). For model A, we use the Ekman transport computed in TO8
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(see Table 3). The Ekman transport in model B is included in the transport of the first
layer and not as an independent transport (Mazloff et al., 2010).

The solution of the inverse model follows the approach first carried out in Joyce
et al. (2001) and subsequently developed in Hernandez-Guerra and Talley (2016) with
some specific differences. The closed box for the inverse model is formed by the
transatlantic 30°S section plus the transport in the Bering Strait. The full matrix
equation and its derivation is provided in the Appendix.

The inverse problem is solved through the Gauss-Markov method (Wunsch,
1996). This method requires a priori variance for each equation and each solution. The
a priori variance of each equation for models A and B comes from the standard
deviation of the constraints (Table 3). The a priori variances for the regional constraints
for all three models come from their standard deviations (Table 4) except for the
boundary currents where we have assigned 5 Sv to account for the noise in the LADCP
data. The a priori variance for the solution is (2 cm/s)? in the ocean interior and (4
cm/s)? in the eastern and western boundaries where strong shear is expected.

The velocities at the reference level for every inverse model and year are
presented in Figure 10. The adjusted velocities are not significantly different from zero
at most stations in the interior, as in previous inverse models (Ganachaud, 2003;
Hernandez-Guerra et al., 2014; Hernandez-Guerra and Talley, 2016). Significant
adjustments occur in station pairs located at the boundaries for models A and B. This
pattern is even more pronounced for model C, which has significant boundary
adjustments and very low reference velocities elsewhere, with and weaker mesoscale
patterns than models A and B. The adjusted Ekman transport is -0.3+0.04 Sv for model
C during both realizations (Table 2). The inverse model adjusts the Ekman transport in
2003 but leaves it invariant in 2011. Our adjusted Ekman transports are not
significantly different from the Ekman transport of -0.6+1 Sv estimated in Ganachaud
(1999) 's inverse model. Although several other studies do not provide uncertainties
for the estimated Ekman transports, their values are in agreement with ours: Vanicek
and Siedler (2002) and Holfort and Siedler (2001) estimated an Ekman transport of -0.4
Sv and -0.35 Sv, respectively, at 30°S. Model B is not allowed to adjust for the Ekman

transport.

13



781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840

415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446

4, Final adjusted transport

Figure 11 shows the final mass transports per layer after application of the
inverse models. The net initial mass transport imbalances using a reference level of
y"=28.1 kg/m?3 (36.4 Sv for 2003 and 38.6 Sv for 2011) are greatly reduced and become
indistinguishable from the transport in the Bering Strait, as seen from the total
transports in Table 5: -1.04+2.62/-1.15+2.71 Sv in 2003/2011 for model A; -
1.16+2.76/-1.24/2.95 Sv in 2003/2011 for model B; and -0.78+4.48/-0.79+4.97 Sv in
2003/2001 for model C.

Table 4 shows the constraints for specific layers and longitude ranges used in
the inverse models, as well as the initial and final mass transports for each inverse
model. These final mass transports satisfy the constraints within the uncertainty
except for model B. This model does not meet the constraint in Vema Channel, Walvis
Ridge North and eastern boundary (Benguela) current in 2011. Model A does not quite

meet the Walvis Ridge North constraint in 2011.

4.1. Meridional transport per layer

Figure 11 and Table 5 show the meridional mass transports per neutral density
layer for 2003 and 2011. Every model and year show the same pattern that is familiar
from all previous analyses of the meridional overturning circulation at this latitude:
northward flow corresponding to thermocline and intermediate layers, southward
flow in the NADW deep layers, and northward flow in the AABW abyssal layers.
Bottom/deep waters show the maximum northward/southward AABW/NADW
transports in the same density layers: 28.15-28.23 kg/m? (3760-3840 m) and 27.84-
28.04 kg/m?2(1560-2600 m), respectively, with no significant differences between 2003
and 2011 for any model (Table 5). In contrast, for the thermocline layers, model C
shows more northward transport in a shallower layer (26.14-26.45 kg/m?, 120-240 m)
than models A and B (26.45-27.0 kg/m?3, 240-560 m).

Whereas southward NADW transport in the North Atlantic is carried in two
separate layers corresponding to the UNADW formed in the Labrador Sea and the
LNADW of overflow waters, as seen at 24.5°N (Hernandez-Guerra et al., 2014), these
separate layers merge into a single layer by 30°S, spanning approximately the same

density layers as at 24.5°N (Fig. 11). This coalescence of the UNADW and LNADW into
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a single NADW layer occurs around 25°S (Tsuchiya et al., 1994) and can be tracked
using tracers such as oxygen and chlorofluorocarbons on the full set of zonal WHP
vertical sections for the Atlantic (Koltermann et al., 2011).

Table 6 shows the integrated mass transport over the set of layers that flow in
the same direction. The northward flow corresponding to the thermocline and
intermediate layers lies in the range from the surface to 27.58 kg/m? (1140 m depth),
which coincides with SACW and AAIW. The northward transport is in the range of 11.7-
14.7 Svin 2003 and 11.2-17.7 Sv in 2011, depending on the model. The northward
transports for models A and B in 2003 and 2011 are not significantly different, taking
into account their uncertainty. In contrast, model C presents a significant increase
from 2003 (13.4+1.3 Sv) to 2011 (16.3%1.4 Sv). Figure 11 indicates that the net
northward transport in the thermocline layers is higher than the transport in the
intermediate layer. For example, for model C, the northward transport for
SACW/AAIW is 12.3+£1.0/1.24+0.9 Sv for 2003 and 15.3+1.1/1.0£+0.9 Sv for 2011.

The deep (NADW) southward mass transport reaches down to y"=28.1 kg/m?3
(3420 m depth) in model A and deeper in models B and C (y"=28.15 kg/m?3, 3760 m
depth) as seen in Figure 11. The deep transports for both years in all three models are
nearly the same, within their uncertainty (Table 6). Model C presents the highest
difference in mass transport between 2003 (-20.7+3.8) and 2011 (-25.4+4.2) but not
significantly different.

The bottom (AABW) northward mass transport presents a similar value for
2003 in all three models, with a minimum transport of 4.1+1.1 Svin model A and a
maximum transport of 6.5+1.9 Sv in model C. Northward transports for models A and
B are comparable and do not change between 2003 and 2011. In contrast, the AABW
northward transport in model C in 2011 (8.3+2.1 Sv) is significantly different from the
transports in models A and B (4.8+1.1 Sv and 3.6+1.6 Sv, respectively) although model
C does not change significantly between 2003 and 2011.

4.2.  Meridional Overturning Transport

The meridional overturning transport across 30°S for the Atlantic Ocean is

computed by vertically integrating the mass transport from the bottom to the surface
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of the ocean (Fig. 12). The intensity of the overturning is often described as the
maximum in the overturning stream function (zonally average transport integrated
from the surface down), comprising northward flowing thermocline and intermediate
waters, and southward flow in the deep layers (Kanzow et al., 2007; Koltermann et al.,
2011) (Table 6). In our case, this layer is y"<27.58 kg/m? (1140 m), approximately
similar to the overturning depth estimated by Garzoli et al. (2013) and Meinen et al.
(2013) (1250 m and 1170 m, respectively) for 34.5°S and slightly deeper than the
overturning depth (about 1100 m) at 24.5°N and 26°N (Cunningham et al., 2007;
Hernandez-Guerra et al., 2014). Models A and B show no significantly difference in the
Atlantic Meridional Overturning Circulation (AMOC) in 2003 (13.3£0.9 for model A and
12.540.8 Sv for model B) and 2011 (12.5+0.8 Sv for model A and 12.0+0.8 Sv for model
B). In contrast, model C shows a significant increase from 2003 (13.4+1.3 Sv) to 2011
(16.31£1.4 Sv).

Our estimates are lower than previous AMOC estimates carried out near 34.5°S
from expendable bathythermograph (XBT) and WOA13 data, which are in the range
14.7-22.7 Sv (Garzoli et al., 2013). Dong et al. (2009) used XBT data from 2002 to 2007
to infer a time-mean AMOC of 17.9+2.2 Sv. Meinen et al. (2018), from about 6 years of
pressure-inverted echo sounders (PIES) data at 34.5°S, estimated a mean AMOC
transport of 14.7 Sv, closer to our results, with a relatively high standard deviation of
8.3 Sv. This high standard deviation and the large differences in the assessments
suggest the AMOC experiences high variability. In this sense, Meinen et al. (2013)
observed a very variable AMOC transport ranging from 3 to 39 Sv using 20 months of
PIES data at 34.5°S. Dong et al. (2015) and Meinen et al. (2018) calculated substantial
seasonal AMOC variability with the minimum from September to November, the time
period when the cruises were carried out (Table 1).

Following Evans et al. (2017), the AMOC is also estimated as the southward
flow of deep waters consisting primarily of NADW, or the converse, the northward
flow of all waters that are not NADW. With this interpretation of the AMOC, the total
northward flow (surface, thermocline, intermediate and abyssal waters) is considered.
Table 6 shows a similar AMOC in 2003 in models A (-18.5+2.2 Sv) and B (-18.7+2.2 Sv),
which are not significantly different in 2011 (-19.4+2.3 Sv in model A and -16.8+2.3 Sv
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in model B). Model C presents a lower AMOC in 2003 (-20.7+3.8) than in 2011 (-
25.4+4.2 Sv) although not significantly different. Using a global inverse model,
Ganachaud (1999) estimated an AMOC of deep waters of -23+3 Sv, consistent with
our results. Other estimates are also consistent with our results: -21+2.8 Sv by
Macdonald (1998), -22.7 Sv by Holfort and Siedler (2001), -19.9+2 Sv by McDonagh
and King (2005) and 20+2 Sv by McDonagh and King (2005) and -17.6+5.5 Sv by Talley
(2008).

5. Horizontal Circulation

The horizontal distribution of the meridional velocity through the transoceanic
sections, calculated relative to y'=28.1 kg/m? (near 3300 m), is shown in Figure 13.
Substantial variability is observed in the ocean interior, characterized by an alternating
velocity sign. The velocity field shows relatively strong western and eastern boundary
currents. In the western basin, the Brazil Current width is some 255 km and 145 km in
2003 and 2011, respectively, comparable with an offshore extension of some 200 km
found by Miller et al. (1998); however, the depth of this baroclinic current is larger in
2003 than in 2011 (Figure 13). In both years, a major fraction of the Brazil Current
recirculates in the western basin. In the eastern basin, there is high variability,
associated with both the Benguela Current and the presence of an Agulhas ring at
1.5°W and 6.5°W in 2003 and 2011, respectively.

Figure 14 shows the mean Absolute Dynamic Topography (ADT) for November
2003 and September/October 2011, respectively, corresponding to the cruises carried
out during these years, and the ADT for the western and eastern boundaries at the
times when the hydrographic stations were done. Figure 15 shows the accumulated
mass transport for the shallowest layer resulting from both the inverse models and the
ADT. Both figures show the Brazil and the Benguela Currents and the equatorward
ocean-interior flow, more pronounced in 2003. The inverse models and ADT match
well in 2003; in contrast, in 2011 the Brazil and Benguela Currents show up more
intense from the ADT than from the inverse models while the ocean interior flows are

fairly similar.
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Figure 16 shows the horizontal distribution of the meridional transport in
isopycnal layers for every inverse model and year. This distribution is obtained by
integrating the mass transport in layers with the same direction of flow as seen in
Figure 11 by accumulating the transport eastward from zero at the western boundary.
The uppermost layers have northward transport, the mid-depth layers experience
southward transport, and the bottom layers again have northward transport (section
4.1). We next briefly discuss the flow and transport patterns as inferred from the
velocity fields.

The A10 section at 30°S is right in the midst of the South Atlantic eddy field that
is dominated by Agulhas Rings (ARs) (Figure 14). These rings originate in the Agulhas
retroflection, move northwestward in the Cape Basin, and then westward across the
Atlantic (e.g. Laxenaire et al., 2018). The Absolute Dynamic Topography (ADT)
distributions in Figure 14 display relatively strong ARs in the eastern South Atlantic
east of Walvis Ridge in 2003 and 2011, at 1°W and 6°W, respectively. Our transport
analyses especially show the strong AR in 2003 that was directly sampled by A10.
Weaker ARs are also observed east of the Walvis Ridge. ARs appear as an intermittent
signal in the accumulated mass transport (Figure 16). Nevertheless, the net transport

and the path of the Benguela Current is apparent in the accumulated mass transport.

5.1.  Upper ocean circulation

The accumulated mass transport for the upper ocean, consisting of thermocline
and intermediate waters (surface to y"=27.58 kg/m?3, about 1140 m depth), shows the
usual subtropical gyre: a relative intense western boundary current flowing poleward,
a northward recirculation east and close to the western boundary, and a northward
transport in the ocean interior with a relative intense Benguela Current in the eastern
boundary (Figure 16a). The pattern of circulation of thermocline and intermediate
waters is similar to that shown in Stramma and England (1999). The patterns of the
layer-integrated transports for models A and B do not change substantially between
2003 and 2011. In contrast, model C shows a slightly smaller accumulated transport,

clearly seen between 40°W and 20°W.

5.1.1. Western Boundary current - Brazil Current
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The Brazil Current transports SACW poleward in the surface and thermocline
layers (y"<27.23 kg/m?3, down to 730 m) (Figs. 13, 16, 17) (Munk, 1950; Stommel,
1948). This is approximately the same depth range that Miiller et al. (1998) found for
the Brazil Current from current moorings installed near 28°S. Previous studies have
shown that the transport of the Brazil Current increases towards the south due to a
recirculation cell found in the western South Atlantic south of 28°S: from -10 Sv at
23°5-24°S to -17.5 Sv at 33°S (Stramma, 1989). Garzoli et al. (2013) also detected this
increase in transport to the south, with even higher gradient transports: -8.6+4.1 Sv at
24°S and -2144.7 Sv at 35°S.

Table 7 presents the Brazil Current mass transports in the surface and
thermocline layers, as well as the transports in the AAIW and UCDW layers flowing
beneath the Brazil Current: from the initial solution (layer of no motion at y"=28.1
kg/m3), the LADCP-adjusted velocity, and the results from models A, B and C. The mass
transport of the Brazil Current in 2003 ranges between -19.2 and -20.9 Sv for the three
models, similar to the LADCP-adjusted mass transport but higher than the initial mass
transport. The mass transport in 2011 for models A and C (-9.9+0.6 Sv and -9.7+0.7 Sv,
respectively) differs from model B (-12.7+0.6 Sv). Other studies at this latitude have
characterized a higher Brazil Current transport of -23.9 Sv (Talley et al., 2003). Hence
our mass transports are consistent with a greatly fluctuating Brazil Current, in the
range of -7 Sv to -26 Sv, as estimated by Miller et al. (1998) near 28°S from a current
meter array. The transport carried south by the Brazil Current at this latitude is much
lower than for other western boundaries as the Gulf Stream (Joyce et al., 2001) and
the Agulhas Current (Herndndez-Guerra and Talley, 2016), although some studies have
shown it increasing quickly to greater than 70 Sv by 36°S (Peterson, 1992).

In 2003, a cyclonic eddy, detected from 44.8°W to 41.2°W, is embedded in the
western-margin recirculation (Figure 16). This probably causes fairly different
recirculations for each model: 6.0+0.9 Sv in model B, 9.7+0.9 Sv in model A and
12.7+1.2 Svin model C. In 2011, the recirculation of the Brazil Current extends to
44.9°W, with higher mass transports: 13.1+0.7 Sv for model A, 13.440.7 Sv for model B
and 11.940.7 Sv for model C.
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At 30°S, a poleward intermediate current of AAIW (27.23 kg/m3<y"<27.58
kg/m?3) and UCDW (27.58 kg/m3<y"<27.84 kg/m?3) occurs under the Brazil Current
(Hogg et al., 1999; Mliller et al., 1998; Reid et al., 1977; Warner and Weiss, 1992). Our
results show a relative strong/weak poleward transport of AAIW and UCDW in
2003/2011 (Figure 17, Table 7). The mass transport in 2003 ranges from -4.0 to -6.3 Sv
for AAIW and -3.8 to -7.2 Sv for UCDW. In contrast, the mass transport in 2011 is much
less for AAIW (-0.1 to -1.1 Sv) and not significantly different than zero for UCDW. These
mass transports are consistent with previous results of Miller et al. (1998) that
estimated a transport of -1.4 Sv for AAIW and -2.0 Sv for UCDW. Ganachaud (1999) in
his global circulation inverse model estimated a mass transport of -14+4 Sv at 30°S for
the Brazil Current but including the AAIW layer, approximately similar to our results for

2003.

5.1.2. Eastern Boundary current - Benguela Current

The Benguela Current is the broad eastern current of the South Atlantic
Subtropical Gyre, analogous but more intense than the Canary Current in the North
Atlantic Subtropical Gyre (Hernandez-Guerra et al., 2005; Peterson and Stramma,
1991; Talley et al., 2011). The atmospheric conditions in the Benguela Current area are
strongly influenced by the South Atlantic High over the subtropical South Atlantic,
leading to southeasterly prevailing winds that induce offshore Ekman transport and
cause coastal upwelling (Hernandez-Guerra and Nykjaer, 1997; Nelson and Hutchings,
1983). In the South Atlantic, the upwelled cold waters are detected along the entire
west coast of southern Africa (from about 18°S to the tip of Africa near 35°S) (Nelson
and Hutchings, 1983). The Benguela upwelling system has seasonal behavior due to
the meridional shift of the high pressure system. Along the southern/northern portion
of the Benguela Current area the main upwelling occurs during the southern
summer/winter (Weeks et al., 2006). Figure 2 shows that the surface isotherms in
2011 upwell towards the eastern coast such that isotherms warmer than 19°C
outcrop; such upwelling was absent in 2003.

According to the sea surface dynamic topography, the Benguela Current is
confined between the African coast and the Walvis Ridge (about 3°E) (Reid, 1989) . It is

fed by both the South Atlantic Current, the southern boundary current of the South
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Atlantic Subtropical Gyre, and Indian Ocean thermocline waters, detaching as rings and
filaments from the Agulhas Current round the southern tip of Africa (Gordon et al.,
1992; Stramma and Peterson, 1990). Clement and Gordon (1995), using ADCP-
referenced geostrophic velocities, estimated a baroclinic northward Benguela Current
transporting 25 Sv across 30°S in the upper kilometer. Similar transports were
estimated by Fu (1981) from an inverse model and several other studies (Gordon et al.,
1992; Stramma and Peterson, 1990; 1989). Garzoli et al. (2013) used 10 years of XBT
data at 35°S to estimate the transport of the Benguela Current as 22.5+4.7 Sv.

Our estimates of mass transport in the surface and thermocline layers are
lower than the above results. In 2003, the mass transport is 15.6+0.9 Sv from models A
and C, and 15.4+0.9 Sv from model B (Table 8), and in 2011 it is even less, in the range
of 10.4-12.9 Sv. Nonetheless, given the associated error bar, these estimates are
comparable to the results shown in Garzoli et al. (1996) from PIES data. These authors
suggested that the Benguela Current was composed of a stationary flow near the
African coast (7.5°E -14.7°E), with a mean northward Benguela Current of 9.6 Sv for
most of the observed period and a transient flow formed by large Agulhas rings shed
from the Agulhas retroflection, injecting Indian subtropical thermocline water into the
Benguela Current in the longitude range 3°E-7.5°E. The transport in this longitude
range shows high variability, with a mean value of 3.2 Sv and even higher standard
deviation that suggests occasional flow reversals. However, our results show high
mesoscale eddy variability in the path of the entire Benguela Current, which shows up
as a sawtooth-like streamfunction in the upper layers (Figure 16a). The eddy signal is
noticeably observed west of about 12°E, with a clear northward flow east of this
longitude (where we constrained the geostrophic velocity to the LADCP-derived
velocities). These results show that the Benguela Current is stronger than the Canary
Current and the Chile-Peru Current, its eastern boundary counterparts in the North
Atlantic and South Pacific subtropical gyres (Hernandez-Guerra et al., 2005;
Hernandez-Guerra and Talley, 2016).

Beneath the thermocline layer, the AAIW flows north similar to the Benguela
Current while the deeper layers generally flow south (Reid, 1989). Table 8 shows fairly
similar northward AAIW transports in 2003 and 2011. The mass transport differs in
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every model, presenting the lowest values in model C (1.9+0.9 Sv in 2003 and 1.0+0.8
Svin 2011) and the highest numbers in model B (3.4+0.9 Sv in 2003 and 3.3+0.8 Sv in
2011).

5.1.3. Ocean Interior Circulation

For every model and year, the ocean interior presents a net equatorward flow.
East of approximately 15°W, the three models show similar behavior in the interior
gyre circulation both in 2003 and 2011. However, west of this longitude, the models
display differences related to the recirculation of the Brazil Current (Fig. 16a). The
streamfunctions for model C in 2003 and 2011 are flatter than for models A and B. In
2003, the streamfunction in every model presents an approximate constant positive
slope through the ocean interior east of the recirculation of the Brazil Current. In
contrast, the streamfunction in 2011 shows a relatively large southward flow from the
end of the recirculation to ~39.8°W (corresponding to the Santos Plateau) with
different mass transport in each model.

In 2011, models A and B present relatively large mass transports (-18.7+1.6 Sv
and -23.6+1.5 Sv) and model C displays a much lower value (-9.6+1.8 Sv). In the Brazil
Basin (39.8°-19.0°W) there is weak southward mass transport in models A and C (-
4.442.4 Sv and -3.442.7 Sv) and no significant flow in model B (-0.6+2.4 Sv). Thus, the
equatorward flow of the South Atlantic subtropical gyre is located east of the MAR,
with a mass transport of 32.0+2.3 Sv in model A, 34.0+2.3 Sv in model B, and 26.3+2.3
Sv in model C. From the boundary of the Brazil Current to the eastern boundary, the
mass transport range is 35.9-40.5 Sv in 2003 and 22.9-28.1 Sv in 2011.

The hydrographic data collected in 2003 and 2011 show an Agulhas ring (AR), a
warm and salty anticyclonic eddy containing water of Indian Ocean origin, centered at
about 1.5°W and 6.5°W, respectively (Figs. 2-4). The ARs are eddies shed by the
Agulhas Current Retroflection, which is a tight loop formed when the southward
Agulhas Current encounters the eastward South Atlantic and the Antarctic Circumpolar
Currents (Feron and De Ruijter, 1992). The ARs retain their Agulhas Current
characteristics (warmer and saltier than the surrounding South Atlantic surface water)

for several years (usually 2-4 years) until their decay (Goni et al., 1997; Richardson,
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2007). The ARs observed in 2003 and 2011 are both about 400 km in diameter;
however, their vertical extension (illustrated by the downward dome of the isotherms
and isopycnals) is quite different, with the 2003 AR extending from the sea surface
down to 4500 m but the 2011 AR only reaching to 1500 m (Figures 2 and 4). In 2003,
the deep AR in all models has large rotating geostrophic mass transport in the
thermocline and intermediate layers (layers 1-5, y"<27.58 kg/m?), in the range of 57.2-
61.9 Sv. In deeper layers, the signal of the AR is not observed in models A and B. In
contrast, model C yields a rotating mass transport of 13.2+2.3 Sv in layers 6-7 (27.58
kg/m3<y"<28.04 kg/m?3). In 2011, the rotating mass transport associated with the AR is
smaller than for the 2003 AR, in the range of 26.6-35 Sv from the surface to y"<27.84

kg/m? (layer 6).

5.2. Deep ocean circulation

Figure 16b shows the accumulated mass transport for the NADW layers,
considered as those deep layers that flow south: layers 6 to 8 in model A and layers 6
and 9 in models B and C. The streamfunction for model A resembles the
streamfunction for model B for each year separately. In contrast, the streamfunction
for model C behaves differently although the net mass transport in each model is
similar (Table 6). The net southward mass transport of NADW through 30°S in 2003 is
similar for model A (-18.5+2.2 Sv) and model B (-18.7+2.2) and slightly higher in model
C (-20.74£3.8). In 2011, the NADW transport is also not significantly different in models
A (-19.4+2.3 Sv) and B (-16.8+2.3 Sv), while model C presents a higher mass transport
(-25.4+4.2 Sv).

Many different studies have concluded that the NADW is transported
southwards mainly by the DWBC in the Atlantic Ocean (Ganachaud, 2003; Meinen and
Garzoli, 2014; Meinen et al., 2017; Miiller et al., 1998). As shown in Figure 16b and
Table 9, a relatively strong recirculating DWBC is observed in all models except for
model Cin 2011. In 2003/2011, the DWBC extends to approximately 39.8°/39.1°W.
Model B shows a significantly different transport between 2003 (-35.3+3.4 Sv) and
2011 (-44.4+3.7 Sv). Model A also shows a relatively strong southward DWBC,
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transporting -27.5+4.0 Sv in 2003 and -30.24+3.8 Sv in 2011. In contrast, model C shows
a relatively weak DWBC in 2003 (-16.1+5.1 Sv) and absent in 2011 (Table 9).

The recirculation of the DWBC extends to about 38.2°W in 2003 and to 37.8°W
in 2011 (Table 9). The northward mass transport of the recirculation of the DWBC is
lower in 2003 (9.84+1.4 Sv in model A and 10.9+1.3 Sv in model B) than in 2011
(14.9+1.6 Sv in model A and 23.5+1.6 Sv in model B). Model C presents a recirculation
in 2003 with a mass transport (8.4+1.1 Sv) not significantly different from models A
and B, but shows no recirculation in 2011.

East of the DWBC recirculation, model C in 2003 and in 2011 presents an
approximate linear southward mass transport in the entire ocean interior. In contrast,
models A and B present northward and southward flow at different longitude ranges.
Models A and B in 2003 and in 2011 present a flat streamfunction over approximately
the Rio Grande Rise with no significant mass transport (1.3+3.7/-3.4+3.9 Sv and
1.6+4.0/-3.9+4.0 Sv in 2003/2011 for models A and B, respectively). A deep
anticyclonic eddy is detected over the Brazil Basin with a very strong mass transport in
2011 (-20.3+3.7 Sv in model A and -18.1+4.0 Sv in model B). Every model describes a
northward flow in the range of 4.5-15.0 Sv and 9.1-21-6 Sv in 2003 and 2011,
respectively, on the western flank of the MAR, and a mass transport not significantly
different than zero over the MAR (-2.345.0/2.6+4.4 Sv for models A/B in 2003 and -
1.14+4.5/2.2+4.5 Sv for models A/B in 2011). Thus, west of the MAR, the net southward
transport is not significantly different in every model and year, with a transport of -
8.51+4.6/-3.0+4.7 Sv in model A/B in 2003 and -7.1+4.8/-5.7+4.9 Sv in model A/B in
2011 as shown in Table 10. East of the MAR, we find a similar southward mass
transport in 2003 and 2011 (-10.0+4.6/-15.6+4.6 Sv for models A/B in 2003 and -
12.3+4.7/-11.1+4.8 for models A/B in 2011). The zonal extension of the southward
mass transport east of the MAR is narrower in 2003 (from 1°E, east of Walvis Ridge, to
the eastern boundary) than in 2011 (from the MAR to the eastern boundary). Table 10
also shows that model C provides similar mass transport west (-12.5+5.5 Sv in 2003
and -12.84+5.5 Svin 2011) and east (-8.2+5.6 Sv in 2003 and -12.7+5.5 Sv in 2011) of
the MAR. Southward mass transports east of the MAR are similar to the estimations

provided by Arhan et al. (2003). Curiously, the mesoscale patterns in 2003 mirror those
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in 2011: a cyclonic eddy over the Angola Basin in 2003 is an anticyclonic eddy in 2011,

similarly with the two eddies over the Cape Basin.

5.3.  Abyssal ocean circulation

In the western basin, the path of the Antarctic Bottom Water (AABW) is
constrained by the shoals of the Rio Grande Rise that define the separation between
the Brazil Basin and the Argentina Basin. The northward path of the AABW is through
the deepest layers over the Santos Plateau (Speer and Zenk, 1993), the Vema Channel
(Hogg et al., 1982) and the Hunter Channel (Speer et al., 1992) (Figure 1). In the
eastern basin, we have constrained the model to have no flow through the Walvis
Ridge (Warren and Speer, 1991) (Table 4).

Figure 16c presents the accumulated mass transport for the AABW layers. The
mass transport for layers 9 to 11 in model A and layers 10 and 11 in models B and C
shows northward flow (Figure 11) and, therefore, these layers are considered as the
bottom layers for each model. The net abyssal northward transport is shown in Table
6. Model C presents the highest AABW transport in 2003 (6.5+1.9 Sv) and in 2011
(8.3+2.1 Sv) compared to the mass transport in model A (4.1+1.1 Sv in 2003 and
4.8+1.1Svin 2011) and model B (5.0+1.5 Sv in 2003 and 3.6+1.6 Svin 2011).

Over the Santos Plateau, models A and B provide net southward mass
transports of -2.5+0.9 Sv and -3.620.7 Sv, respectively, in 2003, and -2.7+1.1 Sv and -
3.4+1.0 Sv, respectively, in 2011. In contrast, the mass transport in model Cis
northward with 0.4£1.1 Sv in 2003 and 2.5+1.1 Sv in 2011. Results from model C are in
agreement with previous studies of the flow of AABW over the Santos Plateau that
estimated a northward transport between 0.1 and 2 Sv (McDonagh et al., 2002; Speer
and Zenk, 1993).

The northward transport through the Vema Channel is used as a constraint in
the inverse models and the results of the mass transport from the three models have
been adjusted accordingly (Table 4). However, the net mass transport just east of the
Vema Channel is different in each model: models A/C present a northward mass

transport of 1.2+1.0 Sv/3.4+1.1 Svin 2003 and 0.8+1.1/6.1+1.2 Sv in 2011; in contrast,
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model B has a southward mass transport of -1.0+0.7 Sv in 2003 and -1.6+0.9 Sv in 2011
(Figure 16c).

West of the Vema Channel, every model adjusts the net northward mass
transport to the constraint used in the Brazil Basin (Table 4). Models A and B show a
marked anticyclonic circulation in the Brazil Basin between Rio Grande Rise and the
MAR (28-19.5°W) in both years, and in both the deepest and the intermediate layers
(Fig. 16). This feature does not occur in the smoothed circulation maps of Reid (1989),
but it is also not a strong feature of our model C. Model A presents a
cyclonic/anticyclonic eddy in 2003/2011 over the Angola Basin (7-1°W). The
anticyclonic eddy in 2011 is a feature from the surface layers to the bottom of the
ocean and associated with the Agulhas Ring with the bottom part presumably trapped
by the topography. Over the Cape Basin (2.5-12°E), which is well known for strong
mesoscale variability (e.g., Richardson (2007)), mesoscale patterns are observed in all

models.

6. Concluding remarks

Three inverse models with different constraints have been applied to the zonal
sections carried out at 30°S in the South Atlantic subtropical gyre. Model A constrains
the mass transport per layer with the transports provided by Talley (2008), who uses
the reference velocities adjusted from Reid (1994). Model B constrains the mass
transport per layer using the transports estimates from the Southern Ocean State
Estimate (SOSE) (Mazloff et al., 2010). The SOSE transports and standard deviation
were zonally integrated in our neutral density layers from the 5-day archived SOSE
output. Model C constrains the mass transport in a classical way, only using previous
measurements carried out at different longitude and depth ranges (e.g., Ganachaud
(2003), Lumpkin and Speer (2007) and Macdonald (1993)). These regional constraints
have been also used in models A and B. Therefore, model C has greater freedom to
find a solution. The three inverse models have been applied to the hydrographic
sections carried out in 2003 and 2011, thus the differences in ocean circulation
patterns reflect actual changes in the hydrographic data.

Although the similarity of the northward mass transport per layer for T08 and

SOSE is remarkable for the thermocline and AAIW layers (Figure 8), the solution is
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substantially different for the deep and bottom layers, from the UCDW to the seafloor.
The most noteworthy difference is at the abyssal AABW layers: TO8 provides a net
mass transport of 3.9+1.3 Sv while SOSE accounts for only 1.1+3.0, with zero mass
transport in the bottommost layer. This is the main difference arising for the distinct
set of constraints imposed in models A and B and it is also the reason why the adjusted
mass transport using the SOSE constraints presents outliers and does not quite meet
the different constraints in 2011. For example, results of the inverse model for layer 5
shown in Table 5 provide an AAIW transport not significantly different for models A
and C. However, model B provides a transport significantly different from models A
and C. This difference also occurs in layer 6 corresponding to UCDW. Thus, results from
model B are not considered it in the following summary.

Net mass transports in the thermocline, intermediate, deep and abyssal layers
are roughly similar to those obtained by Ganachaud (2003) from a global inverse
model using the WOCE sections. These authors estimated a mass transport of 17.4+3.2
Sv, including the Ekman transport for the northward surface flow. Our results for the
AMOC at 30°S are 12.1-14.7 Sv in 2003 and 11.7-17.7 Sv in 2011. For the NADW
southward flow, the calculated mass transports are -16.3-24.5 Sv in 2003 and -17.1-
29.6 Sv in 2011, which are not significantly different than the -2343 Sv estimated by
Ganachaud (2003). Northward mass transports estimated in different models and
years for the bottom layers (3.0-8.4 Sv in 2003 and 3.7-10.4 Sv in 2011) are not
significantly different from the 6+1.3 Sv estimated by Ganachaud (2003).

The pattern of circulation in the thermocline and intermediate layers of all our
models agrees with those proposed by Stramma and England (1999): a relatively
narrow western boundary Brazil Current flowing south, a continuous flow to the north
in the ocean interior following the model of Sverdrup (Sverdrup, 1947) and a fairly
broad Benguela Current in the eastern basin.

Our estimates indicate that the net northward thermocline transport is over 10
times the northward transport in the intermediate layers (Table 5). This result
indicates that the thermocline transport dominates the return flow to the north,
contrary to Ganachaud (2003) and Talley (2008; 2003), who estimated a more

balanced partition between the thermocline and AAIW, and las Heras and Schlitzer
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(1999) who suggested the total transport to be largely controlled by the intermediate
water flow.

The deep circulation shows a relative strong DWBC in model A (-27.5+4.0 Sv in
2003 and -30.2+3.8 Svin 2011) and a weaker DWBC in model C (-16.1+5.1 Sv in 2003
and absent in 2011). This different DWBC transports are consistent with the high
variability estimated previously with in situ measurements: Meinen et al. (2017) used
about 6 years of PIES data and showed a DWBC with a mean absolute geostrophic
transport of -15 Sv with a higher standard deviation of 23 Sv. Just east of the DWBC, a
northward recirculation is present in model A in 2003 and 2011 (9.8+1.4 Sv and
14.9+1.6 Sv, respectively) and model C in 2003 (8.4+1.1 Sv).

In the deep layers, the circulation shown in model A is very similar to the
circulation maps at the NADW level shown by Reid (1989): a fraction of the relatively
strong DWBC transporting mass transport to the south turns equatorward in the
western basin and flows back to the south in the eastern basin eventually to leave the
South Atlantic into the Indian Ocean (Speer et al., 1995). This scheme of circulation
was also proposed by Hogg and Thurnherr (2005) and Zangenberg and Siedler (1998).
In contrast, our model C shows a southward flow in the western and eastern basins
that resembles the pattern of circulation of Stramma and England (1999) . These
authors show that the NADW circulation in the western basin is separated from the
eastern basin circulation, which is fed by the northernmost branch that detaches from
the DWBC at about 20°S (Vanicek and Siedler, 2002). As the scheme of circulation in
models A and C resemble the plots of Reid (1989) and Stramma and England (1999),
respectively, we cannot conclude which is the preferred. Our results show similar
southward transports west of the MAR (-8.5+4.6/-12.5+5.5 Sv in models A/C in 2003
and -7.1+4.8/-12.8+5.5 in models A/C in 2011) as east of the MAR (-10.0+4.6/-8.2+5.6
Sv in models A/C in 2003 and -12.3+4.7/-12.74+5.5 Sv in models A/C in 2011). The path
of the eastern flow is highly variable: from about 1°E, east of Walvis Ridge, to the
eastern boundary in 2003 and from the MAR to the eastern boundary in 2011.

In conclusion, the ocean circulation in the surface and thermocline,

intermediate and abyssal layers and, therefore, the Atlantic Meridional Overturning
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Circulation (AMOC) is not significantly different between 2003 and 2011 at 30°S in the
South Atlantic, and is approximately similar to the 1990’s ocean circulation.

The meridional circulation of the upper, deep and abyssal layers at 30°S in the
Atlantic Ocean has been described in this paper. Hence, this study complements early
efforts by Hernandez-Guerra and Talley (2016), who determined the meridional
circulation at 30°S in the Pacific and Indian Oceans in 2002-2003 and 2009. A
circumpolar analysis, currently under progress, will naturally emerge as we stretch the
30°S section for all three oceans; these forthcoming analyses will include the heat and

freshwater transports as well as a comparison with the WOCE sections.

Appendix.
The absolute geostrophic velocity (v,) for a given station pair, as a function of

depth (z), is the sum of a relative velocity (v) and the velocity, b, at the reference level:
Vq(z)=v(z) + b

The inverse model finds the optimal solution for b for each station pair that minimizes
the variance according to the Gauss-Markov method. First, we apply mass conservation

for the entire water column:

ff prdS =0

ffp(v +b)dS =0 (A.1a,b,c)
And using discrete variables:

N Q
Z Z Pia(jq + blajg =0

j=1g=1

where the areaintegral dS is over the entire area of the section, and aj, is for each station
pair j and isopycnal layer g. In A.1 and subsequent equations, the term pyqvj, is first
summed over each 2 dbar interval within layer q. (For silicate conservation, we multiply
these equations with the silicate concentration but further steps are the same.) When

mass transport is constrained to a particular non-zero value, for instance, the Brazil or
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Benguela Currents, (A.1c) becomes:

N Q
Z Z qu(”jq + bj)ajq = Mrotal (A.1d)
j=1g=1

where My is the total transport for the constraint, and the limits for station pairs and
layers are related to the constraint. Due to noise from eddies, internal waves, aliasing,

measurements errors, etc., total mass conservation is not exact:

Q
Z PiqVjq%q T Mrotal (A2)
j=1g=1

M =

N Q
Z Z qubjajq + Nrotal =—
j=1g=1

where Ny is the noise.

Considering mass conservation in each layer g, we have the following

equations:

N N
ijqua]-q +ng=- ijqvjqajq +M, q=12,.,0 (A.3)
j=1 j=1

where M, is the layer transport constraint and n, is the layer noise. This is rewritten as
N

Z ejqbj + g =y q=12,..0 (A4)
j=1

where
€jq = Pjq%jq
N
Yq= Zf’qu]qa]q - M, (4.5)
i=1

For silicate constraints, the ej; elements are multiplied by silicate concentration at

each point in the layer. We can then write the matrix equation (1):

30



1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860

934
935
936
937
938
939
940
941
942

943

944
945
946
947
948

949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966

Ab+n=-Y (A.6)

where b is an Nx1 vector of the unknowns (reference velocities), Ais a (Q+1) x N
matrix, n is a (Q+1)x1 vector, and Y is a (Q+1)x1 vector of values calculated from the
CTD data and externally imposed mass transports. (Q is for the equations for each
layer and the +1 is the equation for conservation of the whole water column.)

Next, the Ekman transport is included in the first layer and the total. We allow
the inverse model to adjust the Ekman transport to the specific conditions of the cruise

and the full matrix is:

‘i1 fm by Y1+ Tek
€21 ezn 0 : Y2
P sol=| (48)
€7+ 1,1 €q+1n Yq+1 EK

The Gauss-Markov estimator is applied to solve this matrix (Wunsch, 1996).
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Table 1. Hydrographic cruise information. Data were collected through the Carbon Hydrographic Data
Office (CCHDO) (http://cchdo.ucsd.edu). LADCP data are available online through the CLIVAR LADCP
archive (http://currents.soest.hawaii.edu/clivar/ladcp/).

Dates

No. Stations

CCHDO Expocode

Ship

Chief Scientists

A10-2003  2003-11-06 to 2003-12-05

A10-2011  2011-09-26 to 2011-10-31

111

120

49NZ20031106

33R020110926

Mirai

Ronald H. Brown

Y. Yoshikawa
(JAMSTEC, Japan)
M. Baringer
(AOML, USA)

A. Macdonald
(WHOI, USA)
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Table 2. Ekman transport (Sv) averaged during the time of the cruise at 30°S in the

Atlantic Ocean using NCEP wind stress and adjusted Ekman transport after the inverse

model C.
Ekman transport (Sv) A10-2003 A10-2011
Time of the cruise -0,2+0,04 -0,31+0,06
Model C -0,3+0,04 -0,3+0,04
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Table 3. Constraints for inverse models A and B. Constraints for model A come from

(Talley, 2008) (her Table 14). Constraints for model B come from Mazloff et al. (2010).

Layer Neutral density | Talley (2008) Mazloff et
(y") Model A al. (2010)
range Model B
Constraint Constraint
0 Ekmantrans. | 1.15+0.23 (In layer 1)
1 Surf-26.14 1.77+0.54 3.27£3.55
2 26.14-26.45 0.12+0.56 1.14+0.38
3 26.45-27.0 4,55+1.07 3.51+0.89
4 27.0-27.23 2.47%0.67 2.12+0.39
5 27.23-27.58 2.71+1.82 3.27£0.55
6 27.58-27.84 -2.45+1.74 0.54%0.64
7 27.84-28.04 -10.16+4.81 -6.19+2.82
8 28.04-28.10 -5.03+2.10 -6.00+1.36
9 28.10-28.15 0.86+0.87 -3.951£2.79
10 28.15-28.23 2.3320.93 1.08+3.01
11 28-23-bot. 0.67+0.15 0+0
Total Surf-bot. -1.00+0.6 -1.21+0.6
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Table 4. Regional transport constraints applied to every model. Initial geostrophic

transport (with the reference layer at y"=28.1 kg/m?3) and final geostrophic transport

after every inverse model. Positive transports are northward. The western and eastern

boundary currents are LADCP-based transport constraints and are cruise-dependent.

Constraint (Sv) Longitude Layers | Constraint 2003 2003 2011 2011 Model
Initial Final Initial Final
Bering Transport All 1:11 -1.0+0.6 36.4 -1.0+2.6 38.6 -1.1+2.7 A
-1.2+0.6 -1.2+2.8 -1.2+2.9 B
-0.8+0.6 -0.8+4.5 -0.8+5.0
Vema Channel? ~39.7-37.7W 9:11 4.0+0.4 1.8 3.7+0.3 3.8 3.5+0.3 A
3.6+0.3 3.240.3 B
3.8+0.4 4.0+£0.4 C
Brazil Basin? ~45-15.3W 9:11 6.9+1.8 5.1 5.7+1.4 8.3 6.9+1.5 A
5.5+1.8 6.0+2.0 B
6.4+2.0 6.6+2.4 C
Walvis R. North¢ ~7.3W-1.7E 9:11 0+1 -0.8 -0.2+0.8 -0.8 -1.3+0.8 A
-1.3+0.9 -2.1+0.9 B
-0.3+0.9 -0.2+0.9 C
Walvis R. South¢ ~2.2-13.4E 9:11 0+1 3.5 -0.5+1.0 3.3 -0.6+1.1 A
-0.5+1.1 -1.0+1.2 B
-0.1+1.2 0.0+1.2 C
Brazil E 2003 Coast to 44.8W 1:7 -40.845 -28.7 -37.312.0 | -9.9 -10.440.7 | A
Current? | 2011 | Coastto 46.3W 1:5 -12.745
-33.6+2.0 -13.4+0.8 | B
-38.9+2.1 -10.4+0.8 | C
Benguela E 2003 Coast to 11.8E 1:7 27.4+5 27.2 27.5+2.3 28.2 28.2+2.4 A
Currentd | 2011 Coast to 11.3E 1:7 22.7+5
30.1+2.3 33.1+2.4 B
26.312.4 22.5+£2.5 C
2 Bottom transport constraint in the Vema Channel from Hogg et al. (1982).
b Bottom transport constraint in the Brazil Basin from Hogg and Owens (1999)
¢ Bathymetric constraint (Warren and Speer, 1991)
d Boundary currents constraints from cruise-based LADCP profiles.
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Table 5. Mass transport and uncertainty (Sv) in 2003 and 2011 for all neutral density

layers for the three inverse models (A, B, C).

Layer Neutral Model Mass Transport Mass Transport
density (Sv) (Sv)
(y") range 2003 2011
1+Ekman Tr.  Surface-26.14 A 0.95+0.34 0.48+0.40
B -0.56+0.40 -2.12+0.52
C -0.77+0.51 -2.63+0.60
2 26.14-26.45 A 4,29+0.28 4.95+0.36
B 3.55+0.24 4.07£0.29
C 5.69+0.36 8.71+0.49
3 26.45-27.0 A 4.82+0.46 5.94+0.44
B 4.57+0.42 5.87+0.39
C 5.39+0.66 7.08+0.72
4 27.0-27.23 A 1.88+0.26 2.07+0.27
B 2.19+0.20 2.44+0.21
C 1.95+0.41 2.15+0.41
5 27.23-27.58 A 1.38+0.59 0.01+0.54
B 2.78+0.39 1.71+0.35
C 1.16+0.86 1.024+0.88
6 27.58-27.84 A -2.91+0.57 -3.38+0.58
B -0.98+0.42 -0.77+£0.41
C -3.15+0.83 -3.1240.90
7 27.84-28.04 A -10.92+1.44 -11.43+1.51
B -9.37+1.36 -8.99+1.40
C -10.70+1.84 -13.25+1.90
8 28.04-28.10 A -4.62+1.54 -4.60+1.61
B -5.88+1.14 -6.19+1.16
C -5.61+2.87 -7.00£3.20
9 28.10-28.15 A 0.32+0.74 0.99+0.76
B -2.44+1.24 -0.84+1.41
C -1.28+1.55 -2.07+1.84
10 28.15-28.23 A 3.08+0.82 2.69+0.83
B 4,98+1.48 3.57+1.61
C 5.42+1.88 5.06+2.12
11 28-23-bottom A 0.70+0.13 1.13+0.13
B 0+0 0+0
C 1.12+0.28 3.27+0.32
Total Surf.-bottom A -1.04+2.62 -1.15£2.71
B -1.16+2.76 -1.24+2.95
C -0.78+4.48 -0.79+4.97
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Table 6. Net mass transport and uncertainty (Sv) for thermocline and intermediate
layers flowing to the north, deep layers flowing to the south and bottom layer flowing
to the north for every model and year.

Mass Transport (Sv)

2003 2011
Model A Model B Model C Model A Model B Model C
Thermoc.+Interm. 13.3+0.9 12.540.8 13.4+1.3 13.4+0.9  12.0+0.8  16.3+1.4
(y"<27.58 kg/m?)
Deep -18.5+2.2  -18.7+2.2  -20.7+3.8 -19.4+2.3  -16.842.3 -25.4+4.2
(27.58<y"<28.15 kg/m?)
Bottom 4.1+1.1 5.0+1.5 6.5+1.9 4.8+1.1 3.6+1.6 8.3+2.1

(y">28.15 kg/m?)
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2758
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1364
1365
1366
1367
1368

Table 7. Initial, LADCP-adjusted and results of every inverse model mass transport (Sv)
for the Brazil Current in the surface and thermocline layers, Antarctic Intermediate
Water (AAIW) and Upper Circumpolar Deep Water (UCDW) layers for 2003 and 2011.

Brazil Current (Sv)

Initial  LADCP- Model A Model B Model C
adjusted
Sf+Thermocline 2003  -17.2 -20.4 -20.1+0.7 -19.9+0.7 -20.2+0.7
(layers 1:4) 2011 -9.4 -12.0 -9.9+40.6  -12.7+0.6 -9.71£0.7
AAIW 2003 -3.9 -5.7 -5.3+0.7 -4.7+0.7 -5.5+0.7
(layer 5) 2011 -0.5 -0.7 -0.5+0.4 -0.710.4 -0.610.4
ucbw 2003 -4.2 -7.3 -5.9+0.9 -4.7+0.9 -6.3+0.9
(layer 6) 2011 -0.0 -0.1 0.1+0.4 0.1+0-4 0.1+0.4
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2761
2762

ggj 1369  Table 8. Mass transport (Sv) for the Benguela Current in the surface and thermocline

2765 1370  layers, and the Antarctic Intermediate Water layer in 2003 and 2011 as result of the
2766 1371  inverse models.

2767 1372

2768 1373

2769 Benguela Current (Sv) (~3°-15°E)

2770 Model A Model B Model C

g;g Sf+Thermocline 2003 15.6+0.9 15.4+0.9 15.640.9

2773 (Layers 1:4) 2011  11.740.8 12.140.8 11.24+0.8
2774 AAIW 2003  2.5+0.9 3.440.9 1.940.9
2775 (layer 5) 2011  1.9+0.8 3.3+0.8 1.0+0.8
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1374
1375
1376
1377
1378

Table 9. Mass transport (Sv) for the Deep Western Boundary Current (DWBC) and its
recirculation for every inverse model and year. The longitude shown is the eastern
boundary of the currents in 2003 and 2011.

Model A Model B Model C
DWBC 2003 (~39.8°W)  -27.5+4.0 -35.3+3.4  -16.1%5.1
2011 (~39.1°W)  -30.2+3.8 -44.443.7
Recirculation 2003 (~38.9°W) 9.8+1.4 10.9+1.3 8.4+1.1

2011 (~37.8°W) 14.9+1.6 23.5+1.6 -
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Table 10. Mass transport (Sv) for the North Atlantic Deep Water (NADW) west of the

Mid-Atlantic Ridge (MAR) and east of the MAR in 2003 and 2011 and as solution of the

inverse models.

NADW transport (Sv)

Model A Model B Model C

West of MAR 2003 -8.5+4.6 -3.0+4.7 -12.5+5.5
2011 -7.1+4.8 -5.7+4.9 -12.8+5.5
East of MAR 2003 -10.0+4.6 -15.6+4.6 -8.2+5.6
2011 -12.3+4.7 -11.1+4.8 -12.7+5.5
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Figures

Figure 1. Station positions for A10 cruises carried out at 30°S in 2003 and 2011.

Figure 2. Vertical sections of potential temperature (°C) at 30°S in the Atlantic Ocean

for (a) 2003 and (b) 2011.

Figure 3. Vertical sections of salinity at 30°S in the Atlantic Ocean for (a) 2003 and (b)
2011.

Figure 4. Vertical sections of neutral density (y") at 30°S in the Atlantic Ocean for (a)

2003 and (b) 2011.

Figure 5. Vertical sections of oxygen (uM/kg) at 30°S in the Atlantic Ocean for (a) 2003
and (b) 2011.

Figure 6. Vertical sections of silicate (uM/kg) at 30°S in the Atlantic Ocean for (a) 2003
and (b) 2011.

Figure 7. Initial zonally-integrated meridional mass transport (Sv) per layer across 30°S

during 2003 and 2011.

Figure 8. Zonally-integrated meridional mass transport (Sv) per layer across 30°S used

as constraint for model A from Talley (2008) and model B from Mazloff et al. (2010).

Figure 9. Comparison between the initial geostrophic velocity profile (black lines), the
LADCP velocity normal to the station pairs (blue line) and the geostrophic velocity
adjusted to the LADCP data (red line, with the depth range used for LADCP referencing
between the horizontal dashed lines). The subplots (a, b) and (c, d) correspond to

selected station pairs of the Brazil and Benguela Currents, respectively.
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Figure 10. Reference velocities (m s1) with error bars as a function of longitude for all

models, for the 2003 and 2011 sections at 30°S in the Atlantic Ocean.

Figure 11. Final zonally-integrated meridional mass transport (Sv) per layer, with error

bars, across 30°S during 2003 and 2011, for all three inverse models.

Figure 12. Overturning mass transports across 30°S for the Atlantic Ocean for all
models and years, computed as the zonally- and vertically-integrated mass transports

in isoneutral layers (along the entire section and from the sea surface to the seafloor).

Figure 13. Vertical sections of velocity (cm/s) along 30°S in 2003 (left subplots) and
2011 (right subplots) as deduced by all three inverse models. Notice the change in
vertical scale, with an expanded view of the top 1250 m of the water column. Contours
are drawn every 10 cm/s with solid/dashed contours representing positive/negative
values that correspond to northward/southward velocities. The colorbar is on the left

of subplot (c).

Figure 14. a) Mean Absolute Dynamic Topography (ADT) for November 2003; b) ADT for
8/11/2003, at the time of the hydrographic stations carried out in the western boundary
in 2003; c) ADT for 01/12/2003, at the time of the hydrographic stations carried out in
the eastern boundary in 2003; d) mean ADT for September/October 2011; e) ADT for
20/10/2011, at the time of the hydrographic stations carried out in the western
boundary in 2011; and f) ADT for 29/09/2011, at the time of the hydrographic stations

carried out in the eastern stations in 2011.

Figure 15. Accumulated mass transports (from the west) for the shallowest layer as
estimated from the inverse models and as inferred from the Absolute Dynamic
Topography (ADT) from Figure 14. The velocity data for the ocean interior come from
the mean ADT and the velocity data for the western and eastern boundaries come from

the ADT at the time when the hydrographic stations were carried out.

Figure 16. Eastward accumulated mass transport (Sv) at 30°S for (a) upper, (b) deep,

and (c) bottom layers for 2003 (solid lines) and 2011 (dashed lines) for all models. The
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deep and bottom layers for model A are not the same as in models B and C (see text

for explanation). Bottom plot shows the bathymetry for reference.

Figure 17. Mass transport (Sv) per layer corresponding to the Brazil Current. (a)
Relative (dashed line) and adjusted to LADCP velocity profile (solid line) for 2003 (blue
line) and 2011 (red line). (b) Model velocities for 2003 (solid lines) and 2011 (dashed

lines).
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