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Abstract The variability of the Atlantic meridional overturning circulation (AMOC) has considerable
impacts on the global climate system. Past studies have shown that changes in the South Atlantic control
the stability of the AMOC and drive an important part of its variability. That is why significant resources
have been invested in a South (S)AMOC observing system. In January 2017, the RV Maria S. Merian
conducted the first GO-SHIP hydrographic transect along the SAMOC-Basin Wide Array (SAMBA) line at
34.5°S in the South Atlantic. This paper presents estimates of meridional volume, freshwater (MFT), and
heat (MHT) transports through the line using the slow varying geostrophic density field and direct velocity
observations. An upper and an abyssal overturning cell are identified with a strength of 15.64 + 1.39 Sv
and 2.4 + 1.6 Sy, respectively. The net northward MHT is 0.27 + 0.10 PW, increasing by 0.12 PW when

we remove the observed mesoscale eddies with a climatology derived from the Argo floats data set. We
attribute this change to an anomalous predominance of cold core eddies during the cruise period. The
highest velocities are observed in the western boundary, within the Brazil and the Deep Western Boundary
currents. These currents appear as a continuous deep jet located 150 km off the slope squeezed between
two cyclonic eddies. The zonal changes in water masses properties and velocity denote the imprint of
exchange pathways with both the Southern and the Indian oceans.

Plain Language Summary The Atlantic meridional overturning circulation (AMOC) is

a crucial element of the global ocean circulation and climate. It connects the Southern Ocean to the
northern North Atlantic, and is responsible for the interhemispheric northward transport of heat and
freshwater. The South Atlantic is a crossroad for water masses from the Southern, the Indian and the
North Atlantic oceans. This paper analyzes the first full-ocean-depth trans-basin measurements of the
southernmost enclosed section of the Atlantic between South Africa and Brazil along 34.5°S. Our results
confirm a northward transport of heat at this latitude. We also found a complex water mass structure
and dynamics, characterized by intense boundary currents and mesoscale eddies. It is the sum of these
elements that is not only crucial for the Atlantic but also for the global ocean circulation and climate.
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1. Introduction

The meridional overturning circulation (MOC) is a global-wide circulation pattern that connects the over-
turning cells confined within ocean basins and helps to promote the balance of the net buoyancy loss in
the northern North Atlantic and around Antarctica. While the excess heat from the tropics is transported
by the upper ocean to higher latitudes in each basin through the western boundary currents as a response
to the wind-driven circulation, the density-driven part of the MOC originates from sinking waters at high
latitudes. It consists of two global-scale meridional overturning cells. The “upper-cell,” responsible for most
of the volume transport; it is linked to the formation of North Atlantic Deep Water (NADW) in the subpolar
North Atlantic and Nordic Seas, but also to the upwelling of deep waters in the Southern Ocean. The “low-
er” or “abyssal” cell is linked to the dense water formation around Antarctica and to the abyssal upwelling
due to the interaction of the flow with the bottom topography (Lumpkin & Speer, 2007; T. J. McDougall &
Ferrari, 2017; Talley, 2003). The MOC plays a crucial role in the global climate system, with a maximum
northward heat transport of 1.3 PW (1.3 x 10"* W) in the subtropical North Atlantic, accounting for 25% of
the global combined atmosphere-ocean meridional heat flux (Buckley & Marshall, 2016; Frajka-Williams
et al., 2019; Hsiung, 1985; Johns et al., 2011; Talley, 2003).

As the Atlantic Ocean plays a key role in the global system, that segment of the MOC is usually referred to
as the Atlantic meridional overturning circulation (AMOC; e.g., Talley, 2003). The South Atlantic is the only
basin with a net heat transport from the pole to the equator as the upper 1200 m layer flows northward to
compensate for the southward export of colder NADW (Buckley & Marshall, 2016; S. L. Garzoli et al., 2013).
Another distinguishing characteristic of the AMOC in the North and South Atlantic is a large disparity in
the strength of the abyssal overturning cell between hemispheres. While the abyssal cell transport is rough-
ly 45% the size of the transport associated with upper overturning cell at 34.5°S in the Southwestern Atlantic
(7.8 Sv vs. 17.3 Sv respectively; 1 Sv = 10° m® s™*; Kersalé et al., 2020), in the North Atlantic at 26.5°N the
abyssal cell is very weak, only about 1 Sv (Frajka-Williams et al., 2011; Lumpkin & Speer, 2007).

The South Atlantic basin exhibits a wide range of interoceanic convergences and mixing of different wa-
ters in the upper limb of the upper overturning cell. The landmass configuration in conjunction with the
wind-driven circulation leads to an inflow of cold and fresh waters from the Pacific through the Drake Pas-
sage via the so-called “cold water route” as well as warmer and saltier Indian Ocean waters via the Agulhas
Current leakage around South Africa, which is usually referred to as the “warm water route” (A. L. Gor-
don, 1985; Rintoul, 1991; Speich et al., 2007, 2001). Large anticyclonic eddies, referred to as Agulhas Rings
(Lutjeharms & Gordon, 1987; Ou et al., 1986), filaments, and coastal jets (Lutjeharms et al., 1992) also play
roles in the Indian to Atlantic transfer.

The transport of water from the Indian and South Pacific oceans into the South Atlantic has substantial
implications for the overturning circulation of the Atlantic Ocean as a whole (A. L. Gordon, 1985). Weijer
et al. (1999) and Biastoch et al. (2008) have demonstrated that these interbasin fluxes of heat and salt are
important for maintaining the stability of the AMOC. Moreover, coupled general circulation models show a
strong sensitivity in the response of the AMOC to the magnitude and direction of the salt transport through
the southern boundary of the Atlantic basin (e.g., Cimatoribus et al., 2012; Drijfhout et al., 2011).

Agulhas Rings play a fundamental role in the transport of warm and salty Indian water into the South At-
lantic. Recent studies have shown these eddies have a particularly long lifetime, which can exceed 4 years,
and that they can cross the South Atlantic basin and reach the Brazilian coast (Arhan et al., 1999; Guerra
et al., 2018; Laxenaire et al., 2018). As they move in the South Atlantic, the core water masses are modified
by local air-sea interactions (S. L. Garzoli & Matano, 2011; Laxenaire et al., 2019). This complex circulation
within the South Atlantic represents a strong motivation to study the AMOC in the South Atlantic.

Broader understanding of the importance of AMOC variability in the South Atlantic led to the development
of an international initiative to study the AMOC in the South Atlantic—the South Atlantic meridional
overturning circulation initiative (SAMOC; e.g., Ansorge et al., 2014; Speich et al., 2009). Over the last few
decades, several efforts have been made to measure the AMOC strength in the South Atlantic. Snapshot
trans-basin ship sections were conducted as part of the World Ocean Circulation Experiment (WOCE) in
the 1980s and 1990s, and some of these sections were later repeated as part of the Global Ocean Ship-based
Hydrographic Investigation Program (GO-SHIP; e.g., Sloyan et al., 2019; Talley et al., 2016). These sections
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Table 1

Summary of Previous Estimates of South Atlantic Upper Overturning Circulation (AMOC,.), Total Meridional Heat (MHT) and Freshwater Transport (MFT), at

34.5°S and Nearby Latitudes

Source Section-latitude AMOC 55 (SV) MHT (PW) MFT (Sv) Date (mm/yy) Data
Hernandez-Guerra et al. (2019) A10-30°S 11.7-17.7 Not provided Not provided 11/03-9/11 GO-SHIP

Bryden et al. (2011) 24°S 21.5-16.5 0.7-0.4 0.04-0.17 2/83-2/09 GO-SHIP
McDonagh and King (2005) A10-30°S Not provided 0.22 + 0.08 0.5+0.1 12/92 GO-SHIP
McDonagh and King (2005) A11-45°S Not provided 0.43 + 0.08 0.7 +£0.1 12/92 GO-SHIP

Holfort and Siedler (2001) A10-30°S Not provided 0.29 Not provided 12/92 GO-SHIP

Holfort and Siedler (2001) A11-45°S Not provided 0.37 Not provided 12/92 GO-SHIP

S. L. Garzoli et al. (2013) AX18-35.1°S 18.1 +2.3 0.54 + 0.14 Not provided 02-11 XBTs, Argo and WOD
Majumder et al. (2016) 34.5°S 20.66 + 4.13 0.66 + 0.21 Not provided 00-14 Argo & Altimetry
Dong et al. (2015) 34.5°S 19.5 + 3.48 0.49 + 0.22 Not provided 93-06 Altimetry
Kersalé et al. (2020) 34.5°S 17.3 £ 5.0 Not provided Not provided 09/13-07/17 PIES

C. S. Meinen et al. (2018) 34.5°S 14.7 + 8.3 Not provided Not provided 03/09 12/10 CPIES & model
Perez et al. (2011) 34.5°S 15.6 + 3.1 0.42+-0.18 Not provided 86-98 Model

Note. The reference citation, date, and data used are also shown. Note that different studies used different error estimate methods.

are surveyed with high accuracy, full depth, coast to coast measurements with a spatial resolution of near
the internal Rossby deformation radius (around 40 km for the deep ocean at 34.5°S; Talley et al., 2016).
The data provide a quasi-synoptic picture of an oceanic section, although conducting a trans-basin section/
cruise at these latitudes takes roughly a month. Assuming the ocean to be in hydrostatic and geostrophic
balance, the meridional flow can be estimated considering boundary conditions such as a mass balance
(Wunsch, 1996). At least four GO-SHIP sections along the A10 transect nominally along 30°S have been
conducted since 1993 (e.g., Herndndez-Guerra et al., 2019). Likewise, another four GO-SHIP sections have
been occupied along 24°S (e.g., Bryden et al., 2011) and one along 45°S (Holfort & Siedler, 2001) over the
same time period.

Repeated eXpendable BathyThermograph (XBT) transects collected via ships of opportunity have also been
used to estimate quasi-quarterly meridional transports of volume and heat over the past 2 decades; XBT
probes measure the temperature in the upper 800 m or so, with these data being combined with data from
deeper reaching profile data (e.g., Argo profiles), with satellite altimetry data, and/or with deep ocean his-
torical climatologies in order to calculate AMOC and MHT (Dong et al., 2009, 2015; Garzoli & Baringer,
2007; S. L. Garzoli et al., 2013; Majumder et al., 2016). A summary of historical oceanic flux calculations
from GO-SHIP sections and XBTSs transects in the South Atlantic are shown in (Table 1).

Another approach to measuring the AMOC is via basin-wide arrays. These arrays typically involve a mix
of geostrophic/density end point moorings and direct velocity observing systems, such as the RAPID-MO-
CHA-WBTS array deployed at 26.5°N (e.g., Cunningham et al., 2007) and the OSNAP array within the
Subpolar North Atlantic (Lozier et al., 2017). Using auxiliary data (e.g., hydrographic information for the in-
terior ocean) additional properties such as the MHT can be estimated from these trans-basin arrays as well
(e.g., Johns et al., 2011). The arrays provide high resolution (daily) observations and a key finding has been
that the AMOC transport shows surprisingly large variability on intraseasonal to interannual timescales
(e.g., Cunningham et al., 2007; Kanzow et al., 2010; Lozier et al., 2019; Srokosz & Bryden, 2015).

Basin-wide AMOC arrays in the South Atlantic include the international South Atlantic MOC Basin-wide
Array (SAMBA; e.g., Ansorge et al., 2014; Speich et al., 2009) at 34.5°S and an array at 11°S (e.g., Herrford
et al., 2020). The SAMBA line of moorings began in a pilot mode in 2009, with a much better resolved array
put in place beginning in 2013. SAMBA consists primarily of pressure-equipped inverted echo sounders
(PIES) and current-and-pressure-equipped inverted echo sounders (CPIES), with four additional tall dy-
namic height/current meter moorings added on the South African continental margin in 2014 (e.g., Kersalé
et al., 2018, 2020, 2019; C. S. Meinen et al., 2013; 2018). Hydrographic observations collected during the
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mooring maintenance cruises provide regional snapshots of the flow patterns and water mass regimes in
the boundary regions. For example, the location and strength of two branches of the lower limb of the
AMOC at 34.5°S, each carrying significant flows of recently ventilated North Atlantic Deep Water, have
been identified using shipboard hydrographic observations as well as moored observations on both the
western (e.g., Valla et al., 2018, 2019) and eastern boundaries (e.g., Kersalé et al., 2018, 2019).

The strength of the AMOC (henceforth referred to as AMOC,,,,) at each latitude is defined as the vertical
maximum of the stream function and is always located in the upper-cell (Buckley & Marshall, 2016). Dif-
ferent observational estimates of the AMOC,,x at 34.5°S or in close proximity vary from 17.9 Sv to 18.1 Sv
(XBTs; Dong et al., 2009; S. L. Garzoli et al., 2013), 11.7-21.5 Sv (trans-basin hydrographic cruises; Hernan-
dez-Guerra et al., 2019), and 19.5-20.7 Sv (Argo- and satellite-derived MOC; Majumder et al., 2016). Using
the shallowest PIES mooring at each margin of the SAMBA section together with Ekman transport esti-
mates from gridded observation-based winds (Cross-Calibrated Multi-Platform) and a time-mean reference
velocity estimate at one specific depth from different ocean models, the AMOC,,.x upper-cell transport over
a period of ~ 6 years has been estimated to be about 14.7 + 8.3 Sv (temporal standard deviation; C. S. Mei-
nen et al., 2018). More recently, estimates that include the full array of SAMBA PIES and CPIES between
September 2013 and July 2017 provide an AMOC,,,, time-mean upper-cell transport value of 17.3 Sv and
a temporal standard deviation of 13 Sv after applying a 30-day low-pass filter (Kersalé et al., 2020). Kersalé
et al. (2020) also estimated a time-mean value of 7.8 + 6.2 Sv transport of the AMOC,;,.x abyssal-cell.

It should be noted that estimates like the latter in the South Atlantic are far fewer in number, coming solely
from hydrographic sections between latitudes ranging from 24°S to 32°S. It should also be noted that the
methods applied to the SAMBA mooring array rely on a time-mean reference velocity from numerical mod-
els at one specific depth. In addition, as no measurements exist inshore of 1,350 dbar on both boundaries,
estimates in those shelf areas are also based on model velocities. As such, only the variability of AMOC
from the SAMBA PIES/CPIES array is a complete robust observational assessment (Kersalé et al., 2020).

Previous estimates of the AMOC,,, variability at this latitude from blended altimetry and XBT sections data
(e.g., Dong et al., 2015) or Argo float data (e.g., Majumder et al., 2016) have revealed substantial seasonal to
interannual variability, where the Ekman as well as the geostrophic transport contribution play a role both
showing annual cycles, which are out of phase. The SAMBA-SAMOC observations have also demonstrated
a significant high-frequency variability (Kersalé et al., 2020; C. S. Meinen et al., 2018). Both baroclinic (den-
sity) and barotropic (bottom pressure) variations at the eastern boundary at 34.5°S show significant or even
dominant contributions to the overall AMOC variability at 34.5°S. These findings are different to the ones
at 26.5°N, where previous work has shown that the baroclinic (density) component in the eastern boundary
contributes primarily on the seasonal time scale (e.g., Chidichimo et al., 2010). At interannual time scales,
large (~3 Sv) changes in the AMOC,,,, have been observed both at 26.5°N and 34.5°S (e.g., C. S. Meinen
et al., 2018; Smeed et al., 2018). A recent study which used the entire SAMBA moored array has shown that
the amplitude of the AMOC,,, variability at 34.5°S is even larger than previously estimated with a standard
deviation of 15.5 Sv for the upper-cell and 6.2 Sv for the abyssal-cell (Kersalé et al., 2020). The strongest
variability occurs on timescales between 30 and 90 days tightly linked to the passage of eddies across the
section (Kersalé et al., 2019). At the boundaries, not only the upper layers but also the deep and abyssal
flows are highly variable with the standard deviation exceeding the time mean C. S. Meinen et al., 2017;
Kersalé et al., 2019; Valla et al., 2019).

In addition to the volume transport, the meridional heat (MHT) and freshwater (MFT) transports associat-
ed with the AMOC,,,,x are of interest (Table 1), as variations in these flows can have significant impacts on
the global climate system (e.g., Lopez et al., 2016). While the AMOC,, is logically broken up into upper
and abyssal cells, which seem to vary independently (Kersalé et al., 2020), the MHT and MFT estimates
are really only meaningful as full-depth calculations. Full-depth MFT have been estimated for latitudes
neighboring 34.5°S (Bryden et al., 2011; McDonagh & King, 2005). At 34.5°S MFT estimates have derived
combining upper ocean measurements from XBTs and Argo floats merged with deep hydrographic clima-
tologies (Dong et al., 2015; S. L. Garzoli et al., 2013; Majumber et al., 2016) or by analysis of model simula-
tions (Perez et al., 2011; Table 1).

A first set of full-depth trans-basin hydrographic observations along 34.5°S were collected in early 2017 (Fig-
ure 1). Here we present the observed hydrographic structure, the derived volume transport or AMOC .y,
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Figure 1. South Atlantic region with the bathymetry from ETOPO2 (Smith & Sandwell, 1997) shaded in gray. In red
and blue shades is shown the long-term eddy kinetic energy (EKE) -mean kinetic energy (MKE) computed from Duacs/
AVISO surface geostrophic velocity fields. The long-term mean dynamic topography also from Duacs/AVISO is shown
as black contours to depict the mean basin circulation. The major bathymetric features are labeled in orange text. GO-
SHIP sections are shown as orange lines and the MSM60 cruise track in red. Red diamonds over 34.5°S line show the
location of moorings deployed (taken from C. S. Meinen et al., 2017; Kersalé et al., 2019).

MHT, and MFT and compare the results with other estimates, including those from the moored instru-
ments in SAMBA. Moreover, the variability linked to the presence of eddies and its impact on oceanic fluxes
along the section is also analyzed.

2. Data
2.1. Ship Observations

We used the hydrographic data collected during the expedition of the German Research Vessel Maria
S. Merian conducted on January 4 to 31, 2017 (MSM60). In total, 128 full water depth stations (down to
5,450 m) were carried out. These stations were located nominally every 50 km with an increase in hori-
zontal resolution over the continental margins. The rosette system included a pumped Sea-Bird SBE 9plus
conductivity-temperature-depth (CTD) system, equipped with double sensor packages for temperature,
conductivity (salinity) and oxygen, and lowered acoustic doppler current profilers (LADCP; two Teledyne
300 kHz instruments), and 22 sampling bottles with 10 liter capacity. Water samples were collected for ox-
ygen, salinity, and other chemical properties. Salinity samples were analyzed with Optimare salinometer,
Oxygen samples were analyzed on board using the Winkler method, and both were used to calibrate the
observations from the CTD. The sampling and calibration for the data reported here followed the respective
GO-SHIP recommendations (Hood et al., 2010; Sloyan et al., 2019). Underway measurements included two
ship-mounted acoustic doppler current profilers (SADCPs) of 75 and 38 kHz. See further details on the data
collection and quality control in Karstensen et al. (2019).

Moreover, ship observations from GO-SHIP sections A09 at 24°S (King & Hamersley, 2010) and A10 at
30°S (M. Baringer & Macdonald, 2013) are used for reference. The data was obtained from the CLIVAR and
Carbon Hydrographic Data Office websites. We will applied the same analysis (described in Section 3) to all
hydrographic data in order to compare the differences of the AMOC at different latitudes under the same
assumptions.

2.2. Satellite Observations

For the analysis the following three satellite data sets were used: (1) 6-h multi-sensor blended winds with
a 0.25° horizontal resolution (Bentamy & Fillon, 2012) distributed by the Copernicus Marine Environment
Monitoring Service (CMEMS); (2) daily sea surface temperature (SST) at 1 km horizontal resolution from
the Group for High Resolution Sea Surface Temperature with its product version four Multiscale Ultrahigh
Resolution L4 analysis (Chin et al., 2017); (3) daily Ssalto/Duacs Multimission Altimeter derived absolute
dynamic topography (ADT) and derived surface geostrophic velocity fields at a 0.25° horizontal grid and
distributed by CMEMS. This data set considers all data recorded by the 12 available altimetric missions
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(Duacs/AVISO+, 2015). Note, in the updated version released in April 2014, improved data processing pro-
vides a better description of mesoscale activity than previously distributed products (Capet et al., 2014; Pu-
joletal., 2016).

2.3. Eddy Detection and Colocalized Argo Profiles

The Duacs/AVISO+ (2015) altimetry data set is used as input for the ocean eddy detection and tracking
algorithm (TOEddies) and derived database developed by Laxenaire et al. (2018). The TOEddies algorithm
is a two-step process: it identifies the occurrences of eddies before deriving their trajectories under the
assumption that mesoscale eddies satisfy the geostrophic balance and therefore, enclosed streamlines of
ADT should coincide with the location of a mesoscale eddy. The novelty of this algorithm is that it defines
and tracks eddies from ADT fields (and not from the sea level anomalies or derived geostrophic velocities)
and it considers the complex network of trajectories arising from eddy splitting and merging. A detailed
description of the TOEddies can be found in Laxenaire et al. (2018). The TOEddies database is used here for
the detection of the mesoscale eddies crossed during the cruise and for the derivation of their trajectories.

The TOEddies database also provides Argo profiles (Argo, 2020) colocalized with eddies and categorized as
being “outside” or “inside” anticyclonic (AEs) or cyclonic eddies (CEs). Using this database, we built a sum-
mer climatology of the upper 1700 dbar from 648 Argo profiles in close proximity to the 34.5°S section (be-
tween 33.5°S and 35.5°S). We used that climatology to substitute the temperature and salinity MSM60 cruise
data in the upper 1700 dbar in order to estimate the impact of mesoscale eddies on the AMOC volume, heat
and freshwater transport during the cruise. Another climatology was created with TOEddies, in this case
to evaluate the expected proportion of AEs and CEs at 34.5°S and the deviations from the mean conditions
during the MSM60 cruise. To do so, a daily presence/absence matrix for eddies was created using the entire
TOEddies atlas time span (1993-2018) for each longitude grid point at 34.375°S which is one of the closest
latitude grid point to the cruise track (the same pattern was observed at 34.625°S). From the matrix, for
each grid point of the section, the average monthly percentage of time occupied by an eddy was calculated.

3. Methods
3.1. Data Gridding and Derived Variables

In order to combine the SADCP data (upper 1000 m) with the CTD and LADCP data, the latter was linearly
interpolated to an equidistant grid of 1 dbar/0.05 longitude (approximately 4.6 km) between 58°W and
18°E. Given the high-resolution velocity sampling from the SADCP a change in the velocity fine structure
occurs at 1,000 m depth because below only discrete LADCP casts are available. A land/bottom mask was
created from the ship multibeam echosounder (EM122) data. This approach enabled us to use all measure-
ments while minimizing the impact of bottom triangles (Figure S1).

For all calculations, we used the Gibbs-SeaWater Oceanographic Toolbox containing the thermodynamic
equation of seawater 2010 (TEOS-10) subroutines (T. J. McDougall & Barker, 2011). We computed absolute
salinity (S,) and conservative temperature (®) from the CTD pressure, temperature and salinity to obtain
better estimations of the transport in the South Atlantic Ocean, as the differences of total AMOC transport
can reach to 6% when compared with estimates derived from the previous definition of the thermodynamic
equation of seawater (Almeida et al., 2018). However, to obtain the neutral density (y") field we also deter-
mined potential temperature (6) and practical salinity (S,) because currently y" is not available as a function
of ® and S, in TEOS-10 (T. J. McDougall & Barker, 2011; see Figure S2 for differences between © and 6 and
between S, and S;, along the section). We also derived a composite of daily satellite data for SST and ADT as
the ship progressed westward.

3.2. Calculation of the Total Velocity Field: Volume, Heat and Freshwater Transport

Given the large high-frequency variability of the ocean currents observed at 34.5°S (Kersalé et al., 2020; C.
S. Meinen et al., 2018) and the non-synoptic nature of the ship survey, we used two approaches to estimate
the total velocity field. First, we assumed the combined LADCP and SADCP field (Method 1). Second, from
the CTD measurements and following the methodology of Bryden and Imawaki (2001), we used the slow
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varying density field to compute the time-averaged mean geostrophic circulation adding also Ekman fluxes.
Following M. O. Baringer & Garzoli (2007), Buckley and Marshall (2016) and Holliday et al. (2018), the total
meridional velocity field (v) is composed of:

V = Vageos + Veeos + Veef» (1)

where Vageos is the Ekman velocity, Veeos the geostrophic velocity, and Vrer the barotropic flow.
The zonal integral of V,geos is the Ekman transport calculated as:

xEast T
Ty =— | —=dr, (2

xWest f P
where 7, is the zonal component of the local wind stress, f is the Coriolis parameter, and p is the density
of seawater. To compute the oceanic fluxes, we assumed that the Ekman transport is confined and equally
distributed in the top 50 dbar of the water column.

The geostrophic velocity (Vgeos) Was estimated from the hydrography and selecting a certain reference level
of no-motion but also explicitly adding a barotropic velocity (Veer). The total meridional velocity field is of
central importance for all further calculations and therefore different approaches to estimate the level of no
motion and the barotropic velocity were applied to quantify the uncertainties. Note, the uncertainties range
given in Section 4 are estimated by applying the different approaches outlined below.

Most importantly we used different levels of no-motion following previous studies. The first two levels of
no-motion chosen were the neutral density surface " = 28.10 kg m~> (Method 2) and 3,400 dbar (Method
3), which is the mean pressure level of the ¥ = 28.10 kg m™>. This choice was motivated by earlier studies
which identified that level as the interface between southward flowing NADW and northward flowing Low-
er Circumpolar Deep Water (LCDW; e.g., Hernandez- Guerra & Talley, 2016; Hernandez-Guerra et al., 2019;
McDonagh & King, 2005). For these two methods, we derived a zero net mass transport through the section
with a simple barotropic adjustment by adding a small barotropic meridional velocity across the entire sec-
tion (e.g., M. O. Baringer & Garzoli, 2007).

The third geostrophic approach (Method 4) was to assume the level of no motion at the bottom and then
adjust the velocities by adding the near-bottom (within 20 dbar of the bottom) LADCP measurements (e.g.,
McDonagh et al., 2010). This approach was motivated by the fact that close to the seafloor the LADCP bot-
tom-track mode provides accurate near-bottom absolute velocities (Visbeck, 2002). Again, a small barotrop-
ic meridional velocity across the entire section was added to achieve the mass balance. Then, the error esti-
mate from the geostrophic field was computed as the standard deviation of the oceanic fluxes derived from
the mass balance total velocity field (v) using the three levels of no motion (" = 28.10 kg m ™, 3,400 dbar,
and bottom).

Not surprisingly, the meridional transport calculations were sensitive to the method used for computing the
total velocity field, as shown in the results section. However, the selection of y* = 28.10 kg m ™~ and equally
distributing the mass imbalance as a velocity correction across the section (Method 2) gave a solution that
allowed to compare with previous assessments using a similar approach in the South Atlantic, in particular
A09 and A10 (Dong et al., 2009; Ganachaud & Wunsch, 2003; S. L. Garzoli et al., 2013; Herndndez-Guerra
et al., 2019; McDonagh & King, 2005).

A sensitivity analysis was also performed to quantify the effect of mesoscale eddies in the transports and
AMOC,,x. To do so, we replaced the upper 1,700 dbars hydrography with a summer (December-Janu-
ary-February) climatology constructed from the 648 non-eddy Argo profiles available between 33.5°S and
35.5°S based on the TOEddies database (Method 5).

Another common approach to estimate the volume transport across coast to coast trans-basin sections is to
use inverse methods. These methods use mass conservation for every vertical layer after predefining sev-
eral constraints like boundary currents, mean transport and flow through deep channels (Wunsch, 1996).
Hernandez-Guerra et al. (2019) demonstrated that inversions at 30°S using different models and constraints
can lead to very diverse solutions. In this first realization of a GO-SHIP section along the SAMBA line, we
choose to assess the transport by a simpler direct approach.
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After securing the conservation of mass condition through the section, we obtained the AMOC,,,x, MHT,
and MFT following Buckley and Marshall (2016) and are expressed in units of Sv, PW, and Sv, respectively.
First, we defined a stream function for the zonally integrated meridional volume transport in pressure
coordinates:

xEast pmin

Y(y.z)= [ [ vdxdp, 3)

xWest pmax

where v is the estimated total meridional velocity component field (see above), x and p are the coordinates
in the zonal and vertical domain. Then, we determined the AMOC strength (AMOC,,,x) of the upper cell
by the maximum value and depth of the stream function over the water column. On the other hand, the
AMOC,,, of the abyssal cell was computed as the net volume transport of AABW.

The meridional heat transport (MHT), was computed as:

xEast pmin
MHT =Cppy | | vOdxdp, 4

xWest pmax
with © the conservative temperature, Oo the section mean potential density and Cp a reference value for
the heat capacity of seawater = 3850 ] kg™' C™". Finally, the freshwater transport (MFT) was calculated as:

xEast pmin S
MFT= | | v[l—S—Ajdxdp, (5)
0

xWest pmax

where S, is absolute salinity and S, is the section-averaged absolute salinity. The MFT is approximately —S,
times the salinity transport, with exact equality holding if there is no net mass transport across the section.
While the AMOC,,,x used here reflects the intensity of the upper meridional overturning cell only, both
MHT and MFT are an estimate of the full-depth oceanic fluxes.

4. Results
4.1. Surface Conditions and Direct Velocity Measurements

The MSM60 underway measurements of SST from the Thermosalinograph (TSG) are in good agreement
with satellite observations despite the fact that the TSG temperature sensor is located at 5 m depth (Fig-
ure 2a). During the cruise, SST varied from 18.65°C to 25.17°C, increasing westward as expected from both,
the climatology and the fact that the cruise was conducted over one month in early austral summer (Jan-
uary) and were we expect SST to increase. From satellite SST data we found that within the area between
25°W and 55°W an increase of SST by up to 4°C is seen (not shown here).

The velocity fields derived from the ADCPs were intense (>0.5 m s™") in the Brazil Current (BC henceforth)
near 50°W and during the crossing of mesoscale eddies. MSM60 crossed 13 cyclonic (named C1-C13, Fig-
ures 2a) and 12 anticyclonic (A1-A12, Figure 2a) mesoscale eddies, although not all were crossed at their
center as revealed in comparison with the TOEddies database. From the 128 CTD profiles taken during the
cruise, 27 (21%) were located within cyclonic eddies and 12 (9%) within anticyclonic eddies. This represents
an anomalous predominance of cyclonic eddies (CEs) over anticyclonic eddies (AEs) at the time of the
cruise. By analyzing the 26 years of TOEddies database, both the annual and summer means display an
expected 19% and 14% of the section occupied with AEs and CEs, respectively. During the month of the
cruise in January 2017, the mean percentage of the section occupied by eddies was 14% for AEs and 21% for
CEs, locating January 2017 in the 96th percentile in the proportion of CEs with respect to AEs for the 312
analyzed months.

Four long-lived Agulhas rings (A1, A2, A3, and A12) were crossed but only one (A3) was intercepted close
to its core and sampled with CTD profiles. A12, was a long-lived Agulhas ring more than 4 years old that
crossed the entire basin (Figure S3). The SADCPs also documented two large cyclonic eddies, one cen-
tered at 14 °E in the Cape Basin (C1) and another one in the west just east of the BC at 47.4 °W (C12). The
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Figure 2. Maps of the South Atlantic with the MSM60 cruise track between 4 and 31 January 2017 from Cape Town, South Africa, to Montevideo, Uruguay.
(a) Highlighting the averaged velocity in the upper 100 dbar measured by the 38 kHz SADCP (black sticks) and each of the 128 CTD station locations (black
diamonds). The anticyclonic and cyclonic eddies crossed, together with the correspondent CTD profile inside those eddies are colored in magenta and cyan,
respectively. The eddy “tails” show the eddy trajectories during the preceding 120 days (or less for eddies with shorter lifespan). ADT composite, computed by
taking each day of the cruise track cut by longitude is shown in gray contours. The daily progress of the cruise is displayed as one tick corresponding to one day
in the x axis of panel (a) corresponding 18°E to the 4™ of January. Bathymetry from 0 to 200 m and 200-3,500 m is shaded in dark and light gray, respectively.
(b) SST (shaded) and ADT (gray contours) composite. In between the black lines are plotted the MSM60 TSG temperature measurements at 5 m of depth in

the same color scale as SST. In magenta and cyan are the contours of the anticyclonic and cyclonic eddies that intercepted the cruise track. The precedent

120 days (or less for eddies with shorter lifespan) trajectory for each eddy is displayed as a black line. ADT, absolute dynamic topography; CTD, conductivity-
temperature-depth; SADCP, ship-mounted acoustic doppler current profilers; SST, sea surface temperature; TSG, thermosalinograph.

reconstructed trajectory of C1 showed the eddy originated from an instability along the Benguela upwelling
system front (Figure 2). This is also confirmed by the low dissolved oxygen concentration within the eddy
(Figure 4c).

On the eastern margin, the Benguela Current appears as a relatively wide and weak equatorward eastern
boundary current, but interacting with the intense cyclonic eddy (C1, Figures 2b and 3a). Near 5°E, an in-
trusion of surface subantarctic waters has been observed due to the presence of an intense dipole (Kersalé
et al., 2018) associated with satellite-derived ADT lower than 0.5 m at 34.5°S (Figure 1). In this area, during
the MSM60 cruise, the ADT was particularly low relative to the time-mean ADT, with the 0.5 m contour
reaching 32°S (Figure 2b). This same area was up to 2°C colder compared to its surrounding (Figure 2a).
Subtropical waters are generally separated from subantarctic waters by the Subtropical Front (STF; Belkin
& Gordon, 1996; Orsi et al., 1995). In the South Atlantic, the STF coincides with ADT ranging between
0.4 m and 0.5 m (e.g., Artana et al., 2019). ADTs lower than 0.5 m along the section correspond to cold,
fresh, highly oxygenated water of subantarctic origin (Figure 2). This is the case of the vertical structure of
the cyclonic eddy C2 that was crossed at 6°E, (Figure 4). The ©-S, diagram shows that the properties of the
water in the eddy are characteristics of the Subantarctic Zone (SAZ) and they form an intrusion of cold and
fresh water between the 26.2 and 26.4 kg m™> isopycnals in comparison with surrounding waters within the
same density (Figure 5a). Though the water mass properties clearly point to the subantarctic origin of these
waters, it was not possible to track eddy C2 back to the SAZ as its trajectory is short and complex (it is em-
bedded in a subantarctic intrusion where frequent eddy splitting and merging occurs and only short-lived
coherent structures are observed). Nevertheless, other long-lived coherent eddies that have intercepted the
SAMBA section during the MSM60 cruise originate in the SAZ (e.g., C12). All these eddies are characterized
by ADT lower than 0.5 m (Figure 2).

4.2. Water Masses and Layering

For water mass definitions we followed Valla et al., (2019) and Hernandez-Guerra et al. (2019) and sepa-
rated the water column along the SAMBA section in seven main water masses (see Table 2). Surface Water
(SW) is considered a layer in constant transformation due to air-sea fluxes and as such cannot be considered
as a water mass in a proper sense. SW is defined by y" < 26.35 kg m™>, it has a mean pressure of 70 dbar
and includes the upper part of South Atlantic Central Water (SACW). SACW is formed by subduction in
the subtropical gyre and extends to about 750 dbar or y" = 27.10 kg m~> which includes the permanent
thermocline layer (A. L. Gordon, 1981, 1986). SACW has the largest temperature and salinity range (17-7°C
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Figure 3. Direct velocity measurements along 34.5°S. The upper 1,000 dbars are vertically stretched and show spatially higher resolution SADCP
measurements. The deep velocity section is derived from 128 LADCP profiles. (a) Meridional Velocity (m s™*) and (b) Zonal Velocity (m s™). Values above

0.5 ms ™" and below —0.5 m s™ are colored in orange and yellow for better visualization, respectively. Details inside those areas are shown in Figures 10 and 11.
Neutral density layers (y", kg m™>) bounding each water mass are shown in black. LADCP, lowered acoustic doppler current profilers; SADCP, ship-mounted

acoustic doppler current profilers.

and 34.6-36.1 g kg™ ") leading to a considerable stratification, which is even stronger toward the east of the
basin (Figures 4d and 5a).

Below the thermocline, between 750 and 1,140 dbar (27.10 kg m= < Y < 27.58 kg m"3), lies the highly ox-
ygenated, low-salinity (<34.5 g kg™") Antarctic Intermediate Water AATW. The AAIW found in the Atlantic
Ocean has contrasting properties across the basin (McCarthy et al., 2011; Piola & Georgi, 1982; Rusciano
et al., 2012). Atlantic AAIW originates from two different source waters (see Rusciano et al., 2012 for a
detailed discussion): Subantarctic Mode Water (SAMW) that is transformed in a fresh variety of AAIW in
the southwest South Atlantic (Piola & Gordon, 1989; Suga & Talley, 1995) continuing eastwards along the
southern edge of the South Atlantic Current and along the Atlantic portion of the SAF (A-AAIW hereafter,
characterized by Sp < 34.2; S, < 34.4; Boebel et al., 1999; McCartney, 1977; Rusciano et al., 2012; Tsuchiya
et al., 1994). A-AAIW extends from the western continental slope to 25°W and it is characterized by dis-
solved oxygen concentration above 250 umol kg~ (Figure 4c). The other source is AATW of Indian origin
(I-AAIW, Sp > 34.3; S, 2 34.45) that enters the South Atlantic through the Agulhas/Benguela Current sys-
tem (A. L. Gordon et al., 1987; A. L. Gordon et al., 1992; Rusciano et al., 2012; Stramma & England, 1999).
I-AAIW lies in the easternmost sector of the section, east of 12°E in the Cape Basin and is characterized by
oxygen concentrations lower than 200 pumol kg™". A third variety is sometimes called Indo-Atlantic AATW
(IA-AAIW, 34.2 < Sp < 34.3; 34.4 < S, < 34.45), which is created by isopycnal mixing of A-AAIW and I-AA-
IW in the Cape Basin and covers a depth range of 800-1,000 m depth (Capuano et al., 2018; A. L. Gordon
et al., 1987; Rusciano et al., 2012). Consequently IA-AAIW is found between A-AAIW and I-AAIW, from the
Mid-Atlantic Ridge to ~12°E (Figures 4c and 5b).

Below the AAIW layer, between 1,140 and 1,600 dbar (27.60 <y" <27.90 kg m™), we observe Upper Cir-
cumpolar Deep Waters (UCDW) through a minimum in dissolved oxygen (ca. 180 umol kg™"). UCDW is
more zonally homogenous in terms of thermohaline and oxygen properties from west to east in compari-
son with AAIW (Figures 4c and 5b). This is probably due to the fact that UCDW enters the western South
Atlantic mostly through the Drake Passage (Callahan, 1972) and the South Atlantic Current (Stramma &
England, 1999), but despite a small recirculation in the southeast Indian Ocean, there is no major evidence
of UCDW sources in the Indian Ocean unlike for AATW (Stramma & England, 1999).

Between 1,600 and 3,400 dbar (27.90 < y" < 28.10 kg m™>) two varieties of NADW are observed (Figure 4).
W-NADW is found in the western part of the section. This water mass is more saline (34.9 < S, < 35.15) and
better oxygenated (230 < O2 < 245 umol kg™'; Figure 4) than the NADW in the eastern part of the section
(E-NADW, 34.9< S, < 35 and 200 < O, < 227 umol kg_l; Arhan et al., 2003). The contrast between the
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Figure 4. Water properties observed during the MSM60 cruise. (a) Conservative temperature (®, (°C), (b) Absolute salinity (S (g kg™), (c) Dissolved oxygen
(umol kg™), and (d) Brunt-Viisili frequency (N* (s2)). The neutral density layers (" (kg m~>)) bounding each water mass are shown in white dotted lines

in (a), (b), (c), and in black lines (d), respectively. A map showing the location of anticyclonic and cyclonic eddies crossed during the cruise in magenta

and cyan respectively is shown on top of panels a and (b. The diamonds indicate the location of the 128 CTD profiles, colored in black, magenta and cyan
depending if they were occupied outside, or within an anticyclonic or a cyclonic eddy, respectively. The upper 1,000 dbars are vertically stretched. CTD,

conductivity-temperature-depth.

two NADW blends stems from W-NADW being more directly transported southward by the Deep Western
Boundary Current from its formation region in the Labrador Sea and the Greenland-Scotland Ridges system
(Reid et al., 1977; Table S1). The core of E-NADW is more difficult to identify, as it is even more eroded,
characterized by homogeneous thermohaline properties with respect to its surroundings (35 < S4 < 35.05;
34.80 < S, < 34.85; 220 < O, < 227 umol kg™"; Figure 4a). According to Arhan et al., (2003), the E-NADW
transport is southward (11 + 4 Sv) at 35°S and its flow can be traced upstream across the Cape Basin to
passages across the Walvis Ridge south of 28°S, and then back to the deep western boundary current of the
Atlantic Ocean near the tropics as proposed by Reid (1989).

Along its southward path, NADW penetrates toward the Southern Ocean and transforms into Circumpolar
Deep Waters, which in the South Atlantic is split into two layers by the southward flowing NADW: UCDW
and Lower Circumpolar Deep Water (LCDW; Lumpkin & Speer, 2007; Reid et al., 1977). LCDW is located
below NADW and above Antarctic Bottom Waters (AABW) at 28.1 < y" < 28.27 kg m™>. Data from the
MSM60 section suggest that the observed LCDW undergoes mixing with NADW and AABW with consid-
erable zonal differences in thermohaline characteristics and flow direction, being the water mass layer that
exhibits the largest differences between the western and the eastern sides of the section. Zonal differences
in LCDW thermohaline and oxygen properties are observed along the SAMBA line (Figure 5 and S5). The
LCDW property diversity coincides with very specific domains separated by the steep topographic features,
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Table 2

Neutral Density Ranges (Y") and Mean Pressure, Conservative Temperature
(©), Absolute Salinity (S4), Practical Salinity (Sp), and Oxygen
Concentration (umol kg") per Water Mass Across 34.5°S in the Atlantic

17.9°E
11.2°E
1.5°E
s 26.35 7.7°W
o5~
S 17.5°W
)
<
C>27.1 27.3°W
27.6 37.2°W
27.9 46.5°W
28.1 y
28.27 : -
: BARWY 51.8°W
34.5 35 355 36 36.5 160 180 200 220 240 260
SA (g.kg'1) Oxygen Concentration (pmol.kg'1)

Figure 5. (a) ®-S, diagram for the CTD profiles collected during the MSM60 cruise. S, < 34 g kg™'1 has been clipped
for better visualization. Bold black lines and numbers represent the neutral density levels between water masses (shown
in b). See Figure S4 for 6-Sp diagram. The cruise track is shown in the insert. (b) Dissolved oxygen concentration (umol
kg™") as a function of neutral density (kg m™>). Water mass acronyms and selected neutral density boundaries are
indicated by dashed lines. For references to the water mass see Table 2. CTD, conductivity-temperature-depth.

such as the Rio Grande Rise at 31°W, the Mid-Atlantic Ridge at 16°W, and Walvis Ridge at 4°W (Figure 1).
West of 31°W, W-LCDW is clearly identified as a layer of about 1,000 dbar of thickness lying between 3,000
and 4,000 dbar (Figure 4). There, it flows northward synchronically with AABW, and it differs from the
latter mainly in its dissolved oxygen concentration, ranging between 202 and 214 umol kg~' in W-LCDW
and 214-218 pumol kg_l in AABW, respectively (Figures 4c and 7b; Valla et al., 2018). W-LCDW is the less
oxygenated variety of LCDW (<214 umol kg™") and its properties can be traced back as a mixing between
AABW and NADW (Reid, 1989). East of 31°W, the LCDW isopycnal layer, as we have defined it, flows
southward and it extends vertically down to the seafloor (Figures 6b and 7b). As there is no AABW east to
30°W, LCDW is mainly influenced by the NADW, with slight differenc-
es in thermohaline properties across topographic features. Between the
Rio Grande Rise and the Mid Atlantic Ridge, there is still an influence of
W-LDCW, with relatively low oxygen, salinity and temperature, especial-
ly in the deep channel at 30°W (Figure 4). The warmest, relatively saltiest,

and highly oxygenated variety of LCDW is observed between the Mid-At-
lantic Ridge and the Walvis Ridge, possibly due to the influence of still

Water Pres. Sa (g Sp O, (umol
Mass Y'(kgm™) (dbar) @©(°C) kg (psu) kg™
SW <26.35 79 17.85 35.74 35.57 228.13
SACW 26.35-27.10 377

AAIW 27.10-27.60 921

UCDW 27.60-27.90 1549

NADW 27.90-28.10 2,637 2.47 35.02 34.85 223.39
LCDW 28.10-28.27 4,432 1.07 34.92 34.77 216.09
AABW >28.27 4,544

relatively pristine NADW. The fact that this portion of the section is shal-
lower than the Cape Basin, topography prevents the flow of the densest

11.63 3522 3505  211.34 (coldest) variety of LCDW. Finally, the most eroded variety of E-LCDW is

434 3448 3431  216.66 observed in the Cape Basin, east of 3°W. That water mass presents nota-
288 3476 3459  185.59 bly homogeneous thermohaline composition and therefore it is difficult
to trace its origin based solely on the thermohaline and dissolved oxygen
properties. It has been argued that the origin of E-LCDW can be traced
to older (e.g., relatively less salty and oxygenated) varieties of NADW and
007 3485 3467 215.87 AABW (Arhan et al., 2003; Gladyshev et al., 2008; Reid, 1989; Stramma

Note. Acronyms correspond to Surface Water (SW), South Atlantic & England, 1999).

Central Water (SACW), Antarctic Intermediate Water (AAIW), Upper

Circumpolar Deep Water (UCDW), North Atlantic Deep Water (NADW), Finally, in the western basin, younger AABW, the densest and coldest
Lower Circumpolar Deep Water (LCDW) and Antarctic Bottom Water ~ water mass (y" > 28.27 kg m™) extends from 3,420 dbar to the seafloor

(AABW).

and at 34.5°S is confined to the Argentine Basin west of 33°W. This water
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Figure 6. MSM60 meridional volume transport at 34.5°S in the South Atlantic. (a) Transport by isopycnal layers
referring to specific water masses. Each color represents a different method: direct observations from ADCPs are shown
in black (Method 1), while the rest are based on the geostrophic approaches and are shown in red, blue, green and
yellow for Methods 2, 3, 4, and 5, respectively. The dashed red line represents the volume transport estimate obtained
with no barotropic adjustment from Method 2. (b) West (red), East (blue) and total (black) transport by water mass
from Method 2. The South Atlantic was separated in West and East at 17°W, close to the Mid-Atlantic Ridge. (c) Volume
transport by water mass. Gray bars show the calculation from Method 2. The error bars represent the minimum and
maximum estimates from all the mass balanced methods used to estimate the total velocity using the original data. (d)
Cumulative volume transport by pressure level for the different methods.

mass is formed in the surroundings of Antarctica, mainly in the Weddell Sea (Orsi et al., 1999) and therefore
it is highly oxygenated (O, > 225 pumol kg™") and characterized by particularly low temperature (6 < 0°C).
The y = 28.27 kg m™>, which is commonly used to separate LCDW from AABW, closely follows the 0°C iso-
therm, also used as the upper bound for AABW (Georgi, 1981; Valla et al., 2019; Figure 4a).

The MSM60 data show that besides the common layering, substantial differences between the western and
the eastern basins can be identified (Figure 5, S5,and S6 and Table S1). These differences reflect the con-
trasting origins and trajectories of water masses converging in the South Atlantic at 34.5°S (A. L. Gordon
et al., 1992; Speich et al., 2001; 2007) that ultimately affects the large-scale transport of heat, freshwater and
biogeochemical components such as nutrients and carbon.

4.3. Volume, Heat and Freshwater Transports

We estimated an Ekman transport of —0.42 Sv across the entire transect using the satellite wind measure-
ments. The zonally integrated Ekman transport at 34.5°S computed for the period 2009-2018 from satellite
data shows a pronounced annual cycle. Austral winter values are the highest, with a maximum of 8.24 Sv
in June, due to the equatorward migration of the semi-permanent anticyclone in the atmosphere, whereas
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altimetry are shown in red. (b) Cumulative vertically integrated meridional transport across 34.5°S from west to east.
The individual water masses have been multiplied by 2 for better visualization. SADCP, ship-mounted acoustic doppler
current profilers.

in austral summer the Ekman transport is the lowest. Hence, the observed Ekman transport during the
MSM60 cruise was close to its climatological value for January of 0.27 Sv (Figure S8).

The volume transport from ADCPs measurements (Method 1) generates an initial imbalance of 8.54 Sy,
which is not surprising given that it took 28 days to cross the entire section and large transport variability
at shorter time scales (15.5 Sv daily standard deviation in the upper cell) revealed from daily trans-basin
transport estimates (Kersalé et al., 2020). Another possible source of error may be linked to a too coarse
sampling of the narrow and intense western boundary current below 1,000 dbar and where only data at
discrete CTD (LADCP) stations is available. Applying Method 2, this initial imbalance increases to 34.64 Sv
when we calculate the geostrophic transport relative to a level of no motion at ¥ = 28.10 kg m™>. As dis-
cussed in Section 3.2, transport estimates are particularly sensitive to the choice of such level (Figure 6 and
Table 3). However, this level allowed us to compare the results with previous studies in the region (Dong
et al., 2009; Ganachaud & Wunsch, 2003; S. L. Garzoli et al., 2013; Hernidndez-Guerra et al., 2019; Mc-
Donagh & King, 2005). In particular, this initial volume transport imbalance is similar to the 36 Sv obtained
by Hernandez-Guerra et al. (2019) using geostrophic velocities and the same level of no motion at 30°S.

The zonally integrated volume transport shows the two overturning cells expected at this latitude, with an
upper cell with northward transport in the SACW and AAIW layers approximately down to 1,300 dbar and
deeper southward transport of NADW. That is the cell that usually is referred in the literature as the AMOC

Table 3
Overturning Maximum (AMOC), Meridional Heat Transport (MHT) and Freshwater Transport (MFT) in the South
Atlantic at 34.5°S Calculations Using Different Approximations

Method 1 2 3 4 5

Data set ADCPs CTDs CTDs CTDs Argo/CTDs
Level of no-motion - y"28.1 3,400 dbar Bottom y"28.1
Barotropic adj. - Mass balance ~ Mass balance =~ LADCP bottom + Mass balance  Mass balance
AMOC (Sv) 11.14 15.18 14.55 17.21 15.20
MHT (PW) 0.26 0.23 0.19 0.38 0.35
MFT (Sv) 0.16 0.21 0.24 0.25 0.10

Note. CTD, conductivity-temperature-depth; LADCP, lowered acoustic doppler current profilers.
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or the upper overturning cell in contrast to the abyssal overturning cell (e.g., Kersalé et al., 2020). The upper
cell is, in our present climate state, more intense than the abyssal cell (Figure 6a). Between 1,300 dbar and
3,400 dbar, the volume transport is mostly southward and associated with NADW, while below 4,800 dbar it
switches to a northward flow associated with AABW. Between 3,400 dbar and 4,800 dbar, within the LCDW,
northward transport is observed in the west and southward transport is observed in the east, denoting zonal
differences (Figure 7b). Indeed, the only inconsistency found in the transport sign between ADCPs and
geostrophy was in the eastern LCDW, where ADCPs displayed a mean northward transport. This water
mass has been identified by a specific isopycnal layer. However, as we discussed in the previous sections,
the LCDW is indeed present near the western boundary at 34.5°S whereas it consists of modified LCDW
through mixing with AABW at the eastern end of the basin. This might explain the variability in the direc-
tion of the volume transport in this layer.

The AMOC,,,.x amounts to 15.64 + 1.39 Sv considering the original data and the three levels of no motion
with mass balance. The maximum northward transport of the cell is achieved between the surface and
1,156 + 17 dbar (Figure 6d), with estimates ranging between 14.55 Sv and 17.21 Sv depending on the method
and data used to compute the total meridional velocity, and 11.14 Sv for the ADCPs, that is not mass balanced
(Table 3). These AMOC transports are lower than previous estimates based on different methods and datasets
(S. L. Garzoli et al., 2013; Dong et al., 2009; 2014; Table 1). Nevertheless, the MSM60 based estimates fall with-
in the 17.3 + 5.0 Sv time mean upper cell transport from Kersalé et al. (2020) using PIES, which also presented
a very large peak-to-peak variability in the 2013-2017 period, and a very large transport anomaly (~-20 Sv) in
January 2017 (Figure S7). Overall, the recent studies from moored arrays have suggested that the transport var-
iability across 34.5°S is very high, even within a month. This strong basin-wide variability is mostly caused by
fluctuations at the western and eastern boundaries (Kersalé et al., 2020, 2019; C. S. Meinen et al., 2017, 2018).

The MHT estimate during MSM60 is 0.27 + 0.10 PW when derived from the mass balanced geostrophic ap-
proximation using three different levels of no-motion and 0.26 PW using ADCPs data. These values are also
lower than the estimates of 0.55 + 0.14 PW by Dong et al (2009) at 35°S. The low AMOC;,.x and MHT values
could be partially explained by the intense (heat) transport observed for the southward flowing BC during
the MSM60 cruise and the low AMOC,,,, state reported by Kersalé et al., (2020) for the same period. Moreo-
ver, the predominance of cyclonic eddies with large negative temperature anomalies along the section (e.g.,
C1 and C12) could also explain both the low MHT and the increase of 0.16 PW in MHT when replacing
the upper 1,700 dbar with the non-eddy Argo climatology (Table 3). As eddies are not perfectly symmetric
and were not crossed at the center, they have a net contribution to the MHT. While the contribution to the
MHT between 1,701 dbar and the bottom is —0.17 PW for both datasets (as they are essentially the same),
the upper 1,700 dbars contribution to the MHT are 0.40 and 0.55 PW for the original and Argo climatology
datasets, respectively. No substantial increase in the AMOC,,,, was observed for the above-mentioned data-
sets, where eddies under this eulerian approach seem to have a small contribution (Table 3).

Freshwater transport is on average 0.23 + 0.02 Sv when derived from the mass balanced geostrophic approx-
imation using three different levels of no-motion ranging from 0.10 to 0.25 Sv according to the method and
data set used (Table 3).

In order to assess how the volume transport is distributed not only in the vertical but also zonally across the
section, we computed the vertically integrated transport and the cumulative sum transport for each water
mass across the SAMBA section, from west to east (Figures 6b and 7b). In addition, we compared the aver-
aged upper 100 dbar geostrophic velocity derived from hydrography with Method 2 to SADCP velocity and
the surface geostrophic velocity derived from satellite altimetry ADT. They compare well, in terms of spatial
variability and amplitude and this gives confidence on in situ velocity estimates (Figure 7a). The vertical
integrated transport per longitude across the SAMBA section confirms, as discussed in previous studies
(e.g., C. S. Meinen et al., 2018), that the eastern and western boundaries play a dominant role in setting the
AMOC. The western boundary shows a northward flow from the shelf to the mid-slope at 50 °W, and then
an intense southward flow associated with both, the BC and the Deep Western Boundary current. On the
other hand, the eastern boundary is characterized by jets of alternating direction. The interior transport is
also structured in alternating south-north currents, but of lower amplitude (Figure 7b).

The zonal cumulative sum of transport per water mass for SW, SACW, AAIW and UCDW layers displays
a similar pattern. The largest transports are attributed to SACW and AAIW. The transport fluctuations of
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Figure 8. (a) Potential density (o,, kg m™?), (b) Conservative temperature (®,°C), and (c) Absolute salinity (Ss, g kg™") anomalies from MSM60 cruise at
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Diamonds in the top axis of each panel represent the MSM60 CTD stations colored in black, magenta or cyan depending if the station is outside or within
anticyclonic or cyclonic eddies, respectively. The upper panel in (a) shows a map with the cruise track in black, the contours of the anticyclonic and cyclonic
eddies with their corresponding number in magenta and cyan respectively, and the gray dots indicate the location of Argo profiles used for producing the
climatology. CTD, conductivity-temperature-depth; TOEddies, the ocean eddy detection and tracking algorithm.

these water masses are associated with boundary currents and mesoscale activity. Below, deep and bot-
tom water masses display a more uniform behavior, very likely because they are less influenced by intense
mesoscale dynamics. NADW has a negative transport almost across the entire section (from the western
continental slope to 3°E) with the strongest transport concentrated at the western boundary. LCDW flows
in the opposite direction. Its northward transport is observed across the section, from the western margin
to 3°E, although in the middle of the Atlantic, between 30°W and 3°E, LCDW transport is near 0. Between
3°E and 6°E LCDW and NADW transports are directed northward and southward, respectively. From 6°E to
12°E they switch direction. This is probably due to a deep and bottom water recirculation described by var-
ious authors in previous studies (Arhan et al., 1999; Gladyshev et al., 2008; Kersalé et al., 2019; Reid, 1989).
East of 12°E, transport in both water masses is southward. Finally, recently ventilated AABW transport is
mostly northward and is confined between 48°W and 33°W (Figure 7b).

4.4. Vertical Structure of Mesoscale Eddies and Western Boundary Currents

The summer climatology created from non-eddy Argo float profiles in the upper 1,700 dbar allowed to
estimate both the contribution of mesoscale eddies to oceanic transport of properties and the anomalies
associated with these structures in the water column. Anomalies up to 0.65 kg m~3, 5.5°C, and 0.95 g kg’1 in
density, conservative temperature and absolute salinity, respectively, are observed in the upper 1,000 dbars
associated with mesoscale eddies, with cold and fresh anomalies observed for CEs and warm and salty
anomalies for AEs as expected (Figure 8 and S9).
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During MSM60, at least four stations were occupied close to the center of mesoscale eddies, two cyclonic
(C1 and C12) and two anticyclonic (A3 and A6). C1, the most intense mesoscale structure crossed through
its center, displays anomalies that are about twice as large as in the other profiles and extends as deep as
1,600 dbar. Most of the eddies show more intense anomalies between about 100 and 700 dbar, suggesting
that they are subsurface intensified. Their identification based on surface properties only (weak ADT, SST)
can lead to an underestimation of the anomalies. For example, though C12 presents a positive SST anomaly
(3.89°C), while the vertical structure shows intense negative conservative temperature, absolute salinity
and positive density anomalies between 100 and 1,200 m depth, clearly indicating that this is a cyclonic
cold core eddy. Similarly, A3 and A6 do not show significant SST or salinity anomalies, though their core is
warmer and saltier than the surrounding waters (Figure 8).

One clear asymmetry between AEs and CEs is that the absolute maxima in density anomalies are observed
immediately above " = 26.35 kg m™ for AEs (surface intensified negative density anomalies) and imme-
diately below y" = 26.35 kg m™* for cyclonic eddies (subsurface intensified positive density anomalies). The
maximum (absolute value) in conservative temperature and absolute salinity anomalies follow the same
pattern. Below the thermocline, where stratification is weaker, the vertical displacement of the isopycnals
in A3 and A6 is larger than in the upper layers. The intense and deep-reaching eddies like C1 show an in-
version in salinity anomalies below 800 dbar essentially impacted by AAIW (Figure 8c).

The vertical structure of three mesoscale eddies (A3, A6, and C12) crossed very close to the center and
sampled with at least three CTD profiles exhibit very different characteristics. The easternmost eddy C1
was crossed near the eastern boundary, Anticyclone A6 was crossed east of the Mid-Atlantic Ridge and the
westernmost eddy C10 was located west of the Mid-Atlantic Ridge. Differences in sea-level height between
the center of the eddy and the maximum velocity contour are 5, 15, and 25 cm for C10, A6 and C1 respec-
tively (Figures 9a-9c). The SADCP and geostrophic (Method 2) meridional velocities are in good agreement
(Figures 9d-9i). Every contour of 5 cm in the ADT gradient for a typical radius of 40 km provides 0.15 m
s~ surface geostrophic velocities at this latitude, which is also the color interval in Figure 9d-i. The most
intense eddy, C1, shows currents of 0.8 m s™' with a stronger northward flow. These three eddies seem to
be subsurface intensified and separated from the surface. This is particularly true for C1 whose maximum
velocity core lies at 100 dbar. As the ADT gradient decreases, subsurface density anomalies decrease, cur-
rents within the eddy tend to get shallower, weaker, and the core region with velocities close to 0 wider
(Figure 9d-1).

In the western boundary, the BC appears as a narrow jet (50 km) between 50°W and 49.55°W associated
with a large tilt in the isopycnals. The continuous SADCP measurements allowed us to sample the core of
the BC at 49.85°W with southward mean velocities of about 0.8 m s™* in the upper 500 dbars. This is nearly
150 km offshore than the usual location of the BC at 51.5°W according to Valla et al., (2018). The BC was
surrounded by two cyclonic eddies, C12 and C13. C12 was centered north of 34.5°S and registered the max-
imum zonal velocity of the section (0.8 m s™'). TOEddies tracked C12 from the Zapiola gyre, with a mean
translation speed of about 8 km per day, nearly double that of the other CEs crossed (Figure 2b). SADCP,
ship-mounted acoustic doppler current profilers.

The volume transport between 50°W and 49.55°W associated with western boundary currents (BC and
Deep Western Boundary Current) was particularly intense, with a maximum transport of —35.60 Sv be-
tween surface and 2,827 dbar from from ADCPs (Method 1), and —46.19 Sv from surface to 2,842 dbar from
geostrophy (Method 2), respectively. Identifying the limit between the BC and the Deep Western Boundary
Current can be difficult as both currents flow southward near the slope. In the upper 1,000 dbars, both
methods display a strong jet with a mean meridional velocity about —0.5 m s™". Below 1,000 dbar, the south-
ward jet displays a progressively offshore shift in the downward direction, as observed by Valla et al. (2018;
Figure 10).

The BC volume transport from surface to 500 dbar, a common reported value, during MSM60 is —13.97—
—15.87 Sv from Method 1 and 2, respectively. In the upper 800 dbars, both methods display a volume trans-
port of —20.86——23.46, respectively. Our estimates agree to the —19.4 Sv at 35°S reported by S. L. Garzoli
et al., (2013) from 17 XBTs transects in the upper 800 m, and also with Schmid & Majumder (2018; and
references therein) who estimate a volume transport of -17.3 + 3.5 Sv combining Argo floats and sea surface
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Figure 9. Three mesoscale eddies crossed through their center during MSM60. Each column corresponds to a specific eddy and each row to one property. (a—c)
Absolute Dynamic Topography (ADT) observed from satellite altimetry (gray contours, 5 cm contour interval). The black line shows the cruise track over 34.5°S
and the black diamonds the CTD profiles location. Black and gray arrows represent the ocean current velocity vectors calculated from altimetry and geostrophy
(averaged over the upper 100 m), respectively. Cyan (magenta) and blue (red) contours represent the outermost and maximum velocity contours of the cyclonic
(anticyclonic) eddies, respectively. The dot represents the eddy centroid. (d-f) SADCP velocity. Black contours show neutral density isolines. (g-i) Geostrophic
velocity calculated relative to y = 28.1 kg m™ and then mass balanced. Black contours show neutral density isolines. The dashed line shows the CTD profile
positions. (j-1) Vertical profiles of potential density anomaly (kg m~?) calculated relative to the summer non-eddy Argo climatology.

height, also in the upper 800 m. The reason for our higher (~4 Sv) values could be related not only to the
temporal variability of the BC but also with the high-resolution data used here, allowing to sample the sharp
gradients associated with the boundary current.

4.5. Comparison with Nearby GO-SHIP Transects

Given the sensitivity of the transport estimates to the method used, a final analysis was undertaken to
compare our results with nearby GO-SHIP sections A09 at 24°S (King & Hamersley, 2010), A10 at 30°S (M.
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Figure 10. South Atlantic western boundary velocity structure at 34.5°S during the MSM60 cruise. (a) Horizontal map of the satellite derived absolute dynamic
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change in the horizontal resolution at 1000 dbar is due to the change from the SADCP observations gridded every 0.05° to the LADCP observations restricted

to the CTD profiles approximately every 0.5°. CTD, conductivity-temperature-depth; LADCP, lowered acoustic doppler current profilers; SADCP, ship-mounted

acoustic doppler current profilers.

Baringer & Macdonald, 2013) and MSM60 at 34.5°S (Table 4). Following the same approach as Method 2,
all data were gridded into a 0.05° by 1 dbar across the main latitude of each section. Then, we computed
the geostrophic velocity relative to " = 28.1 kg m™ as level of no motion, added the Ekman transport

Table 4

Volume Transport, Meridional Heat Transport (MHT) and Freshwater
Transport (MFT) Estimates of the Meridional Overturning Circulation
Through the Different trans-Atlantic Sections in This Study Applying the

Same Methodology: y" = 28.1 kg m™> as Level of No Motion a
Distributing the Imbalance Assumed as the Barotropic Flow

nd Equally

Section Date AMOC (Sv-dbar) MHT (PW) MFT (Sv)
A09 24°S Mar/09 24.47-1275 1.08 —0.23
A10 30°S Oct/11 20.43-1208 0.65 —0.02
MSM60 34.5°S  Jan/17 15.18-1175 0.23 0.21

in the upper 50 dbar and then added a uniform barotropic velocity in
order to achieve mass balance. It is important to underline that the zon-
al distance between grid point is different due to latitudinal variations,
with 0.05° representing 5058, 4812 and 4,579 m for 24°S, 30°S and 34.5°S,
respectively.

Overall, the results are consistent with previous studies (e.g., Ganachaud
& Wunsch, 2003). The computed AMOC volume transports are 24.47,
20.43 and 15.18 Sv, and MHT values are 1.08, 0.65 and 0.23 PW at 24°S,
30°S and 34.5°S, respectively (Table 4). Both, the northward heat trans-
port across all three sections and the AMOC strength increase northward
from 34.5°S. The increase rate is nearly linear between 34.5°S and 24°S,
being 0.09 PW and 0.08 PW, 1.17 Sv and 1.50 Sv per degree latitude from
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(d) ®-S, diagram.

34.5 °S to 30°S and from 30°S to 24°S, respectively. The latitudinal MHT changes in the upper limb of the
SAMOOC at 34.5°S relative to the A10 and A09 fluxes are mainly due to the northward transport increase in
the upper layers (SW to SACW). SW transport is particularly intense and northward at 24°S (9.9 Sv), less in-
tense at 30°S (6.1 Sv), and negative at 34.5°S (—0.4 Sv). SACW transport is close to 10 Sv at 24°S and 30°S and
7.35 Sv at 34.5°S. NADW is also about 6 Sv larger at lower latitudes than at 34.5°S (Figures 11c and Table 4).

The lower value of MHT at 34.5°S compared to the other two northern sections is partially explained by the
intense southward transport of the BC during MSM60 (Peterson & Stramma, 1991; Figure 11b). Moreover,
mesoscale eddies also play a role in the upper limb transport. At 34.5°S, mesoscale activity is more energetic
than at 30°S and 24°S (Laxenaire et al., 2018). Freshwater transport estimates show a convergence toward
the center of the South Atlantic gyre, as expected from the method used (Buckley & Marshall, 2016), with
negative values of —0.23 Sv and —0.02 Sv at 24°S and 30°S, while at 34.5°S freshwater transport is 0.21 Sv
(Table 4, Figure 11a). The implied freshwater convergence obtained between these latitudes (24°-34.5°S) is
quite large as the evaporation needed to achieve that balance should be about three times larger than the
annual mean (A. L. Gordon & Piola, 1983). The high sensitivity of the method, and the salt export through
the Bering Strait (27.6 10° kg s™!, Coachman & Aagaard, 1988), not considered here could explain the large
value obtained.
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The abyssal overturning cell appears clearly only at 34.5°S, although it is known that AABW flows north-
ward through the Vema Channel at 30°S. However, as only one CTD station was carried out in the Vema
Channel during A10 it was not possible to estimate the geostrophic transport there. NADW transport de-
creases from near —18 Sv at 24°S to —10.84 Sv 34.5°S. At 24°S there is no AABW nor abyssal overturning
cell. The northward limit of the abyssal cell seems to be close to 30°S, confining the AABW flow to the deep
Vema and Hunter Channels as suggested also by previous studies (e.g., Hogg et al., 1982; Valla et al., 2019).
Finally, although all the sections compared were done in austral spring or summer, observations and mod-
els show that the annual cycle in meridional heat transport can account for more than 30% of the variance
and should also be considered for comparisons (e.g., Dong et al., 2014). This also emphasizes the need for
more regular observations which are able to capture and account for the variations in the annual cycle.

5. Conclusions

This study provides a first description of the water mass structure, currents and meridional volume, heat,
and freshwater transport along 34.5°S in the South Atlantic Ocean. The meridional circulation of the upper,
deep and abyssal layers is described from direct observations for the first time and complements the efforts
by the SAMOC international initiative to determine and monitor the meridional circulation at this latitude,
which is a hot spot for the entire AMOC. We also describe and discuss the mesoscale eddy structures en-
countered during the cruise. Such mesoscale features explain most of the transbasin variability observed in
the upper 1,000 dbar.

At 34.5°S we find the abyssal overturning cell is weaker (2.4 + 1.6 Sv) than the upper cell (15.64 + 1.39 Sv)
and it consists of northward flow of AABW confined to the western basin. Across the section, a net meridi-
onal heat transport of 0.27 + 0.10 PW is observed from geostrophic approximations and 0.26 PW from direct
velocity observations (corrected for the mass imbalance over the section). These heat transport estimates
are lower than previously reported (~0.5 PW, Dong et al., 2015) and could be explained by the relatively low
intensity of the upper overturning cell during the cruise compared with the mean reported from moorings
(Kersalé et al., 2020) and the anomalous predominance of cold core eddies. In comparisons with neighbor-
ing transbasin sections, applying the same analysis methods, we find that the AMOC volume transport and
MHT increased toward the equator (0.65 PW at 30°S and 1.08 PW at 24°S). This agrees with previous results
indicating this unique characteristic of the equatorial MHT in the South Atlantic, and can be explained by
the intensified northward transport and warm waters in the upper layers being compensated by southward
flow of relatively cold NADW at depth. The decrease in strength of the upper overturning cell is, among
other phenomena, associated with the intensification of the warm Brazil Current (BC) flowing southward
between 24°S and 34.5°S, and to a minor extent mesoscale activity, leading to a weakening of the AMOC
with increasing latitude (from 24.47 Sv at 24°S to 15.18 Sv at 34.5°S).

One unique value of transbasin sections is having access to hydrographic properties and the flow field at
the same time. From the 34.5°S section we identify the existence of more recently ventilated water masses
on the western side of the basin and older waters in the east. The major differences in oxygen and thermo-
haline composition were observed within the AATW, NADW, and LCDW layers. AAIW is directly injected
from the Brazil-Malvinas Confluence region in the west while in the east is supplied mostly from the Indian
Ocean and therefore is saltier, warmer and less oxygenated. NADW flows southward and reaches 34.5°S
along both boundaries. Because of the indirect path, the eastern NADW branch is less salty and less oxy-
genated. LCDW is warmer and saltier in the eastern part of the section and also the transport changes sign
across the basin, flowing northward in the western part and southward in the eastern part.

Highest velocities are observed in the BC while transient, mesoscale eddies with high but alternating veloci-
ties are evident in the upper 500 m of the section. The eddies also carry water mass anomalies that originate
from the Indian Ocean and subantarctic waters originated from the Pacific before they dissolve near the
Brazil-Malvinas confluence. We find that the eddies have only a small impact on the upper overturning cell
but the MHT almost doubled when the eddies (predominantly cold core eddies) were removed. It should
also be noted that during the cruise we observed an anomalous predominance of CEs over AEs.

Whereas our results confirm previous findings that the South Atlantic circulation sets preferential paths
for inter-oceanic exchanges and actively participates in the transformation of water masses, particularly in
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regions of high mesoscale activity (e.g., S. L. Garzoli & Matano, 2011; Speich et al., 2007), they also show
the need of high-resolution observations, especially near the boundaries, to correctly resolve the meridional
transports.

Data Availability Statement

The data from the MSM60 cruise are available at: https://doi.org/10.2312/cr_msm60. ADT data were down-
loaded from http://marine.copernicus.eu/, SST from https://podaac.jpl.nasa.gov/, eddy tracking from
https://vesg.ipsl.upmec.fr/thredds/catalog/TPSLFS/rlaxe/catalog.html?data set=DatasetScanIPSLFS/rlaxe/
Database_ South_Atl.zip. GO-SHIP datasets were downloaded from http://cchdo.ucsd.edu.
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