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Abstract
The ocean, like the atmosphere, is a key component of the climate system redistributing
heat from lower to higher latitudes. Also, it has absorbed the majority of the anthro-
pogenic heat through its large heat capacity. The Atlantic Meridional Overturning Cir-
culation (AMOC) is the main mechanism in how the ocean redistributes heat and other
properties across this basin. The AMOC has historically received special attention in its
northern basin due to its large contribution to the global circulation and influence over
the climate in Europe and North America. Over the last decade, the e�orts to observe
the global ocean and in particular the South Atlantic have increased, as this basin has
the unique characteristic to export heat to the northern hemisphere across the equator
and it connects the AMOC with the other ocean basins.

This Ph.D. thesis aims to understand new insights from the South Atlantic Ocean
circulation from a physical oceanography perspective, using the exponentially growing
number of observations provided by the deployment of Argo floats, ship-based hydrog-
raphy, and satellite observations. The study uses di�erent new analyses applied to the
ocean and to a recently released atmospheric reanalysis. The Ph.D. work has focused on
three di�erent aspects of the South Atlantic Circulation. In the first part, it has aimed
to assess the meridional volume, freshwater, and heat (MHT) transports at 34.5°S in
the South Atlantic in the first GO-SHIP hydrographic transect at this latitude that took
place in January 2017. An upper and an abyssal overturning cell are identified with a
strength of 15.64 ± 1.39 Sv and 2.4 ± 1.6 Sv, 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 zonal changes
in water masses properties and velocity denote the imprint of exchange pathways with
both the Southern and the Indian oceans.

During the second part of the Ph.D., the analysis focused on the Brazil-Malvinas
Confluence, which is the region where opposing and intense western boundary currents,
major contributors of the AMOC, meet along the Southwestern Atlantic slope. Based on
shipborne observations combined with satellite data and an eddy tracking algorithm, we
analyze the cross-shelf exchanges during May 2016. Two types of shelf water export were
observed triggered by mesoscale dynamics: one was the export of shallow Rio de la Plata
Plume waters driven o�-shelf by the retroflection of the Brazil Current. An additional
type of o�-shelf transport consisted of a subsurface layer of Subantarctic Shelf Waters that
subducted at the Confluence. We show that geostrophic currents derived from satellite
altimetry over the slope can be useful to track this subsurface o�-shelf export as they

i



Chapter 0. Abstract

are significantly correlated with absolute velocity measurements at this depth. Moreover,
Argo temperature and salinity profiles show evidence of these two types of shelf water
export, suggesting this is a relatively frequent phenomenon.

The last part of the study consisted of studying the natural coupled variability of
ocean and atmosphere by applying the Multivariate Singular Spectrum Analysis (MSSA)
to the ERA5 dataset. We identified prominent interannual oscillations of 12.8 and 5.3
year periods, characterized by a basinwide southwest-northeast anticlockwise propagation
pattern. The novelty of these results relies on that MSSA allows characterizing the spatio-
temporal evolution of the variability mode. The results of the Ph.D. work have been
summarized in three papers prepared for international A-rated scientific journals. Two
of them have already been published.

Keywords : Heat transport, mesoscale eddies, shelf water export, coupled variability
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Résumé
L’océan, comme l’atmosphère, est un élément clé du système climatique qui redistribue
la chaleur des basses vers les hautes latitudes. Il a également absorbé la majorité de la
chaleur anthropique grâce à sa grande capacité thermique. La circulation méridienne de
retournement de l’Atlantique (AMOC) est le principal mécanisme par lequel l’océan re-
distribue la chaleur et d’autres propriétés dans ce bassin. Historiquement, l’AMOC a fait
l’objet d’une attention particulière dans son bassin nord en raison de sa grande contribu-
tion à la circulation mondiale et de son influence sur le climat en Europe et en Amérique
du Nord. Au cours de la dernière décennie, les e�orts d’observation de l’océan global
et en particulier de l’Atlantique Sud ont augmenté, car ce bassin a la caractéristique
unique d’exporter de la chaleur vers l’hémisphère Nord à travers l’équateur et connecte
l’AMOC avec les autres bassins océaniques. Ce doctorat vise à améliorer la compréhen-
sion de la circulation dans l’océan Atlantique Sud du point de vue de l’océanographie
physique, en utilisant le nombre croissant d’observations fournies par les flotteurs Argo,
des mesures hydrographiques et des observations satellitaires. Le travail s’est concentré
sur trois aspects di�érents de la circulation de l’Atlantique Sud. Dans la première par-
tie, il s’agissait d’évaluer les transports méridiens de volume, d’eau douce et de chaleur
(MHT) à 34.5°S dans l’Atlantique Sud lors du premier transect hydrographique GO-SHIP
à cette latitude, en janvier 2017. Une cellule de retournement supérieure et une cellule de
retournement abyssale sont identifiées avec une force de 15.64 ± 1.39 Sv et 2.4 ± 1.6 Sv,
respectivement. La MHT nette vers le nord-est de 0.27 ± 0.10 PW, augmentant de 0.12
PW lorsque nous retirons les tourbillons de méso-échelle observés avec une climatologie
dérivée de l’ensemble de données des flotteurs Argo. Nous attribuons cette di�érence
à une prédominance anormale des tourbillons de cœur froid pendant la période de la
campagne. Au cours de la deuxième partie du doctorat, l’analyse s’est concentrée sur la
confluence Brésil-Malouines, qui est la région où des courants de bord ouest opposés et
intenses, contributeurs majeurs du AMOC, se rencontrent et génèrent l’une des régions les
plus énergétiques de l’océan mondial. Sur la base d’observations embarquées combinées
à des données satellitaires et à un algorithme de suivi des tourbillons, nous analysons les
échanges trans-plateau au cours du mois de mai 2016. Deux types d’exportation d’eau
du plateau ont été observés, déclenchés par la dynamique de mésoéchelle: l’exportation
des eaux peu profondes du panache du Rio de la Plata, entraînées hors du plateau par
la rétroflexion du courant du Brésil, et le transport vers le large d’une couche d’eaux du
plateau subantarctique situé sous la surface, qui s’est subductée à la confluence. Nous
montrons que les courants géostrophiques dérivés de l’altimétrie par satellite au-dessus
du talus peuvent être utiles pour suivre cette exportation hors plateau en subsurface.
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Chapter 0. Résumé

De plus, les profils de température et de salinité Argo montrent des preuves de ces deux
types d’exportation d’eau du plateau, suggérant qu’il s’agit d’un phénomène relativement
fréquent. La dernière partie de l’étude a consisté à étudier la variabilité naturelle couplée
de l’océan et de l’atmosphère en appliquant l’analyse multivariée du spectre singulier
(MSSA) au jeu de données ERA5. Nous avons identifié des oscillations interannuelles
importantes de périodes de 12 et 5 ans, caractérisées par un modèle de propagation
sud-ouest-nord-est dans le sens inverse des aiguilles d’une montre. La nouveauté de
ces résultats repose sur le fait que la méthode MSSA permet de caractériser l’évolution
spatio-temporelle du mode de variabilité. Les résultats de ces travaux ont été résumés
dans trois articles préparés pour des revues scientifiques internationales de rang A, dont
deux d’entre eux ont déjà été publiés.

Mots clés : Transport de chaleur, tourbillons à mésoéchelle, exportation de l’eau du
plateau, variabilité couplée
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Preface: Too big to see it
The accelerated consequences of climate change have resulted in what is often called a
climate crisis. The global surface temperature has been rising since the late 1800s as
a function of cumulative anthropogenic CO2 emissions. A warmer climate is a system
with higher energy and therefore prone to extreme events. Most of the energy has been
captured by the ocean; a warmer ocean expands its volume and, also due to the melting
of ice caps, the sea level increases. The majority of the consequences are negative for
humanity and biodiversity. Meanwhile, ocean observations are being created at exponen-
tial acceleration, and both the generation of knowledge and specific actions to stop the
climate crisis need to increase at the same rate. Although this thesis won’t change the
course of history, actions based on knowledge will. There is no Planet B.
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Glossary

This section aims to help those readers non-familiar with the field and/or region of study,
in which some acronyms are usually taken for granted. Acronyms are mostly restricted
to the long terms repeated several times and are introduced throughout the text.

((S)A)MOC ((South) Atlantic) Meridional Overturning Circulation: it refers to the
oceanic circulation crossing latitudes but also to the intensity in Sverdrups (1Sv =
106

m
3
s

≠1)

ADCP Acoustic Doppler Current Profiler: measure water velocity. There can be ones
mounted in the Vessel-Ship (VADCP-SADCP), and other ones lowered (lADCP) in
the CTD-rosette

ADT Absolute Dynamic Topography: satellite field, estimate surface currents and allows
to detect eddies

AEs, CEs Anticyclonic and Cyclonic mesoscale eddies: Warm and cold-core, respec-
tively

BMC Brazil Malvinas Confluence: the region where Brazil and Malvinas Currents meet

CTD Conductivity-Temperature-Depth: is the main instrument in oceanography, mea-
sures conductivity and temperature while it is lowered into the water, obtaining a
vertical profile

EEZ Exclusive economic zone: is an area of the ocean, generally extending 200 nautical
miles from the coast in which a nation has jurisdiction over living and nonliving
resources

GO-SHIP Global Ocean Ship-based Hydrographic Investigations Program: Oceanic sec-
tions doing full-water profiling with high resolution and data quality standards

M-SSA Multivariate Singular Spectrum Analysis: A statistical technique to find oscilla-
tions (usually through time) in the data combining di�erent variables

MHT Meridional Heat Transport: Heat transport across an oceanic section in PW
(1015

W )

Oceanic Front Were two distinct water masses meet, usually associated with ocean cur-
rents. Most of the relevant oceanographic processes occur along fronts, especially
related to primary production increasing, plankton accumulation, and high density
of fishery resources
STF Subtropical Front, STSF Subtropical Shelf Front, SAF Subantarctic Front

ix



Glossary

RdlP Rio de la Plata: refers to the estuary, usually its huge discharges, while (RD)PPW
refers to the low salinity water mass in which the discharges are mixed, covering a
much larger area

SSS Sea surface Salinity: usually referred to the satellite field

SST Sea Surface Temperature: usually referred to the satellite field

T-S (diagram) Temperature-Salinity (diagram). These are the main variables to iden-
tify water masses at a given pressure, usually measured from the CTD. The T-S
diagram is the graphical representation of the profiles

TOEddies Tracking Ocean Eddies: Satellite mesoscale eddy tracking algorithm used here

TSG Thermosalinograph: measures near-surface temperature and salinity as the ship
moves

Water Mass A body of water with a common formation history. After sinking and
losing contact with the atmosphere conserves its density, temperature and salinity
properties and therefore is traceable through the deep ocean. It is often called like
the region where it is formed (sinks) and the depth level it reaches (intermediate,
deep, bottom). It also refers to a body of water in contact with the atmosphere, and
in this case it usually has a large T-S range.
AABW Antarctic Bottom Water, AAIW Antarctic Intermediate Water, STSW
Subtropical Shelf Water, TW Tropical Water, UCDW Upper Circumpolar Deep
Water, SACW South Atlantic Central Water, SASW Subantarctic Shelf Water,
NADW North Atlantic Deep Water, LCDW Lower Circumpolar Deep Water,
RDPPW Rio de la Plata Plume Water

WBC Western Boundary Current: intense currents found on the western slope of oceanic
basins

x



Chapter 1
General Introduction

This chapter begins with a brief introduction to basic concepts of physical
oceanography and the oceanic meridional overturning circulation. Then, the
large scale circulation in the South Atlantic is described, followed by the intro-
duction of the concept of mesoscale dynamics and mesoscale eddies. Finally, a
brief review of the history and main components of the global ocean observing
system is presented, leading to the outline of the general objectives of the thesis.
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Chapter 1. General Introduction

1 The ocean in the climate system and the Merid-
ional Overturning Circulation

The ocean, like the atmosphere, is a key component of the climate system. They both
redistribute the net surplus in radiative heating at the top of the atmosphere in the
tropical region toward the high latitudes which have a radiative deficit (Wunsch, 2005;
Czaja et al., 2006; Fig.1.1a). While in the atmosphere, the poleward energy flux is
mainly achieved by the Hadley cell in the tropics and the transients in the extratropics
(Trenberth et al., 2003), in the ocean is carried out by the large-scale circulation and
mesoscale eddies both in the tropics and extratropics (Wunsch, 1999; Jayne et al., 2002;
Ferrari et al., 2011). The ocean has also absorbed nearly 90% of the anthropogenic heat
(Levitus et al., 2012; Von Schuckmann et al., 2020; Fig.1.1b) and 30% of the carbon
(Khatiwala et al., 2013; Friedlingstein et al., 2021) due to its large heat capacity and
the carbonate system, respectively. Without the ocean, the increase of temperature in
the atmosphere would be several times higher than the observed since the preindustrial
conditions.
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Figure 1.1: a) Annual average net heat flux (W/m
2). Positive: heat gain by the sea.

Negative: heat loss by the sea. Data are from the NOCS climatology (Grist et al., 2003).
Superimposed numbers and arrows are the meridional heat transports (PW). Positive
transports are northward. Taken from Talley, 2011. b) Change in the heat content of the
di�erent components of the climate system. Taken from Von Schuckmann et al., 2020.

The Meridional Overturning Circulation (MOC) is a major mechanism in how the
ocean redistributes heat (Talley, 2003). The MOC connects the overturning 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

2



1. The ocean in the climate system and the Meridional Overturning Circulation

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, 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 “lower” 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 (Talley, 2003; Lumpkin et al., 2007; McDougall et al., 2017).

The Atlantic component of the MOC (AMOC) in the northern basin, historically has
received special attention, because it is known to have a large contribution to the global
MOC and an influence on the climate of Europe and North America (Srokosz et al.,
2015). Over the last decade, the e�orts to observe the global ocean and in particular the
South Atlantic have increased, as this basin is the only one with a net heat transport
from high latitudes to the equator, because the upper 1200 m layer flows northward to
compensate for the southward export of colder NADW (Garzoli et al., 2013; Buckley et
al., 2016; Fig.1.2). Paleoclimatic records show abrupt climatic changes in the past linked
with changes in the AMOC. In particular, a cooling of the North Atlantic countries has
been proposed when the AMOC weakened (Peterson et al., 2000; Ganopolski et al., 2001;
Stott et al., 2002).
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Figure 1.2: Schematic figure of the Meridional Overturning Circulation. The lower left
panel shows a simplified version of the two overturning cells in the Atlantic. Modified
from Talley, 2013.

The term AMOC is not only referred to the meridional circulation but also to a
measure of the intensity of the circulation as the zonally and vertically accumulated
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Chapter 1. General Introduction

flow at each latitude, connecting the northward flowing of surface warm waters and the
southward flowing of deeper cold waters across all latitudes. Therefore, it is positively
and nearly linearly correlated with the MHT (e.g. Garzoli et al., 2013; Dong et al.,
2015). How the AMOC and the MHT are measured and calculated is defined in Chapter
2. The AMOC displays variability at all time scales, not only due to the slow density-
driven movements (years-decades) of the sinking waters in higher latitudes as historically
conceived but also at high frequencies (days-weeks) due to deep ocean mesoscale activity
and propagating waves, among other mechanisms (e.g. Kersale et al., 2020; Kersalé et al.,
2021). Therefore, the AMOC is an important element of the oceanic circulation both in
the North and South Atlantic that need to be considered not only in a steady state but
also as time-varying (Frajka-Williams et al., 2019).

2 The large scale circulation, the South Atlantic, and
its variability modes

The large scale atmospheric and ocean circulations are influenced by the rotation of the
Earth, are stratified, and their horizontal extension is much larger than the vertical, and
so are the magnitude of the velocities in these axes. While in the vertical axis (z) the
pressure gradients tend to be balanced by gravity throughout the hydrostatic balance
(Eq. 1.1), in the horizontal axes (x,y) the pressure gradients tend to be balanced by the
Earth’s rotation, the Coriolis e�ect, in what is called the geostrophic balance (Eq. 1.2):

flg = ˆp

ˆz
(1.1)

(ug, vg) = (≠1
flf

ˆp

ˆy
,

1
flf

ˆp

ˆx
) (1.2)

Where p is pressure, r density, ug, vg, are zonal and meridional geostrophic velocities,
and f the Coriolis parameter, f = 2Wsin(f), with W the rotation rate of the earth and
f is the latitude. On the large scale (days, approximately 50 and 500 km for ocean
and atmosphere respectively), away from the Equator and the frontiers, the ocean and
atmosphere movements are very close to the geostrophic balance, and therefore a pressure
field can provide information on the horizontal circulation. The flow follows the isobars
with the high pressure towards the left (right) in the Southern (Northern) Hemisphere
due to the change of sign of the Coriolis parameter (Fig.1.3).

Several analyses can be done in order to understand to what extent geostrophic bal-
ance appropriately explains the oceanic circulation, as it is clear that small-scale fast
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2. The large scale circulation, the South Atlantic, and its variability modes

Figure 1.3: a) Mean atmospheric sea level pressure for January. b) Schematic circulation
of oceanic surface currents in the South Atlantic. Taken from Peterson et al., 1991.

movements in the ocean are not balanced by Earth’s rotation. The adimensional Rossby
Number (Ro) compares the ratio between rotation and advection terms in the momentum
balance of the Navier-Stokes equations:

Ro = U

Lf
(1.3)

where U and L are the typical velocity and length scales, respectively, and f is the
Coriolis parameter. When Ro « 1, the main balance in the momentum equation reduces
to the balance between Coriolis and the pressure gradient force, and therefore the flow
is considered geostrophic. This analysis can be taken further by introducing the first
baroclinic Rossby deformation radius (Rd), which is an intrinsic scale of the ocean that
accounts for the e�ects of ocean stratification and Earth rotation:

Rd = NH

f
(1.4)

where N is the Brunt–Väisälä frequency, which is a measure of stratification, H is a
vertical scale of the ocean stratification, and f is the Coriolis parameter. Rd gives an
approximation of the minimum horizontal scale in which the ocean structures will satisfy
the geostrophic balance. Typical values for the ocean are N = 3 10≠3

s
≠1, H=1km, and

f = 10≠4
s

≠1, and therefore Rd 30km. Rd increases towards lower latitudes as oceanic
stratification increases and the Coriolis parameter decreases, and also decreases in the
shallow continental shelves following ocean depth (Fig.1.4).

The large-scale circulation in the subtropical South Atlantic is dominated by high-
pressure circulation in the lower atmosphere and upper ocean (also referred to as “sub-
tropical gyre”; Fig.1.3). The atmospheric high-pressure circulation, the semipermanent
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Figure 1.4: Internal Rossby radius of deformation (km).

anticyclone, is strongly associated with the subsidence of the polar branch of the Hadley
cell at about 30ºS, with the trades and westerlies blowing at the surface in the equatorial
and poleward side of the gyre, respectively. The ocean subtropical gyre is essentially
wind-driven. At the large scale, it can be described by geostrophic currents in response
to the sea level increase due to the convergent Ekman transport towards the center of
the gyre. The subtropical atmosphere and ocean circulation are coupled. Changes in the
position and strength of the atmospheric anticyclone will determine changes in the ocean
gyre, adding predictability to the system, not only at the annual but also at intraseasonal
and interannual time scales (Venegas et al., 1997; Rodrigues et al., 2015).

The atmospheric and oceanic circulation in the South Atlantic are not only locally but
also remotely forced. The El Niño Southern Oscillation (ENSO) occurring in the Tropical
Pacific is the main driver of interannual variability in the South Atlantic (e.g. Venegas
et al., 1997; Barreiro et al., 2004 ; Rodrigues et al., 2015). For example, ENSO events
trigger the Pacific–South American wave train that causes a weakening and meridional
shift of the South Atlantic anticyclone, and as a consequence low-level wind and SST
anomalies are observed in the region (Rodrigues et al., 2015). The Southern Annular
Mode (SAM), or Antarctic Oscillation (AAO), describes latitudinal shifts of the westerlies
and also displaces the Atlantic anticyclone, in addition to inducing remote e�ects in
the low-latitudes of the South Atlantic. For example, the northward advection of cold
waters over the Southwestern Atlantic shelf is negatively correlated with the SAM on
interannual scales. The SAM induces along-shore wind stress anomalies that induce an
Ekman transport that in turn generates the cross-shore pressure gradient that modulates
the along-shore transport variability (Lago et al., 2021).
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2. The large scale circulation, the South Atlantic, and its variability modes

The main di�erence in the structure of the atmospheric and oceanic subtropical cir-
culation is that the atmospheric circulation is relatively symmetric along a zonal axis,
whereas the ocean gyre is not. The poleward flow of the ocean is indeed restricted to an
intense narrow current flowing along the continental slope in the west of the basin, named
Western Boundary Current (WBC). The South Brazil Current is the WBC of the South
Atlantic subtropical gyre. WBCs are topographically steered and follow the isobaths over
the slope. Moreover, they are majorly responsible for the total ocean heat transport due
to both the intense speeds and the thermohaline di�erences with the surrounding ocean
(Talley, 2011).

A distinguishable characteristic of the South Atlantic is the fact that it is intimately
connected with other three WBCs in other oceanic basins: the Agulhas, the Malvinas
and the Deep Western Boundary Current. The density-driven Deep Western Boundary
Current is formed by buoyancy loss in the Labrador and Greenland Seas in the North
Atlantic and is composed of sinking North Atlantic Deep Water (NADW) flowing south-
ward at about 2000 to 3800 m of depth until the Southern Ocean (Smethie Jr et al.,
2000; Fig.1.3). The Malvinas and Agulhas Current are, as the South Brazil, wind-driven.
These two currents irrupt into the South Atlantic steered by the geometry of the conti-
nents and their dynamical nonlinearities, materializing the cold and warm water route of
the AMOC, respectively (Gordon, 1986; Speich et al., 2001; Rühs et al., 2019).

In the Eastern South Atlantic, the Agulhas Current, the South Indian subtropical
gyre WBC, leaks into the Atlantic as the African Continent extends only up to 35ºS
whereas the zero wind curl is located poleward of this latitude. The Agulhas Current
Leakage sheds among the biggest and long-lived anticyclonic eddies, named Agulhas
Rings. These eddies are known to transport heat and salt from the Indian Ocean into the
South Atlantic (McDonagh et al., 1999). On the western end of the South Atlantic, the
South American continent extends southward until 55ºS. There, the interaction between
the bottom topography and the Antarctic Circumpolar Current nonlinearities act upon
deflecting a branch of this current northward, along the continental slope. This branch is
then called Malvinas Current. It penetrates the South Atlantic ocean as far as converging
with the South Brazil Current into the Brazil-Malvinas Confluence (Olson et al., 1988;
Peterson et al., 1991).

The Brazil-Malvinas Confluence is precisely the region where these opposing and in-
tense WBCs meet along the Southwestern Atlantic slope at about 38ºS. As for other
confluence regions in the world ocean, the Brazil-Malvinas Confluence is very energetic.
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It is characterized by high eddy kinetic energy and mesoscale activity. It is a region of
intense mixing and water mass transformation. In such a dynamic regime, cross-shelf
exchanges occur (e.g. Guerrero et al., 2014). Therefore, the Brazil-Malvinas Confluence
is a region of particular interest in the basin (Olson et al., 1988; Fig.1.5).
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Figure 1.5: Schematic figure of the South Atlantic Western Boundary Currents. The
South Brazil Current, Agulhas Current and Agulhas rings shed into the Atlantic, Malv-
inas Current, and the Deep Western Boundary Current. In shades, it is shown the
bathymetry and gray lines show mean dynamic topography.

3 The ocean observing system and mesoscale eddies

Mesoscale eddies are ubiquitous structures in the ocean and one of the major sources of
ocean variability (Stammer, 1997; Wunsch, 1999; Chelton et al., 2011). These round-
shaped structures of 20-200 kilometers in diameter spin faster than they translate, and
as a consequence they trap water in their core, advecting ocean properties like heat,
salt, mass, and other biogeochemical properties across the World Ocean (Chelton et al.,
1990; Chelton et al., 2011). The eddies are defined as mesoscale when their radius is
larger or equal to Rd, and therefore are thought to be in near geostrophic balance, while
oceanic structures smaller than Rd are defined as submesoscale (McWilliams, 2019). In
the Southern Hemisphere, warm-core mesoscale eddies that produce an increase in sea
level height and spin anticlockwise are called anticyclonic eddies, while those who have
cold-core, produce a depression in sea level height and spin clockwise are called cyclonic
eddies. Below the surface, anticyclonic eddies generate mass convergence, downwelling
vertical movements and therefore a depression of the isopycnals, while cyclonic eddies
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3. The ocean observing system and mesoscale eddies

generate mass divergence, upwelling movements and a rising of the isopycnals. The
former movement can upwell nutrient-rich waters into the euphotic layer, and therefore
increase primary productivity at depth (Cornec et al., 2021; Fig.1.6).

Figure 1.6: Schematic figure of mesoscale eddies in the Southern Hemisphere. Modified
from Ioannou, 2019.

The existence of mesoscale eddies was already known from theory and sparse in situ
observations (e.g. Fuglister et al., 1951), in particular from dedicated field experiments
(e.g. The POLYMODE program; Collins et al., 1989). However, it was not until the in-
troduction of satellite observations in the late 1970s that it was possible to see a snapshot
of the surface global ocean revealing the ubiquitous presence of mesoscale eddies. A new
era of observations was then introduced (Abdalla et al., 2021). Since the beginning of
the infrared imagery of Earth’s surface, very useful information was gathered including
aspects of the oceanic circulation. For example, intense gradients over the slope and
round-shaped patches of contrasting temperature revealed the presence of WBCs and
mesoscale eddies, respectively (Olson et al., 1988; Fig.1.7).

Since the introduction of satellite altimetry in 1992, it was possible to estimate the
near-surface geostrophic velocity of the ocean (Stammer et al., 2017). Satellite altimetry
can measure the sea level height with a precision of millimeters (Chelton et al., 2011;
Chelton et al., 2007; Hernandez et al., 1995), and by using the sea level height field, it is
possible to adapt Equation 1 to estimate the surface geostrophic velocity:
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(ug, vg) = (≠g

f

ˆ÷

ˆy
,

g

f

ˆ÷

ˆx
) (1.5)

Were ug,vg are zonal and meridional geostrophic velocities, g and f gravity and Coriolis
parameter respectively, and the sea level height (Stewart, 2008).

Figure 1.7: a) Overview of the surface temperature in the Brazil-Malvinas Confluence
region during February 1985. Warm waters (>20ºC) are coded in red, temperature de-
creases grading through yellow and green with blues being the coldest (<7ºC). This time
frame corresponds to a southward extension of the Brazil Current and the formation of a
large anticyclonic warm eddy. Taken from Olson et al., 1988. b) Sea surface temperature
in the Brazil-Malvinas Confluence as in a) but for a given day in February 2017. The
vectors show altimetry-derived geostrophic velocities, and the red and blue contours an-
ticyclonic and cyclonic eddies from an eddy tracking algorithm, respectively. The green
line delimits the shelf-break at the 200m isobath.

In this way, it was now possible to have an estimation of the di�erence in the geostrophic
velocity between two points. Nevertheless, satellite altimetry has several limitations such
as: it is not possible to have a precise knowledge of the long term mean geostrophic
circulation because a detailed mapping of the geoid is needed and this is still missing, and
also satellite precision has changed over the time (Stammer et al., 2017); observations are
done only at nadir, and therefore the measure is made only along the satellite track leading
to an e�ective resolution lower than Rd in some regions depending on the frequency and
distances of the satellite passages (Morrow et al., 2019; Fig.1.8). Moreover, ageostrophic
movements in the ocean cannot be neglected. In spite of this, satellite altimetry is still
a very good first-order approximation to the near-surface absolute velocity for the large-
scale ocean circulation (Ro « 1), as decades of comparisons with in-situ observations have
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demonstrated and therefore, at this scale (Ro « 1), sea surface isolines are equivalent to
streamlines (Abdalla et al., 2021).

Figure 1.8: Schematic figure of satellite altimetry measurements. Taken from https:
//www.eumetsat.int/

Satellite altimetry also allows to identify and track mesoscale eddies by finding a sea-
level relative extreme enclosed by streamlines of sea level of a similar size to the Rd.
Many of the observed eddies behave as coherent structures over time. They also move
at a velocity that is less than a distance equivalent to their diameter each day. As a
consequence, the eddies areas (that can be visualized as closed streamlines or sea-surface
contours) overlap through consecutive days. This allows the use of gridded maps of ob-
servations (SST or Sea Surface height, for example) to detect and track ocean eddies that
are visible from such fields. Recently, objective eddy detection and tracking algorithms
have been developed (Chaigneau et al., 2008; Chaigneau et al., 2011; Chelton et al.,
2011; Pegliasco et al., 2015). In this study we will make an extensively use of a recent
algorithm, TOEddies that not only detects eddies but also identifies the eddy splitting
and merging events they undergo and colocalize the eddies with in situ vertical profiles
achieved by Argo profiling floats and research cruises (Laxenaire et al., 2018; Laxenaire
et al., 2019; Laxenaire et al., 2020).

As the ocean observing system expands, so is our capacity to study it. Nowadays, a
common practice to monitor and study the ocean is to combine satellite observations,
which give spatial and temporal information about the ocean, though these are restricted
to the surface layers and to a few variables only (sea surface temperature, sea surface
salinity, ocean color, sea level and derived geostrophic currents) with autonomous plat-
forms in the ocean taking measurements at one point in the ocean but adding information
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Chapter 1. General Introduction

on the vertical and/or the same as satellite plus other variables. For example, a com-
mon complementary dataset for satellite eddy tracking algorithms is the colocalized Argo
profiles, allowing to study the 3-D evolution of eddies in a completely autonomous way
(Laxenaire et al., 2019; Laxenaire et al., 2020; Cornec et al., 2021). Argo floats are au-
tonomous vertical profiling floats drifting in the ocean usually at 1000 m of depth and
making a profile of temperature and salinity from 2000 m up to the surface every 10 days
(Fig.1.9). The Argo International Program began in 2000 and has increased exponen-
tially over the last decade due to its huge success, being a major contributor to what has
been called a ‘’Data Tsunami” in oceanography (Brett et al., 2020).

Figure 1.9: a) Argo cycle scheme. Taken from Jayne et al., 2017.

Several other platforms have contributed to the ‘’Data Tsunami” of the Global Ocean
Observation System (GOOS), most of them autonomous, reducing operational costs and
making a revolutionary contribution to oceanography. The Argo program now contains
more than 2 million profiles and about 4000 active floats (e.g. Wong et al., 2020), and it
is expanding towards Biogeochemical (BGC)Argo, measuring other variables like oxygen,
fluorescence and nutrients, and the Deep Argo program, with floats profiling down to
6000m (Roemmich et al., 2019). The Animal Borne Ocean Sensors (AniBOS) network has
allowed obtaining crucial CTD profiles in high latitudes over the last decade, especially in
polar regions where part of the ocean is covered by ice and therefore di�cult to access (e.g.
McMahon et al., 2021). Gliders allow monitoring of oceanic sections quasi permanently
at a low operational cost (e.g. Rudnick et al., 2017). Saildrones allow to study the
ocean-atmosphere interface much more precisely than large ships, that mix the water
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column, and where instruments can be several meters apart (e.g. Gentemann et al.,
2020; Fig.1.10).

Figure 1.10: a) Timeline of oceanic casts. Taken from Brett et al., 2020. b) Timeline
of oceanic platforms. Modified from Chai et al., 2020. In this diagram, the dates of the
introduction of each instrument are a very raw approximation.

Also, the number of moorings has increased exponentially over the last decade. In the
ocean bottom, Current and Pressure-recording Inverted Echo Sounders (CPIES) allow
to estimate the volume transport through the water column. By displaying an array of
CPIES over a latitudinal line in an ocean basin separated by a distance similar to Rd ,
and combined with in situ ocean density profiles and satellite observations, it is possible
to obtain a time series of the estimated MOC at that latitude (Meinen et al., 2018). Most
of the CPIES have been concentrated along the boundaries because it is where most of
the transport takes place, and it is also closer to ports, reducing operational costs, as a
ship is needed to display the moorings but also to obtain the data.

Over a decade of continuous observations of the AMOC has revealed an astonishing
and unexpected variability of the deep ocean currents, which were believed to be almost
steady in short-term periods, varying through the slow density fields in scales of decades
or even longer. The CPIES showed large seasonal and intraseasonal oscillations, both
for the North Atlantic at 26°N and 53ºN (e.g. Srokosz et al., 2015) and in the South
Atlantic at 34.5ºS (e.g. Kersale et al., 2020; Chidichimo et al., 2021). This finding
was even more valuable considering that the deployment of such basin-wide arrays of
moorings (e.g. Rapid Climate Change (RAPID) at 26ºN and South Atlantic Meridional
Overturning Circulation – Basin-wide Array (SAMBAR) at 34.5ºS) were done after the
publication of several articles in the early 2000s that concluded that the AMOC could
be slowing down very fast due to anthropogenic warming and could eventually derive in
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an abrupt climate change, alerting the whole scientific community (e.g. Vellinga et al.,
2002). For example, Bryden et al., 2005) projected a decreasing trend of the AMOC of
about 30% over the last 50 years based on five ship-based observations. Since then, a
large international e�ort has been made to monitor the AMOC and expand the Global
Observing System in general, and almost every boundary current is being monitored (
Frajka-Williams et al., 2019; Fig.1.11).

Figure 1.11: a) Schematic figure of the RAPID mooring array in the North Atlantic. b)
Location of other mooring arrays in the Atlantic Ocean, with their respective names.
Taken from https://rapid.ac.uk/

The South Atlantic Meridional overturning circulation Basin-wide Array at 34.5°S
(SAMBA) is the longest time series of the AMOC and MHT in the South Atlantic with
about one decade of data. It is located in the southernmost latitude with coasts on both
sides in the South Atlantic, and therefore prone to inter-oceanic exchanges, particularly
next to Africa. It is also a region of high eddy-kinetic energy in both boundaries. Large
variability has been observed along this array, especially in the intraseasonal time scale,
when compared to the North Atlantic (Meinen et al., 2013; Meinen et al., 2018; Kersalé
et al., 2021; Fig.1.12). Even though obtaining a time series of the AMOC is a large
and fundamental step towards understanding deep ocean variability, this mooring array
still has limitations. For example, only density anomalies can be computed from in-situ
observations at 34.5°S (Relative contribution in Fig.1.12), and therefore to estimate the
total transport a time-mean reference velocity from a model needs to be added (Ref-
erence contribution in Fig.1.12), in addition to Ekman transport estimated from wind
satellite (Ekman contribution in Figure 12) (Meinen et al., 2018; Kersalé et al., 2021).
Therefore, the understanding of the AMOC’s structure and variability needs the use of
a multi-platform approach.
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Figure 1.12: Meridional Heat Transport (MHT) anomaly over the SAMBA line at 34.5ºS
in the Atlantic. Ekman contribution is estimated from satellite, reference contribution
from ECCO2 model (Menemenlis et al., 2005), and relative contribution from moorings
(PIES). Reproduced from Kersalé et al., 2021.

4 General objectives

The last decade has seen the realization of theoretical advances and assessments from
observations and numerical modeling on ocean circulation, mesoscale dynamics and vari-
ability. These provide a better understanding of various phenomena, such as the global
ocean circulation, lateral and vertical mixing, and mechanisms for advection of water
masses. This is of great importance for apprehending the role of the ocean circulation on
climate and marine ecosystems. This thesis has focussed on such processes in the South
Atlantic ocean. This is one of the most turbulent regions of the world ocean and it is
also central to the AMOC. In particular, the work has tried to answer to the following
questions:

1 - What is the amplitude of the mean AMOC in the South Atlantic and what is the
role of mesoscale eddies?

This thesis tried to answer this question, by assessing the meridional transports of
volume, heat and freshwater across the SAMBA line, a zonal section at 34.5°S in the South
Atlantic where mooring arrays are deployed and a GO-SHIP cruise has been achieved
in early 2017. The assessments will then be discussed by comparing the results with
previously published work using a more classical geostrophic constraint in the larger
South Atlantic area and direct estimates of MOC variability from the 34.5°S mooring
data. This part of the PhD work has been published in Journal of Geophysical Research:
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Oceans (Manta et al., 2021) and is presented in Chapter 2.

2 - What is the role of mesoscale eddies in western boundary currents variability and
cross-shelf exchanges?

In this framework, the PhD work has focused on the dynamics of the South Brazilian
Current and its confluence with the Malvinas Current which represents a hotspot of
eddy kinetic energy in the South Atlantic. This area is important as it undergoes strong
air-sea interactions and regulates regional marine ecosystems. The approach undertaken
takes advantage of a very high-resolution oceanographic cruise, Argo profiling floats and
satellite data. This work has been formalized as a paper and published in Frontiers in
Marine Sciences (Manta et al., 2022). The main outcomes are discussed in Chapter 3 of
this manuscript.

3 - To finalize the assessment on the South Atlantic ocean circulation, the PhD study
attempts to address the main modes of the basin’s coupled ocean-atmosphere variability.

Indeed, the South Atlantic AMOC as well as the South Brazil – Malvinas current
system show variability at di�erent time scales. In order to separate the ocean internal
variability from that due to the coupled ocean-atmosphere modes, the PhD work has
been finalized by a careful analysis of the latter that allows consolidating the previous
results as well as studies previously published on this topic. This part of the PhD work
is presented and discussed in Chapter 4 of this manuscript. Finally, Chapter 5 provides
the conclusions of the PhD study and discusses possible perspectives to be examined in
the future.
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Chapter 2
The South Atlantic Meridional Overturning
Circulation and Mesoscale Eddies in the
First GO-SHIP Section at 34.5°S

In this chapter we analyzed the data from the first GO-SHIP Section at 34.5°S,
which took place in January 2017. We described the water masses properties
along the section, estimated the transports, and studied the impact of satellite-
detected mesoscale eddies along the section. We found considerable zonal dif-
ferences in the water masses properties and transport. We estimated the heat
transport and compared it with other GO-SHIP sections carried out in the past
at lower latitudes in the South Atlantic. We found an equatorial net heat trans-
port at 34.5°S that increases towards lower latitudes, consistent with previous
research. By combining the section data with satellite observations, an eddy
tracking algorithm and Argo floats profiles, we estimated the contribution of
mesoscale eddies to the transports. The study provides evidence that they have
indeed a significant contribution. We also showed that one month, which is an
average period in which a ship working 24 hours per day takes to go from one
boundary to the other of the basin carrying out full-depth CTD stations every 50
km across an ocean basin, it cannot be considered as a synoptic situation, as also
revealed by recent publications using data retrieved from moorings (e.g. Ker-
salé et al., 2020). Despite the expansion of the Global Ocean Observing System
is revealing limitations of the GO-SHIP sections (e.g. that oceanic meridional
transports are highly variable at relatively short time periods and therefore one
section per decade might be aliased by such variability), these sections remain
not only a useful dataset per se but also a reference for all other observations
and modeling due to their high resolution and quality standards of the data.
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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 Sv, 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 × 1015 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 = 106 m3 s−1; 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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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., Hernández-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 XBTs 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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Source Section-latitude AMOCmax (Sv) MHT (PW) MFT (Sv) Date (mm/yy) Data

Hernández-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.

Table 1 
Summary of Previous Estimates of South Atlantic Upper Overturning Circulation (AMOCmax), Total Meridional Heat (MHT) and Freshwater Transport (MFT), at 
34.5°S and Nearby Latitudes
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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 AMOCmax) 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 AMOCmax 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; Hernán-
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 AMOCmax 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 AMOCmax 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 AMOCmax 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 AMOCmax 
from the SAMBA PIES/CPIES array is a complete robust observational assessment (Kersalé et al., 2020).

Previous estimates of the AMOCmax 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 AMOCmax 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 AMOCmax 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 AMOCmax 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 AMOCmax 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 AMOCmax, 
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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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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).
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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-
jol et al., 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 (SA) and conservative temperature (Θ) 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 (γn) field we also deter-
mined potential temperature (θ) and practical salinity (Sp) because currently γn is not available as a function 
of Θ and SA in TEOS-10 (T. J. McDougall & Barker, 2011; see Figure S2 for differences between Θ and θ and 
between SA and Sp 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 (Y) is composed of:

DJHRV JHRV UHI �Y Y Y Y � � (1)

where DJHRVY  is the Ekman velocity, JHRVY  the geostrophic velocity, and UHIY  the barotropic flow.

The zonal integral of DJHRVY  is the Ekman transport calculated as:
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where [W  is the zonal component of the local wind stress, I  is the Coriolis parameter, and U  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 ( JHRVY ) was estimated from the hydrography and selecting a certain reference level 
of no-motion but also explicitly adding a barotropic velocity ( UHIY ). 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 γn = 28.10 kg m−3 (Method 2) and 3,400 dbar (Method 
3), which is the mean pressure level of the γn = 28.10 kg m−3. 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; Hernández-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 (Y) using the three levels of no motion (γn = 28.10 kg m−3, 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 γn = 28.10 kg m−3 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; Hernández-Guerra 
et al., 2019; McDonagh & King, 2005).

A sensitivity analysis was also performed to quantify the effect of mesoscale eddies in the transports and 
AMOCmax. 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). 
Hernández-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 AMOCmax, 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:

� �
PLQ(DVW

:HVW PD[
Ȍ � G G �

S[

[ S
\ ] Y [ S ³ ³ (3)

where Y 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 (AMOCmax) of the upper cell 
by the maximum value and depth of the stream function over the water column. On the other hand, the 
AMOCmax of the abyssal cell was computed as the net volume transport of AABW.

The meridional heat transport (0+7), was computed as:
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with Θ the conservative temperature, �U  the section mean potential density and &S a reference value for 
the heat capacity of seawater = 3850 J kg−1 C−1. Finally, the freshwater transport (0)7) was calculated as:
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where AS  is absolute salinity and �6  is the section-averaged absolute salinity. The 0)7 is approximately �6�  
times the salinity transport, with exact equality holding if there is no net mass transport across the section. 
While the AMOCmax 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−1) 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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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 5ºE, 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 Θ-SA 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−3 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 Hernández-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 γn < 26.35 kg m−3, 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 γn = 27.10 kg m−3 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 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 4th 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.
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and 34.6–36.1 g kg−1) 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−3 < γn < 27.58 kg m−3), lies the highly ox-
ygenated, low-salinity (<34.5 g kg−1) Antarctic Intermediate Water AAIW. 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 d 34.2; SA d 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 µmol kg−1 (Figure 4c). The other source is AAIW of Indian origin 
(I-AAIW, SP t 34.3; SA t 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 µmol kg−1. A third variety is sometimes called Indo-Atlantic AAIW 
(IA-AAIW, 34.2 < SP < 34.3; 34.4 < SA < 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 <γn <27.90 kg m−3), we observe Upper Cir-
cumpolar Deep Waters (UCDW) through a minimum in dissolved oxygen (ca. 180 µmol kg−1). 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 AAIW (Stramma & England, 1999).

Between 1,600 and 3,400 dbar (27.90 < γn < 28.10 kg m−3) 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 < SA < 35.15) and 
better oxygenated (230 < O2 < 245 µmol kg−1; Figure 4) than the NADW in the eastern part of the section 
(E-NADW, 34.9< SA < 35 and 200 < O2 < 227 µmol kg−1; Arhan et al., 2003). The contrast between the 
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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−1) and (b) Zonal Velocity (m s−1). Values above 
0.5 m s−1 and below −0.5 m s-1 are colored in orange and yellow for better visualization, respectively. Details inside those areas are shown in Figures 10 and 11. 
Neutral density layers (γn, kg m−3) bounding each water mass are shown in black. LADCP, lowered acoustic doppler current profilers; SADCP, ship-mounted 
acoustic doppler current profilers.
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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 < SA < 35.05; 
34.80 < Sp < 34.85; 220 < O2 < 227 µmol kg−1; 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 < γn < 28.27 kg m−3. 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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Figure 4. Water properties observed during the MSM60 cruise. (a) Conservative temperature (Θ, (°C), (b) Absolute salinity (SA (g kg−1)), (c) Dissolved oxygen 
(µmol kg−1), and (d) Brunt–Väisälä frequency (N2 (s−2)). The neutral density layers (γn (kg m−3)) 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.
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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 µmol kg−1 in W-LCDW 
and 214–218 µmol kg−1 in AABW, respectively (Figures 4c and 7b; Valla et al., 2018). W-LCDW is the less 
oxygenated variety of LCDW (<214 µmol kg−1) 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 
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 
(coldest) variety of LCDW. Finally, the most eroded variety of E-LCDW is 
observed in the Cape Basin, east of 3°W. That water mass presents nota-
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 
AABW (Arhan et al., 2003; Gladyshev et al., 2008; Reid, 1989; Stramma 
& England, 1999).

Finally, in the western basin, younger AABW, the densest and coldest 
water mass (γn > 28.27 kg m−3) extends from 3,420 dbar to the seafloor 
and at 34.5°S is confined to the Argentine Basin west of 33°W. This water 
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Figure 5. (a) Θ-SA diagram for the CTD profiles collected during the MSM60 cruise. SA < 34 g kg−11 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 θ-SP diagram. The cruise track is shown in the insert. (b) Dissolved oxygen concentration (µmol 
kg−1) as a function of neutral density (kg m−3). 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.

Water 
Mass γn (kg m−3)

Pres. 
(dbar) Θ (ºC)

SA (g 
kg−1)

SP 
(psu)

O2 (µmol 
kg−1)

SW <26.35 79 17.85 35.74 35.57 228.13
SACW 26.35–27.10 377 11.63 35.22 35.05 211.34
AAIW 27.10–27.60 921 4.34 34.48 34.31 216.66
UCDW 27.60–27.90 1549 2.88 34.76 34.59 185.59
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 -0.07 34.85 34.67 215.87

Note. Acronyms correspond to Surface Water (SW), South Atlantic 
Central Water (SACW), Antarctic Intermediate Water (AAIW), Upper 
Circumpolar Deep Water (UCDW), North Atlantic Deep Water (NADW), 
Lower Circumpolar Deep Water (LCDW) and Antarctic Bottom Water 
(AABW).

Table 2 
Neutral Density Ranges (γn) and Mean Pressure, Conservative Temperature 
(Θ), Absolute Salinity (SA), Practical Salinity (SP), and Oxygen 
Concentration (µmol kg-1) per Water Mass Across 34.5°S in the Atlantic
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mass is formed in the surroundings of Antarctica, mainly in the Weddell Sea (Orsi et al., 1999) and therefore 
it is highly oxygenated (O2 > 225 µmol kg−1) and characterized by particularly low temperature (Θ < 0°C). 
The γ = 28.27 kg m−3, 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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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.
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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 Sv, 
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 γn = 28.10 kg m−3. 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; Hernández-Guerra et al., 2019; Mc-
Donagh & King, 2005). In particular, this initial volume transport imbalance is similar to the 36 Sv obtained 
by Hernández-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 
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Figure 7. (a) Averaged upper 100 dbar surface velocity derived from hydrography applying the geostrophic equilibrium 
and mass-balanced adjusted, and SADCP are shown in black and blue, respectively. Surface geostrophic velocities from 
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.
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Method 1 2 3 4 5

Data set ADCPs CTDs CTDs CTDs Argo/CTDs
Level of no-motion - γn28.1 3,400 dbar Bottom γn28.1
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.

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
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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 AMOCmax 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 AMOCmax 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 AMOCmax 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 AMOCmax 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 ºW, 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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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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Figure 8. (a) Potential density (σ0, kg m−3), (b) Conservative temperature (Θ,°C), and (c) Absolute salinity (SA, g kg−1) anomalies from MSM60 cruise at 
34.5ºS in the South Atlantic relative to a summer climatology constructed from non-eddy Argo profiles using the TOEddies database (Laxenaire et al., 2018). 
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.
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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 γn = 26.35 kg m−3 for AEs (surface intensified negative density anomalies) and imme-
diately below γn = 26.35 kg m−3 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−1 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−1 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–l).

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−1 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−1). 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−1. 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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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 30ºS (M. 

MANTA ET AL.

10.1029/2020JC016962

18 of 25

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 γ = 28.1 kg m−3 and then mass balanced. Black contours show neutral density isolines. The dashed line shows the CTD profile 
positions. (j–l) Vertical profiles of potential density anomaly (kg m−3) calculated relative to the summer non-eddy Argo climatology.
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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 γn  =  28.1  kg m−3 as level of no motion, added the Ekman transport 

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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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 
topography with isolines every 5 cm in gray. The black line shows the cruise track over 34.5°S. Black and gray arrows represent the ocean current velocity 
vectors calculated from altimetry and geostrophy (averaged over the upper 100 m), respectively. Cyan and magenta contours represent the maximum velocity 
contours of the cyclonic and anticyclonic eddies, respectively. (b) Vertical profile of potential density anomaly (kg m−3) relative to a non-eddy Argo climatology 
for summer. (c) Geostrophic velocity (method 1). Black contours show neutral density isolines. (d) Zonal and (e) Meridional Velocity from ADCPs. The abrupt 
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.

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

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: γn = 28.1 kg m−3 as Level of No Motion and Equally 
Distributing the Imbalance Assumed as the Barotropic Flow
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34.5 ºS to 30ºS and from 30°S to 24°S, respectively. The latitudinal MHT changes in the upper limb of the 
SAMOC 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 (27.6 106 kg s−1, Coachman & Aagaard, 1988), not considered here could explain the large 
value obtained.
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Figure 11. Transport and water masses comparison in the South Atlantic from 3 GO-SHIP sections (A9, A10, and MSM60; see Table 3 for details). (a) CTD 
positions for A9 (light blue), A10 (blue), and MSM60 (dark blue). The arrows show the net heat (red) and freshwater (green) transports per section. The gray 
shading represents water depths less than 200 and 3,500 m in the ETOPO2 data set (Smith & Sandwell, 1997). Colors for each section are the same in all panels. 
(b) Cumulative vertically integrated meridional transport from west to east for the three sections. (c) Transport by water mass layer (see Table 2 for references) 
(d) Θ-SA diagram.
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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 AAIW, 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.upmc.fr/thredds/catalog/IPSLFS/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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Chapter 3
Shelf Water Export at the Brazil-Malvinas
Confluence Evidenced From Combined in
situ and Satellite Observations

In this chapter, we processed the data from an unprecedented high-resolution
oceanographic cruise carried out in the Uruguayan economic Exclusive Zone
in the Southwestern Atlantic. This has enabled the description of the circula-
tion and water masses in the study area. By using correspondences between
the in-situ and satellite data, it has also been possible to expand an index po-
sitioning latitudinally the Brazil-Malvinas Confluence. This index confirmed
that the Brazil-Malvinas Confluence was located in the study area during the
oceanographic cruise. The analyses carried out show that the presence of the
Brazil-Malvinas Confluence in the region induced an intense shelf water export
into the open ocean. The study revealed that the export happened at the surface
of the ocean but also at depth and involved two di�erent sources of shelf water.
By combining the in situ data from the oceanographic cruise with satellite data,
and an eddy tracking algorithm it has been possible to show that mesoscale
eddies are the major drivers of these events. Up to our knowledge, although
modeling outputs suggested it, the subsurface shelf water export was not yet
characterized by underway in situ observations of hydrography and currents.
The two types of shelf water export pathways may contribute to balancing the
mass convergence associated with along-shore flows. It might also have an im-
portant impact on the regional biogeochemical budgets as well as for marine
ecosystems. For example, the Argentine hake (Merluccius hubbsi), which is the
main fish resource of Uruguay and Argentina, spawns in the exported subsur-
face water mass (Subantarctic Shelf Waters). This could negatively a�ect the
survival of the larvae by advecting them too far in the open ocean from their
nursery zone. On the other hand, the nutrient-rich shelf waters not only fertilize
the oligotrophic deep ocean but also advects waters with large biomass, which
could lead to a region of concentration of highly valuable big pelagic fish, like
tuna or swordfish. Eventually, we showed evidence from Argo floats that these
two types of shelf water export happen frequently and that geostrophic currents
from altimetry and surface chlorophyll can be good proxies to identify these
events.
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The Brazil-Malvinas Confluence (BMC) is the region where opposing and intense
western boundary currents meet along the Southwestern Atlantic slope at about 38�S,
generating one of the most energetic mesoscale regions of the global ocean. Based on
shipborne observations acquired within the Uruguayan Economic Exclusive Zone (EEZ),
combined with satellite data and an eddy tracking algorithm, we analyze the cross-shelf
exchanges during May 2016, when the BMC was in an anomalous northern position.
Two types of shelf water export were observed triggered by mesoscale dynamics:
one was the export of shallow Rio de la Plata Plume waters driven off-shelf by the
retroflection of the Brazil Current. This export formed a 70 km wide, 20 m deep filament
that propagated offshore at 0.3 m s�1, with a transport of 0.42 Sv. It lasted about
10 days before being mixed with ambient Confluence waters by strong winds. An
additional type of off-shelf transport consisted of a subsurface layer of Subantarctic
Shelf Waters (SASW) about 60 m thick that subducted at the BMC reaching 130 m
deep and transporting 0.91 ± 0.91 Sv. We show that geostrophic currents derived from
satellite altimetry over the slope can be useful to track this subsurface off-shelf export
as they are significantly correlated with absolute velocity measurements at this depth.
Argo temperature and salinity profiles show evidence of these two types of shelf water
export occurring between the BMC front and the separation of the Brazil Current from
the shelf-break, suggesting this is a relatively frequent phenomenon, in agreement with
previous observations.

Keywords: subsurface shelf water export, cross-shelf exchanges, mesoscale eddies, satellite altimetry, Argo
floats, western boundary currents
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INTRODUCTION

Western boundary currents (WBCs) and adjacent continental
shelves display two distinct circulation regimes separated by a
strong vorticity barrier and therefore exhibit distinct water-mass
properties and ecosystem composition (Roughan et al., 2011;
Franco et al., 2018). Nevertheless, at the separation of WBCs
from the shelf-break, the instabilities of the currents generate
meanders and eddies that induce strong interactions between the
shelf and the deep ocean generating intense cross-shelf exchanges
(Arruda and da Silveira, 2019; Ismail and Ribbe, 2019; Malan
et al., 2020; Roughan et al., 2022). These cross-shelf exchanges
have important consequences for marine life, as they provide
nutrients to the oligotrophic deep ocean and o�shore advection
of larvae from species that live on the shelf (Franco et al., 2017,
2018). Historically, these systems have been di�cult to model
accurately, due to a combination of numerical constraints such
as small-scale highly energetic dynamics over steep and complex
topography, and also due to the lack of observations to compare
with, making the sampling of these sporadic events very valuable.

In the South Atlantic, the WBCs are the poleward flowing
warm and salty south Brazil Current (BC), which is a relatively
weak western boundary current associated with the subtropical
gyre, and the cold and relatively fresh northward-flowing
Malvinas Current (MC), which is a branch of the Antarctic
Circumpolar Current (Gordon, 1989). While the BC extends
down to about 500 m, the MC presents a predominantly
barotropic structure and extends to the bottom (e.g., Vivier and
Provost, 1999). Both currents converge along the South American
slope at about 38�S at the so-called Brazil-Malvinas Confluence
(BMC), generating one of themost energetic mesoscale regions of
the global ocean (Chelton et al., 1990). On average, the BC begins
to separate from the shelf break at 36.5�S, and the main core of
the MC retroflects at about 38.8�S where the 200 and 1,000 m
isobaths diverge at Ewing terrace. At that point, the MC is no
longer constrained by the topographic steering and retroflects,
while a shallow branch of the MC continues northward over
the shelf-break (Matano et al., 2010). Between 36.5 and 38.8�S,
the ocean area over the slope is characterized by high eddy
kinetic energy with changes in current speed and direction
(Figure 1A). Satellite-derived salinity, in situ observations, and
modeling studies suggest that this region is also where most of
the cross-shelf exchanges in the Southwestern Atlantic take place
(Guerrero et al., 2014; Matano et al., 2014; Franco et al., 2018;
Berden et al., 2020; Orúe-Echevarría et al., 2021).

The Uruguayan Economic Exclusive Zone (EEZ) is located
in the northwestern edge of the Argentine Basin covering the
slope between 34.6 and 37.3�S. The EEZ spans an area of about
140 ⇥ 103 km2 (Figure 1) and includes part of the region of high
kinetic energy and intense cross-shelf exchanges (e.g., Guerrero
et al., 2014; Matano et al., 2014; Franco et al., 2018; Berden et al.,
2020). The water column over the slope region is characterized
by at least six water masses from various sources, a micro-tidal
regime, and large seasonal variability. Sea surface temperature
(SST) variability presents a seasonal amplitude of 12�C and
the wind stress curl reverses seasonally (Piola et al., 2018). Most
prominent in the shelf circulation is the northward flow of

Subantarctic Shelf Water (SASW) originating from the Patagonia
continental shelf (Piola et al., 2000). The northeastward flow of
SASW is dynamically controlled by the along-shore wind stress
variability (Lago et al., 2021) and in the outer shelf by variations
of the intensity of the MC (Matano et al., 2010; Artana et al.,
2019). Numerical simulations indicate that in early summer and
early winter about 1 Sv of SASW is exported o�shore close to
the BMC (Franco et al., 2018), while the mid-shelf portion of
SASW continues flowing northeastward up to near 32�S. There,
SASW meets the subtropical shelf waters (STSW), forming a
density compensated front referred to as the Subtropical Shelf
Front (Piola et al., 2000). This frontal system extends from the
inner shelf at 32�S to the outer shelf near 38.5�S, at the initiation
of the BMC (Figure 1B; Gordon, 1989; Piola et al., 2000).

A distinct characteristic of the regional shelf circulation is
the influence of the discharge of the Rio de la Plata (RdlP)
estuary, which drains the second largest hydrological basin in
South America (Framiñan et al., 1999; Piola et al., 2005). With
a mean outflow of about 25,000 m3s�1, the RdlP significantly
dilutes and supplies nutrients to the neighboring shelf waters
(Piola et al., 2000). The RdlP buoyant plume, associated with
absolute salinities lower than 33.65 g kg�1, presents a strong
seasonal variability, with northeastward spreading in austral fall-
winter, and southward retraction in summer (Piola et al., 2000).
These waters spread over the entire Uruguayan shelf and are
often exported to the deep ocean (e.g., Provost et al., 1996;
Guerrero et al., 2014). Large interannual variability has also been
observed mainly driven by a positive relationship between El
Niño Southern Oscillation (ENSO) and precipitation in the RdlP
basin during spring, summer and fall (e.g., Grimm et al., 2000;
Barreiro, 2010).

The Uruguayan EEZ, although known to be highly variable,
is poorly sampled, with historically no national oceanographic
research vessel capable of performing full-depth CTD profiles
nor underway velocity measurements. During April and May
2016, the Spanish R/V Sarmiento de Gamboa conducted 82 full-
depth CTD stations in the Uruguayan EEZ, covering along-slope
transects, thus providing ideal measurements to study cross-shelf
exchanges. Here we analyze the cruise data, together with other
in situ and satellite observations and an eddy tracking algorithm,
to provide a full water column description of the water masses
and circulation, with particular focus on the intense mesoscale
variability and cross-shelf exchanges.

DATA

We analyzed the hydrographic data collected by the Spanish R/V
Sarmiento de Gamboa cruise conducted between 9 April and
10 May 2016 (henceforth “the cruise”). The sampling consisted
of 12 along-shelf transects, separated by approximately 25 km,
and a nominal distance between stations of 50 km. The sections
were occupied from the deep ocean toward the coast. In this
way, an almost regular grid was created over ⇠320 km along-
slope and 370 km across-slope polygon. In total, 82 full-depth
stations (between 18 and 4,147 m) were occupied using a Sea Bird
Electronics (SBE) 32 Carousel Water Sampler rosette and a SBE
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A B

FIGURE 1 | Long-term mean conditions in the Southwestern Atlantic Ocean derived from satellite observations. Both panels show the mean surface geostrophic
currents displayed as black arrows, the green lines show the 500 and 2,500 m isobaths, and the 0 m (cyan), 0.25 m (yellow), and 0.5 m (magenta) Absolute Dynamic
Topography contours which indicate the retroflection of the main core of the Malvinas Current, the mean confluence position and the separation of the Brazil Current
from the shelf-break, respectively. The black polygon delimits the Uruguayan Exclusive Economic Zone (EEZ). Background colors show the long-term daily mean of
(A) eddy kinetic energy (EKE) minus mean kinetic energy (MKE) and (B) SST gradient.

911 plus Conductivity, Temperature and Depth (CTD) profiler,
fitted with a SBE43 oxygen sensor and an ECO-AFL/FL Wet
Labs Fluorometer. The CTD was fitted with dual temperature
and conductivity sensors. Water samples for salinity, dissolved
oxygen, nutrients and chlorophyll-a determination were taken in
all odd-numbered transects at 5m depth, and at additional depths
depending on the maximum station depth. Two additional water
samples were collected within the euphotic depth for chlorophyll-
a, and for nutrients at 100, 500, 1,000, and 1,500 m, and near the
bottom when the station depth allowed it. At stations shallower
than 100 m, a mid-depth sample was collected. The CTD sensors
were laboratory calibrated in April 2015. In addition, salinity
and dissolved oxygen were calibrated based on the water samples
collected during the cruise.

Additionally, underway measurements of temperature,
salinity and fluorescence were sampled at 1 min intervals using
a Sea-Bird SEACAT SBE 21 Thermosalinograph (TSG) and a
Turner 10 fluorescence system. Temperature and salinity from
the TSG were calibrated with the nearest CTD measurements.
Wind measurements, air temperature, and humidity were also
collected underway at about 10 m above the sea surface with a
Geonica Meteodata automatic weather station. A hull-mounted
Teledyne RD Ocean Surveyor Acoustic Doppler Current Profiler
(ADCP) operating at a frequency of 75 and 150 kHz recorded
underway ocean currents with 16 m and 8 m depth bins,
starting at 10 m and reaching up to 700 and 400 m depth,
respectively. The ADCP was operated at 75 kHz over the deep
ocean and at 150 kHz over the shelf, recording one profile
approximately every 1 min.

Turbidity fromwater samples was determined on board with a
Multiparameter Senso Direct 150 Lovibond. In situ chlorophyll-
a was also determined on board by acetone extraction and
fluorometer reading following Yentsch and Menzel (1963).
Fluorescence values from the TSG were calibrated using 32

measurements of chlorophyll-a from water samples collected
at 5 m depth by empirically computing a scale factor to
minimize the root square mean error. Fluorescence values
from the CTD were previously adjusted with a “dark o�set”
calculation for each profile, by subtracting the mean value of the
aphotic zone in values deeper than 200 m to each profile. The
adjusted chlorophyll-a data compare well and are significantly
correlated (Supplementary Figure 1), although absolute values
of chlorophyll-a are out of the scope of this study, which focuses
on identifying low and high-productivity regions. Water samples
for nutrients were fixed on board and measured at the Institute
of Marine Sciences (ICM-CSIC) in Barcelona, Spain. At the
laboratory nitrate, nitrite, and phosphate concentration were
determined using a Seal Analytical MT19 Auto Analyzer with the
colorimetric technique and an automated system by continuous
flow analysis applying the methodology of Grassho� et al. (2009).

To complement the cruise hydrographic data we used all
Argo profiles available for the Southwestern Atlantic between
32–42�S and 58–49�W (Argo, 2021). Moreover, to gather more
information on the regional dynamics, we use satellite data sets
with daily resolution: (I) (SST with 0.25� horizontal resolution
from the National Oceanic and Atmospheric Administration
Optimum Interpolation Sea Surface Temperature for analyzing
the long-term characteristics between 1993 and 2019 (OI SST V2;
Reynolds et al., 2007), (II) The Multi-scale Ultra-high Resolution
(MUR) SST analysis (Chin et al., 2017). This data set has a
horizontal resolution 0.01�, making it more useful to identify
(sub) mesoscale structures. These data are only available since
2002 and were therefore only used to study the variability of
SST within the period of the cruise; (III) Surface chlorophyll-a
concentration L4 (gridded and gap-filled) product from Marine
Copernicus (CMEMS) with 4 km resolution (Garnesson et al.,
2019) within the period of the cruise; (IV) L4 Sea Surface Salinity
(SSS) v03.21 from the European Space Agency Sea Surface
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Salinity Climate Change Initiative consortium at 50 km and a
weekly resolution, spatially sampled on a 25 km EASE (Equal-
Area Scalable Earth) grid and 1 day of time sampling. This dataset
combines the satellite measurements from SMOS, SMAP, and
Aquarius covering the period January 2010–September 2020 (see
Boutin et al., 2021); (V) Ssalto/Duacs Multimission Altimeter
derived absolute dynamic topography (ADT) and derived surface
geostrophic velocity fields at a 0.25� horizontal grid for the
period 1993–2019 distributed by CMEMS (Capet et al., 2014;
Pujol et al., 2016). This latter dataset is also used as input
for the Tracked Ocean Eddies (TOEddies) automatic detection
algorithm developed by Chaigneau et al. (2011), Pegliasco et al.
(2015) and Laxenaire et al. (2018, 2019, 2020). The TOEddies
algorithm detects eddies as ADT extrema, corresponding to the
center of an eddy, within closed ADT contours. By restricting the
detection to eddies large enough to be in geostrophic equilibrium,
these ADT contours correspond to streamlines and the largest
closed contour is identified as the eddy boundary. Eddies are
then tracked over time by computing their surface overlap
over time taking advantage of their large size relative to their
daily displacement. A detailed description of TOEddies can be
found in Laxenaire et al. (2018).

Furthermore, we used ETOPO1 bathymetry with 1min (about
2 km) horizontal resolution (Amante and Eakins, 2009). Finally,
we also accounted for the daily discharges of the Rio de la Plata
between 1988 and 2019 from Borús et al. (2017) and ERA5
reanalysis (Hersbach et al., 2020) hourly surface winds and sea
level pressure from 1993 to 2019 in the Southwestern Atlantic
(32–42�S 60–45�W) with 0.25� horizontal resolution to study the
climatological context during the period of the cruise. Table 1
summarizes the datasets used.

MATERIALS AND METHODS

CTD profiles were generated in 1 dbar bin average. All the
gridded fields were linearly interpolated and previously smoothed
with a 5 dbar centered moving average to remove spiciness
from the plots. ADCP data was processed with Cascade V7.2
(Le Bot et al., 2011) with tide correction and a 16 m vertical
resolution. Along and across slope velocities were computed
by assuming a 40� inclination of the slope with respect to
the zonal axis. Conservative temperature (2, �C) and absolute
salinity (SA, g kg�1) were calculated from observations from
the Thermodynamic Equation of SeaWater 2010 (McDougall
and Barker, 2011) and used for the water mass characterization.
Water masses in the deep ocean were classified based on neutral
density (gn) ranges and thermohaline properties following Valla
et al. (2018). Mixing of SACW and TW with shelf waters leads to
substantial freshening over a wide neutral density range and are
labeled as “others.” On the shelf (stations shallower than 200 m
depth) thermohaline properties were used to identify shelf water
masses following Berden et al. (2020; specified in Table 2). The
data were sorted as shelf (0–200 m) and the slope (500–2,500
m) based on interpolated ETOPO1 bathymetry (Amante and
Eakins, 2009), and retaining only the values within the desired
ranges. In the case of Argo floats, we also filtered duplicated

TABLE 1 | Datasets and main characteristics related to this study.

Dataset Main characteristic

In situ observations of
the cruise

Termosalinograph (TSG) Underway continuous surface measurements of
temperature, salinity and fluorescence

Hull-mounted acoustic
doppler current profiler
(ADCP)

Underway continuous measurements of water
velocity between 28 and 500 m of depth

Conductivity-temperature-
Depth
(CTD)

82 full water depth profiles of temperature, salinity,
pressure, oxygen and fluorescence

Water samples Discrete samples taken from the rosette of the CTD
at 32 of the 82 stations at 5 m depth

Other
in situ observations

Argo profiles Temperature, salinity and pressure profiles between
surface and at least 1,000 m

Rio de la Plata (RdlP)
discharges

Daily time series between 1988 and 2019

Satellite observations

Absolute dynamic
topography (ADT) and
derived geostrophic
currents

Estimate the surface geostrophic flow, identify the
Brazil-Malvinas Confluence, the separation of Brazil
Current from the shelf break and the retroflection of
Malvinas Current. Spatio-temporal resolution: Daily,
25 km.

TOEddies Identify the surface extension of mesoscale eddies.
Spatio-temporal resolution: Daily, 25 km.

Sea surface temperature
(SST)

Combined with ADT, provides information about the
surface water mass distribution and circulation.
Spatio-temporal resolution: Daily, 1–25 km.

Sea surface salinity (SSS) Tracking low salinity surface shelf waters in the
deep ocean. Spatio-temporal resolution: Weekly,
50 km.

Chlorophyll-a Study spatial evolution of highly productive waters
that might be related to shelf water export.
Spatio-temporal resolution: Daily, 4 km.

Other datasets

ERA 5 reanalysis Understand the mean and the anomalous
conditions of the winds during the period of the
cruise in the entire basin. Spatio-temporal
resolution: Hourly, 25 km.

ETOPO 1 bathymetry Bottom depth. Horizontal resolution: 2 km

profiles and retained only those with good quality (flagged as 1
or 2), and the co-localized values between 1,000 and 2,500 m.
To study the vertical distribution of the shelf waters with Argo
floats, we interpolated the irregular sampling to a regular 10 m
interval, which is the coarser resolution of the Argo profiles, in
order to get the same number of observations per profile. For all
the observations, we colocalized each measurement to obtain the
closest satellite measurement in space and time to compare.

Using satellite altimetry, we followed the criteria proposed
by Lumpkin and Garzoli (2011) to detect the location of the
confluence over the slope “as the latitude where the surface current
vectors interpolated to the 1,000 m isobath change direction from
southward (Brazil Current) to northward (Malvinas Current) in
77 day low�passed velocity fields.” However, we modified it as
follows. Instead of interpolating the meridional velocity to a
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TABLE 2 | Water masses mean characteristics in the Uruguayan Economic Exclusive Zone.

Water
mass

RDPPW SASW STSWa TW SACW AAIW UCDW NADW LCDW AABW

gn (kg m�3) SA < 33.65 33.65 < SA < 34 6 < 2 < 17 SA > 33.65 < 26.35 26.35-27.10 27.10–27.60 27.60–27.90 27.90–28.10 28.10–28.27 > 28.27

Pressure
(dbar)

19 70 84 103 332 821 1,560 2,431 3,349 3,847

2 (�C) 17.78 10.87 14.67 19.72 11.12 4.05 2.98 2.60 0.87 -0.06

SA (g kg�1) 30.77 33.84 34.81 36.38 35.14 34.42 34.78 35.02 34.9 34.85

SP (psu) 30.63 33.68 34.64 36.21 34.97 34.25 34.61 34.85 34.73 34.67

Columns show the name of the water mass, and the associated neutral density ranges (gn, kg m�3) in the deep ocean. The remaining lines show the characteristics of
each water mass averaged over all stations: pressure (dbar), conservative temperature (2, �C), absolute salinity (SA, g kg�1), and practical salinity (SP, psu). Acronyms
correspond to RDPPW, Rio de la Plata Plume Water; SASW, Subantarctic Shelf Water; STSW, Subtropical Shelf Water; TW, Tropical Water; SACW, South Atlantic Central
Water; AAIW, Antarctic Intermediate Water; UCDW, Upper Circumpolar Deep Water; NADW, North Atlantic Deep Water; LCDW, Lower Circumpolar Deep Water; and
AABW, Antarctic Bottom Water.
aSTSW was restricted to the shelf.

unique latitudinal point over the 1,000 m isobath, we localized
the change in the meridional currents averaged between the 500
and 2,500 m isobaths over the slope. Though no substantial
di�erences are found in the results, our indicator is less sensitive
to slight zonal displacements of the currents.

Following earlier work (e.g., Barré et al., 2011; Ferrari et al.,
2017) we used three specific ADT contours as (i) a proxy for the
position of the BMC (ADT 0.25 m; correlated with R2 = 0.94;
p < 0.001), (ii) the retroflection of MC (ADT 0 m), and (iii)
the separation of BC from the shelf-break (ADT 0.5 m). Note
that ADT is not a useful tool to study long-term variations
because both, steric height and shift in the currents have induced
variations (e.g., Fang and Zhang, 2015; Ruiz-Etcheverry and
Saraceno, 2020), but it can be a useful tool to identify fronts in
the past decade.

RESULTS

Results are divided into four subsections. First, we describe the
interannual contextualization of the period of the cruise and
show that 2016 was a period of strong anomalous circulation
conditions. Secondly, we analyze the oceanic variability during
the period of the cruise. Then, we present a general description
of the in situ observations, followed by the characterization of the
shelf water export to the adjacent deep ocean and its relationship
with the position of the BMC and mesoscale activity. Finally,
based on extended Argo profiles and satellite observations,
we explore the frequency of the shelf water distribution over
the slope and the utility of altimetry to identify the shelf
water export events.

Interannual Contextualization of the
Period of the Cruise
To put the observations collected during the 2016 cruise into a
long-term context we calculated the BMC index (BMCi) for the
period 1993–2020. The BMCi is an indicator of the meridional
fluctuations of the confluence. The seasonal amplitude of the
BMCi is about 1� latitude (Lumpkin and Garzoli, 2011), reaching
the southernmost and northernmost locations at the end of the
summer and winter, respectively. A striking feature found in the
BMCi is the trend of about 1� during the study period, or about

0.3� decade�1. This trend represents a meridional shift from a
mean position at about 38–39�S. This trend has been reported
earlier both for the BMC and the separation of the BC from the
shelf-break (e.g., Goni et al., 2011; Ruiz-Etcheverry and Saraceno,
2020; Bodnariuk et al., 2021) and is less than half of the trend
reported by Lumpkin and Garzoli (2011) during the period 1992–
2007. The reduction in linear trend when considering the past
decade appears to be associated with larger amplitude meridional
fluctuations observed after 2010 compared with the preceding
decade (Figure 2A).

During 2016, the BMCwas in an anomalous northern position
that lasted from the beginning of January until September,
being in a record northern position relative to the climatology
during the majority of the summer and at the end of autumn
(Figure 2A). During the cruise, the BMC was located on average
at the 82th percentile of its latitude distribution (increasing
toward lower latitude), 92th after removing the seasonal cycle.
The anomalous northward position of the BMC coincided
with intense SST and ADT anomalies of about 5�C and 0.5
m when comparing inshore and o�shore positions at the
2,500 m isobath (Figures 2B,C). It is also remarkable that
the negative anomalies of SST and ADT, associated with the
recirculation of the MC, with negative SST and ADT anomalies
from 40�S 52�W up to the Uruguayan slope at 37�S 54�W
(Figures 2C–E). In the entire Southwestern Atlantic basin, ERA5
data shows persistent anomalous southwesterly winds during
April and May 2016, particularly during May (Wind roses in
Figures 2B,C).

Likewise, mean RdlP discharges were above 95th percentile
during the first half of 2016, probably related to extreme
discharges associated with the ENSO “Godzilla” event that peaked
during the previous summer (Schiermeier, 2015). In particular,
the previous 30-day running-mean discharge, a gross estimation
of the available RDPPW over the shelf, was 56,670 m3 s�1,
more than twice the climatological mean of 25,000 m3 s�1,
corresponding to the 98th percentile in a 32-year daily time series
from Borús (2017; Supplementary Figure 2).

Variability Within the Period of the Cruise
and Shelf Water Export
The period of the cruise was characterized by changing
atmospheric and oceanic synoptic conditions. Intensification of a
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FIGURE 2 | (A) Time series of the Brazil-Malvinas Confluence mean latitudinal position over the slope (black line). The position during the cruise is shown in red.
Gray and dotted lines show the seasonal cycle and long-term linear trend, respectively. The yellow line shows the 0.25 m contour of ADT over the slope.
(B) Climatological SST (�C, background color) and surface geostrophic currents (m s�1, vectors) for April-May. All panels show the mean surface geostrophic
currents displayed as black vectors, the green lines show the 500 and 2,500 m isobaths. Also shown are the 0 m (cyan), 0.25 m (yellow), and 0.5 m (magenta) ADT
contours, which indicate the MC retroflection, the mean confluence position over the slope and the separation of the BC from the shelf-break, respectively. The
windrose for the same period and taking all grid points is also plotted over land. (C) Same as b, but for April-May 2016. (D) Sea level anomalies (SLA, m) for
April-May 2016. (E) Sea surface temperature anomalies (SSTA, �C) for April-May 2016.

low-pressure system in the South Atlantic generated strong winds
(up to 23.5 m s�1 on 25 April) and forced the vessel to return to
the port of Montevideo between 26 and 29 April. The persistent
southwesterly winds induced a drop in the air temperature and

a large oceanic heat loss (not shown). Moreover, there was
advection of cold waters under intense northeastward currents on
the shelf that persisted until the end of the cruise and even longer
(Proença et al., 2017). Thus, unplanned, this resulted in an 18-day
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FIGURE 3 | Representative snapshots of the oceanic synoptic situations during the cruise for (A) 14 April 2016, (B) 22 April 2016, (C) 3 May 2016, (D) 9 May 2016.
Background colors represent SST (�C), while gray contours and vectors represent ADT and associated geostrophic currents, respectively. Black vectors represent
the ADCP measurements averaged over the upper 100 m, which represents better the upper geostrophic circulation than the shallowest measurement, and green
numbers indicate the CTD stations occupied during approximately that week. The green lines show the 500 and 2,500 m isobaths, and the 0 m (cyan), 0.25 m
(yellow), and 0.5 m (magenta) ADT contours which indicate the retroflection of the main core of the Malvinas Current, the mean confluence position and the
separation of the BC from the shelf-break, respectively.

sampling of the deep ocean stations (from 9 to 26 April) and a 12-
day sampling of the shelf and slope stations (from 29 April to 10
May) separated by a 2 day stop in between. Henceforth we dubbed
these spatio-temporal grouping of stations as the first “half ” and
second “half” of the cruise, respectively.

Each half of the cruise can also be split into two parts based on
the mesoscale dynamical state of the ocean, lasting about a week
each. During the first 10 days of the cruise, the open-ocean area
south of 36�S was mostly occupied by a large anticyclonic eddy
(A1) that detached from BC and moved southward (Figure 3A).
Subsurface salinities up to 37 g kg�1 were measured within
A1 and the BC, and the most intense currents were observed

at the periphery of A1, with speeds larger than 1 m s�1 and
reaching depths as deep as 300 dbar. As a consequence of the eddy
shedding, the BC retroflection was located north of 36�S. During
the following 8 days, a cyclonic eddy (C1) entered the region
from the east and occupied part of the area where A1 was located
the previous week, with the retroflection of the BC displacing
slightly southward (Figure 3B; see also Supplementary Video 1).
The second half of the cruise was characterized by the southward
displacement of C1 out of the study area followed by a southward
extension of BC reaching 37�S (Figure 3C). This period can
also be divided into two di�erent mesoscale dynamical regimes:
from 29 April to 3 May C1 persisted as a coherent structure
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(Figure 3C), whereas, from 4 to 9 May, C1 displaced toward the
MC (Figure 3D).

In situ Observations in the Uruguayan
Economic Exclusive Zone During
April–May 2016
Underway surface temperature and salinity were both extremely
variable in space and time during the cruise. Extreme temperature
values were associated with variability from WBCs over the
slope, with coldest waters (10�C) south of the Uruguayan EEZ
related to the MC, and warmest waters (25�C) associated with
the mesoscale activity of the BC (Figure 4B). The SST over the
shelf cooled about 6�C between the beginning and the end of the
cruise (Figures 4A,D). The air temperature was lower than SST
during most of the cruise, up to 8�C cooler than the SST over
the BC and 5�C in some parts of the shelf (Figure 4B). Surface
salinity varied from 0.5 g kg�1 close to the RdlP and 37.0 g kg�1

in the deep ocean, with also large variations through time. The
position at [35.3�S, 55�W] near station 1 close to the RdlP mouth
was crossed three times 9 and 26 April, and 10 May, and the
TSG salinity and temperature observations were 26.1, 26.7, and
8.5 g kg�1, and 21.0, 18.9, and 14.6�C, respectively (Figure 4A).
Due to the extreme discharges of the RdlP, MODIS Aqua image
during 9 May shows the muddy RdlP water more than 100 km
away from its climatological position o�Montevideo (not shown;
Maciel et al., 2021). This was also reflected in the anomalous low
salinity water (SA < 2 g kg�1) observed at station 1 conducted
on 9 May inshore of the RdlP turbidity front. At this station,
turbidity concentration was at least one order of magnitude
higher than at other stations (Figure 4C). Nitrate and phosphate
were maximum also at this station, 23.42 and 2.77 µmol kg�11,
respectively. Overall, nutrients were high over the shelf and in
the cold waters over the southern portion of the slope, with
maximum values close to the RdlP and in the southern shelf break
covered byMC, and low over the deep ocean stations (Figure 4F).

Surface chlorophyll-a was mostly positively correlated with
the nutrient distribution, decreasing toward the deep ocean.
Maximum values were measured near the coast immediately
o�shore from the turbidity front (10 < SA < 25 g kg�1),
although they did not peak at station 1 in the RdlP waters,
where nutrient values were maximum, due to the e�ect on light
attenuation inmuddy waters (e.g., Carreto et al., 2003; Kruk et al.,
2015; Martínez and Ortega, 2015). High surface fluorescence
and chlorophyll-a were also observed in the southernmost area
of the Uruguayan EEZ, at stations 7 and 9 over the outer
shelf and slope, over the Ewing Terrace and Rio de la Plata
canyon under the influence of the MC retroflection at about 37�S
54�W. These stations showed the coldest surface waters and high
concentration of nutrients (Figures 4D–F), and also the highest
integrated fluorescence in the CTD profile (3.15 mg m�3) in
the upper 50 m (Figure 4D), as these stations were occupied
at the end of a chlorophyll bloom that took place 10–25 April
according to satellite observations (Supplementary Video 1).
The intense front observed in this region, and the mixing with
shelf waters probably triggered this bloom. In contrast, a band
of high nutrient low chlorophyll was formed in the outer shelf

from 26 April until the end of the cruise, probably due to
the fully mixed water column by strong southwesterly winds
(wind rose from ship measurements in Figure 4B) and intense
northeastward currents.

In agreement with satellite geostrophic observations, observed
upper-ocean currents (averaged over the upper 100 m) displayed
two clearly di�erent regimes in the shelf and deep ocean
(Figures 1, 4D). Despite the stations over the shelf being occupied
over a period of nearly 1 month, northeastward surface velocities
prevailed in this region, while velocities over the deep ocean
were higher and with di�erent directions due to mesoscale eddies
and the retroflection of the major currents. The BC appeared
as a southward flow in the northern half of the Uruguayan
EEZ over the 2,000 m isobath with 2 > 23�C and SA > 36 g
kg�1, respectively, and very low chlorophyll-a and nutrient
concentration. A retroflection of the BC, usually referred to as
“overshoot,” was observed at about [36.5�S, 52�W] between the
3,000 and 4,000 m isobaths (Figure 4D).

Below the surface, the full-depth CTD profiles showed three
di�erent water masses on the shelf and seven water masses in
the deep ocean (see Table 2 for acronyms and mean properties).
From the coast to the 50 m isobath (about 80–100 km), the study
area was mostly filled with RDPPW.With SA < 33.65 g kg�1, it is
the most nutrient-rich and high-chlorophyll-a water mass. SASW
prevailed toward the outer shelf, narrowing considerably toward
the north as the shelf also narrows as it tends to be replaced by
STSW. A very small fraction of the shelf was occupied with STSW
which wasmainly found in the outermost stations in the northern
part of the shelf (Figure 5A). The observed transition between
SASW and STSW agrees with the location of the Subtropical Shelf
Front determined from historical data (Piola et al., 2000).

The deep ocean exhibited TW and SACW in the upper layers.
The data display evidence of intrusions of SASW and STSW at
several vertical levels within the relatively warm and salty TW
and SACW. Large amplitude thermohaline intrusions observed
in this region are ubiquitous of the confluence region (e.g.,
Piola and Georgi, 1982; Bianchi et al., 1993; Orúe-Echevarría
et al., 2021), and are indicative of intense isopycnal mixing
between the adjacent watermasses with contrasting thermohaline
properties (Figure 5B). Water masses found at deeper depths
were those characteristics of the region: UCDW,NADW, LCDW,
and AABW, respectively (Maamaatuaiahutapu et al., 1992, 1994;
Provost et al., 1995; Valla et al., 2018; Table 2 and Figure 5B).

Surface Water Export
In this subsection we describe the evidence suggesting the export
of shelf waters to the adjacent open ocean and discuss the
processes involved. A well-known process exporting surface shelf
water consists of brackish RDPPW and mixtures of shelf waters
being advected o�shore by themesoscale activity of the BC. These
have been detected by satellite SSS observations (Guerrero et al.,
2014) and in numerical simulations (Matano et al., 2014). Export
of low-salinity shelf waters is also apparent in hydrographic
observations from the BC and near the confluence (Gordon,
1989; Provost et al., 1996; Piola et al., 2008; Berden et al., 2020).
The high-resolution UEEZ observations reported here provide
valuable information from the region of detachment of shelf

Frontiers in Marine Science | www.frontiersin.org 8 March 2022 | Volume 9 | Article 857594



fmars-09-857594 March 25, 2022 Time: 15:36 # 9

Manta et al. Shelf Water Export at Brazil-Malvinas Confluence

FIGURE 4 | Near-surface observations during April-May 2016. (A) Cruise track and station numbers. (B) Difference between air and sea surface temperature (�C).
Wind rose from ship measurements (m s�1) during the cruise period is also shown. (C) Absolute Salinity (SA, g kg�1). The size of the green circle represents specific
turbidity measurements (NTU). (D) Sea surface temperature (�C) and currents (m s�1) from the ADCP averaged over the upper 100 m (black vectors).
(E) Chlorophyll-a from fluorescence. The symbol size represents the in situ chlorophyll-a measurements (mg m�3). (F) Nitrates (NO�

3, µmol kg�1, blue symbols),
Phosphates (PO�

4, µmol kg�1, red symbols), and Nitrites (NO�
2, µmol kg�1, green symbols) concentration at 5 m depth.

waters. We identified an export event during the first half of
the cruise, although only the initial part of the low salinity
plume detaching from the shelf was detected in satellite SSS
(Supplementary Figure 3C), suggesting that the coarse satellite
observations cannot properly resolve it. Nevertheless, satellite
chlorophyll-a provides useful information about the spatial
structure of the export due to the contrasting values between
shelf and the open ocean waters (such as during 24 April at 36�S
52.5�W, Figure 6). The high chlorophyll-a filament consisted
of a brackish water filament detached from the shelf along the
BC retroflection (Figure 6A). The TSG measurements across the
filament and 2 CTD profiles occupied that day display the 3-D

structure of the low salinity RDPPW filament. The filament was
70 km wide and 20 m deep according to the TSG and the CTD
profiles inside the filament, respectively (Figures 6B,C). Within
the 70 km wide filament and the ADCP measurements in the
upper 60m, which better represent the filament, the mean across-
slope velocity was 0.30 m s�1 (Figures 6B,C), and the o�-shore
estimated transport 0.42 Sv.

The northern edge of the filament showed very sharp
gradients. In 20 km, SA decreased from 36.45 to 32.34 g kg�1,
temperature from 23.75 to 20.1�C, and fluorescence increased
from 0.2 to 0.4 mg m�3. Also, very close to the front, a local
maximum of 0.7 m s�1 in the across-slope velocity was observed
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A B

FIGURE 5 | (A) 3-D visualization of the CTD profiles occupied during the cruise. Each vertical line represents a CTD profile and the colors within each line a specific
water mass as shown in (B). The black polygon at the surface shows the Uruguayan EEZ and the gray line shows the 200 m isobath. (B) 2-SA diagram of the CTD
profiles shown in (A) and water masses whose hydrographic characteristics are described in Table 2.

(Figure 6C). The southern side of the filament showed a less
intense fluorescence gradient, probably because the region north
of the filament was occupied by oligotrophic BC water, while
cold-core (< 19.5�C), high-fluorescence (> 0.35 mg m�3) eddy
C1 was located south of the filament. The CTD profile occupied
within the filament showed that the brackish water extended
downward to about 20 m depth, characterized by RDPPW
properties (SA < 33.65 g kg�1; Figure 6D) and high fluorescence
(> 0.45 mg m�3). It is remarkable also that the vertically
integrated fluorescence in the upper 140mwas higher in the CTD
profile outside the filament, but the peak was below 40m of depth
and it was not apparent in satellite observations (Figure 6B).

Subsurface Water Export
The in situ data also showed evidence of subsurface shelf-water
export over the slope located at the BMCduring the second half of
the cruise. The gridded absolute salinity field from CTD profiles
averaged between 40 and 120 m depth shows a low salinity
tongue of SASW (SA < 34 g kg�1; < 12�C) being exported
o�shore up to the outer slope, approximately over the 2,000 m
isobath (Figure 7A). Most of the CTD profiles over the slope
were occupied within the first week of May 2016. Hence, the
altimetry map of 3 May might be taken as representative of the
regional circulation during that week (Figure 7B). The SASW
tongue was located between the BMC and the BC separation
from the shelf (yellow and magenta contours in Figure 7B,
respectively), with geostrophic velocities oriented perpendicular
to the slope toward the open ocean. The 2-SA diagram of that
section shows a clear transition from subantarctic waters within
the MC to subtropical waters from the BC (Figure 7C). Three
CTD profiles showed the presence of SASW. The freshest SASW

variety was observed at the BMC (station 40 at 36.2�S 52.6�W),
with a homogeneous layer of 33.76 g kg�1 found between 70
and 130 m of depth (Figures 7C,F). The next CTD profile to
the south showed evidence of SASW located between 160 and
230 m of depth. Here, SASW properties showed evidence of
mixing with saltier waters with a relative maximum of 34.45 g
kg�1 at 200 m of depth. Finally, the third profile with SASW
was located in the southernmost CTD profile (station 9), which
displayed a 2-SA structure typical from the MC over the slope
(Figures 7B,C).

We next constructed an along-slope section over the main
core of the WBCs, occupied during the period 3–5 May, when
eddy C1 was merging with the MC. We did so from continuous
ADCP velocity measurements and seven CTD profiles occupied
along the 285 km section (stations 9, 15, 29, 40, 53, 65, and
76 from south to north, respectively; Figures 7D–G). The CTD
profile containing the homogeneous layer of SASW at the BMC
(station 40) was separated from the two closest stations by about
40 km. Therefore, we assumed that the horizontal extension of
this layer was 40 km, half the distance between the two closest
stations and approximately the extension of the low salinity
surface signature from the TSG, with an uncertainty of 40 km.
The mean across-slope velocity measured from the ADCP within
the representative 40 km of the CTD station and the 70–130 m
depth containing the homogenous SASW layer was 0.38 m s�1.
Hence, our estimate of the o�shore export of SASW at the BMC
is 0.91 ± 0.91 Sv.

An across-slope CTD transect allowed us to identify and track
the core of the SASW from the shelf to the deep adjacent ocean,
although it must be interpreted with caution because the transect
is a collection of non-synoptic data. The profiles showing the
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FIGURE 6 | (A) Satellite chlorophyll-a and surface geostrophic currents on 24 April 2016. Gray lines show ADT contours. Underway near-surface salinity
measurements are indicated along the cruise track across the filament, color-coded by SSS (color scale above). Black and brown diamonds indicate the location of
the CTD profiles 39 and 53 collected that day. The green lines show the 500 and 2,500 m isobaths. Yellow and magenta colors represent the 0.25, and 0.5 m ADT
contours, respectively. Red and blue contours refer to anticyclonic and cyclonic eddies, respectively. (B) Upper 200 m profiles of Absolute Salinity (SA, g kg�1),
Conservative temperature (2, �C), and fluorescence (mg m�3) from the CTDs 39 and 53. Brown and black lines correspond to stations 53 and 39 carried out within
and outside the low-salinity filament, respectively. Asterisks show the laboratory chlorophyll-a measurement from the water samples collected at station 53.
(C) Underway TSG measurements on the transect occupied across the low-salinity filament shown in (A). The panel shows: Upper 60 m across-shore velocities
from the ADCP (magenta, m s�1, and absolute salinity (red, SA, g kg�1), conservative temperature (blue, 2,�C), and fluorescence (green, mg m�3). (D) 2�SA

diagram of stations 53 and 39 in brown and black, respectively.

layer of SASW immediately outside the shelf were conducted
on 4 and 6 May 2016. The reconstructed transect shows a 60
m thick layer of SASW (2 between 6–12�C and SA 33.75–34 g
kg�1) flowing below the g = 25.7 kg m�3 isopycnal. This vein
of SASW left the surface at the shelf break where it subducted,
reaching 130 m of depth at the 2,300 m isobath (Figure 8A).
The exported SASW might have reached deeper levels, but this
cannot be assessed with the cruise data as the following o�shore
CTD profiles along this transect were collected 10 days earlier
(Figures 8A,B).

In this case, no low salinity signature was identified in
satellite SSS (Supplementary Figure 3D). Chlorophyll-a showed
a relative maximum at the same location where the SASW
o�shore export is apparent in the observations. However, the
signal was very weak and might have also been locally generated
instead of being advected (Supplementary Video 1). On the
other hand, geostrophic currents derived from satellite altimetry
show a high correlation and the lowest root mean square

error (RMSE) with ADCP measurements at a depth of 110 m
(p < 0.01; R2 0.82 and 0.35; RMSE 0.25 and 0.23 m s�1, for
along and across slope velocities, respectively; Supplementary
Figure 4). Therefore, although satellite observations cannot
directly detect the subsurface export of SASW, satellite altimetry
might be used as an indicator of where and when such export
events take place.

Shelf Waters Detection From Argo Floats
and Satellite Observations
In this section, we explore the frequency of RDPPW and SASW
over the slope and their relationship with altimetry using long-
term Argo floats and satellite observations. The Hovmoller
diagram constructed from satellite geostrophic currents and
SSS in the zonally averaged slope shows that most of the
observed across-slope positive (o�shore) velocities occur between
the BMC and the separation of the BC from the shelf break,
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FIGURE 7 | Overview of the export of Subantarctic Shelf Waters at the Brazil-Malvinas Confluence during the first week of May 2016. (A) Mean absolute salinity
(shades) and conservative temperature (contours) averaged over the 40–120 m depth interval. (B) Location of CTD stations occupied over the main BC and MC on 2
and 3 May 2016 approximately over the 1,600 m isobath. Vectors show the upper 100 m velocity field from the ADCP, and gray contours the ADT, with the yellow
and magenta lines representing the BMC and the separation of BC from the shelf break, respectively, and blue and red contours the cyclonic and anticyclonic eddies,
respectively. Colored crosses indicate the profiles in the 2-SA diagram in (C). The panels below show: (D) Along slope velocity (m s�1). (E) Across slope velocity
(m s�1). (F) Absolute salinity (g kg�1), and (G) Conservative Temperature (�C), respectively. TSG underway measurements are also plotted above panels (F,G). Black
contours enclose shelf water (SA < 34 g kg�1), gray lines are contours of constant neutral density, and dotted lines the CTD profiles location in all panels.

following the described seasonal migration of the BMC (see
black and magenta contours in Figures 9A,B). It is also
remarkable that a local maximum in across-slope velocity
(0.3–0.4 m s�1) is observed when the BMC reaches its
extreme highest and lowest latitude. Also, across-slope velocities

higher than 0.1 m s�1 are observed during winter north
of the separation of the BC from the shelf break at about
33�S (Figure 9A).

Satellite SSS with shelf water characteristics (SA < 34 g kg�1)
are observed over the slope north of the BMC in most of the
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FIGURE 8 | Across-slope section. (A) Absolute salinity (SA, g kg�1). The inset shows the SA field averaged over the 40–120 m depth interval, and the cyan line
shows the transect. (B) Conservative temperature (2,�C). The 34 g kg�1 contour delimiting Subantarctic Shelf Waters is drawn in black. Neutral density contours
are shown in gray, with the 25.7 kg m�3 shown in red. Dotted lines show the location of the CTD profiles used to make the section, and the bold dotted lines
correspond to those stations considered as synoptic conducted between the 4 and 8 May.

FIGURE 9 | Hovmoller plots of latitude vs. time over the zonally averaged slope in the Southwestern Atlantic. In both panels, the black contours represent the BMC
position, and the 0, 0.25, and 0.5 m contours of ADT are shown in cyan, yellow, and magenta, respectively. (A) Surface across-slope velocity (m s�1). (B) Sea
Surface Salinity (SSS, g kg�1). Gray circles show Argo profiles located over the slope, and green circles indicate data from Argo profiles in which shelf waters were
observed. Note that only the period where SSS is available is plotted.

cases. They display a clear seasonal cycle, mostly determined by
the southward extension of the BMC, reaching higher latitudes
at the end of the summer (Figure 9B). From the 431 Argo
profiles located between the 1,000 and 2,500 m isobaths and
from 32 to 42�S over the southwestern Atlantic slope, 59 (12%)
contained shelf waters, while 32 (7%) contained exclusively
RDPPW. Most of the profiles containing shelf waters were
located north or at the BMC, in particular between the BMC
and the separation of BC from the shelf-break (Yellow and

magenta contours in Figure 9B, respectively). The shallowest
salinity observations from the 427 Argo profiles were significantly
correlated with satellite SSS (p < 0.01; R2 = 0.64). Co-localized
Satellite SSS measurements showed less variance than in situ
observations, as expected from its coarse space-time resolution.
Nevertheless, the RMSE was 0.78 g kg�1, which might be an
acceptable value to identify RDPPW, yet too large to correctly
single out SASW. While shelf water (SA < 34 g kg�1) was
detected in the shallowest measurement (1–10 m) of 54 of
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FIGURE 10 | (A) 2-SA diagram of Argo profiles over the Southwestern Atlantic slope co-localized with ADT values. Colors represent ADT values < 0.25 m in
sky-blue (MC), > 0.5 m in magenta (BC), and yellow in between (BMC) in panels (A,B). Blue and brown polygons represent the thermohaline intervals for Rio de la
Plata Plume Water (RDPPW) and Subantarctic Shelf Water (SASW), and the three colored 2-SA diagrams are example profiles similar to those containing shelf water
observed in the deep ocean during the 2016 cruise. (B) Argo profiles locations following the same color code as in (A). (C) Histogram of the Argo profiles
co-localized with ADT over the slope. (D) Histogram of the pressure at which Rio de la Plata Plume Waters (RDPPW, brown) and Subantarctic Shelf Waters (SASW,
blue) are found in Argo profiles located over the slope.

the 427 Argo profiles, the corresponding co-localized satellite
SSS detected 58.

Argo profiles in the slope co-localized with ADT show values
ranging between -0.25 and 0.96 m, with remarkable di�erences
in the 2-SA signature depending on which side of the fronts the
floats were localized (Figures 10A,B). Figure 10A also shows
three 2-SA diagrams from Argo floats containing shelf waters
similar to CTD stations occupied during the 2016 cruise (station
53 in Figure 6D and stations 9 and 40 in Figure 7C). The
histogram in Figure 10C displays the number of Argo profiles
as a function of ADT. The maximum frequencies are observed
in the �0.1 to �0.05 m and 0.6–0.65 m intervals. Argo profiles
containing SASW spread over a wide range of ADTs (�0.15
and 0.6 m), while the profiles containing exclusively RDPPW
are restricted to the 0.25 and 0.6 m range, thus falling between

the BMC and the separation of the BC from the shelf break.
In particular, ADT ranges between 0.35 and 0.45 m contain the
majority of Argo profiles with RDDPW, with 23 out of 38 profiles
(⇠60%) within these two class intervals (Figure 10C). Inspection
of the vertical distribution of shelf waters in the Argo profiles,
both RDPPW and SASW are most frequently observed in the
upper ocean interval (10–20 dbar). However, while RDPPW is
exclusively restricted to the upper 40 dbar, these data show that
SASW can reach depths of 200 dbar (Figure 10D).

SUMMARY AND CONCLUSION

The hydrographic cruise that took place in April–May 2016
in the Uruguayan EEZ provided an unprecedented dataset to
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A B C

FIGURE 11 | Schematic circulation patterns of 3 shelf water export situations in the Uruguayan EEZ. BMC stands for Brazil-Malvinas Confluence and SBC for
Separation of Brazil Current from the shelf-break. Shelf waters (SA < 34 g kg�1) are shown in gray. Green lines show the 500 and 2,500 m isobaths. (A) Without
eddies between the Brazil Current and Malvinas Current. (B) With an anticyclonic (C) cyclonic eddy between the main currents, respectively.

investigate local water masses, ocean dynamics, and cross-shelf
exchanges at the Brazil Malvinas Confluence. Despite the survey
covering a relatively small area, our study shows that it is
characterized by a highly variable and dynamic environment.
Water properties can fluctuate from below 0�C to over 25 �C
in conservative temperature and from almost freshwater to
over 37 g kg�1 in absolute salinity. The region hosts intense
western boundary currents and mesoscale activity developing
o�shore, displaying large oceanic space-time variability at all
scales (from synoptic, to interannual and interdecadal) driving
cross-shore exchanges.

The first half of 2016 was an anomalous period in the
southwestern Atlantic in terms of atmospheric and oceanic
circulation. It was characterized by intense southwesterly winds,
negative SST anomalies, and large Rio de la Plata discharges.
By extending the Brazil Malvinas Confluence latitudinal position
index of Lumpkin and Garzoli (2011), we showed that the
confluence was located anomalously north during the first
half of 2016, occupying the Uruguayan EEZ when the in situ
survey was conducted.

In this work, we focused on cross-shelf exchanges as
they have important consequences for carbon export, water
masses transformations, and marine biodiversity. Previous
studies provide evidence that, regionally, shelf water export
is closely related to the confluence position (e.g., Matano
et al., 2014; Berden et al., 2020; Orúe-Echevarría et al., 2021;
Figure 11A). This control is somehow expected since the
Brazil and Malvinas currents generate a barotropic pressure
gradient that extends into the shelf controlling the outer shelf
circulation (Palma et al., 2008; Matano et al., 2010). Our analyses
provide evidence of the 3-D structure and evolution of two
di�erent kinds of shelf water export associated with the BMC
dynamics: one related to Rio de la Plata waters that remain
confined to the surface layers; the other involves SASWs that
subducts under the subtropical thermocline while crossing the
slope. To understand the dynamical setting associated with
these processes and to assess their significance in time we
used a combination of di�erent observations that include the
cruise hydrographic data, Argo profiles, satellite maps of SSS,

SST, ADT, and chlorophyll-a, and a recently developed eddy
detection algorithm.

A near-surface export of shelf water consisted of a thin o�-
shelf layer of Rio de la Plata waters following the path of the
retroflection of the Brazil Current after an anticyclonic eddy
shedding that dissipated after 10 days due to strong winds
that mixed the stratified plume (Figure 11B). In addition, the
hydrographic observations reveal a subsurface export of SASW.
In this case, the driving mechanism also appears to be associated
with mesoscale dynamics triggered by the merging of a cyclonic
eddy with the Malvinas Current at the confluence with Brazil
Current (Figure 11C). This generated intense o�-shelf velocities
at the shelf break. Evidence of subsurface export of shelf waters
based on hydrographic and lowered ADCP observations near
the BMC has been recently reported by Berden et al. (2020,
their Figures 4C, 8E). The novelty of this study relies on the
availability of closely spaced along-slope sections which reveal
the detailed structure of the cross-shelf fluxes. Combining these
in situ and satellite observations we reconstruct the 3-D field,
quantify the export, and associate mesoscale ocean dynamics as
the driving mechanism.

Using numerical simulations,Matano et al. (2014) showed that
a time-averaged convergence of volume of about 1.21 Sv in the
along-shore flow of SASWs (1.15 Sv) and STSW (0.038 Sv) and
the inflow of Rio de la Plata waters (0.024 Sv) between 34 and
38�S must be exported o�shore. The 1.21 Sv could hardly be
achieved by the exported low salinity RdlP plumes, but the sum
of both surface and subsurface export as observed in this work
is closer to. In addition, Franco et al. (2018) using numerical
simulations showed that released neutrally buoyant particles
equally distributed in the vertical at 38�S over the shelf were
exported all along the shelf-break between the retroflection of the
Malvinas Current and the Subtropical Shelf Front at about 32�S.
Most of the neutrally buoyant particles were exported at the BMC,
in particular within the 50–200m layers. They also showed that as
SASWwas exported, it rapidly became saltier. The intensemixing
observed over the slope together with the fact that the di�erence
between SASWs and the surrounding ocean waters can be less
than 0.2 g kg�1, makes it di�cult to detect this water mass based
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only on salinity di�erences with the surrounding waters, as the
shelf water freshwater signature rapidly fades as shown by Franco
et al. (2018).

By using Argo profiles located within the southwestern
Atlantic slope, we provide evidence of the presence of Rio de
la Plata waters and SASWs between the separation of the Brazil
Current from the shelf-break and the confluence and at the
same depths as observed during the 2016 cruise. At specific
values of absolute dynamic topography of 0.35–0.45 m, we found
shelf waters over the slope in more than half of the Argo
profiles, further suggesting the export of shelf waters at this
location is relatively frequent. Also, by inspecting Argo profiles
together with satellite surface salinity we show that SASWs is
often found over the slope, especially within the shallow branch
of the Malvinas Current. Because of the similarity between
SASWs and surrounding waters thermohaline properties and
the intense mixing taking place over the slope, detection of
shelf waters within this current is challenging. Nonetheless, by
combining in situ water velocity measurements and concomitant
satellite altimetry observations we found evidence of SASWs
along the BMC. In contrast, Rio de la Plata waters are more
easily detectable in the open ocean due to their low salinity
characteristics.

We also provided evidence that, although satellite surface
salinity reveals shelf water exports (Guerrero et al., 2014), the
coarse resolution of satellite data limits the ability to detect
the fine structure and temporal evolution of the exported
waters. This suggests that several export events might not
be properly captured by satellite surface salinity. Chlorophyll-
a, which has higher resolution especially under clear sky
conditions, could be a complementary tool to detect these
freshwater export events, but need to be contrasted with other
salinity observations, as high chlorophyll-a filaments could be
associated with several other processes not related to shelf-
waters. Combination of di�erent observations in the future
(e.g., satellite Chlorophyll-a and salinity observations) could
provide more insights on detecting and characterizing shelf
water export events.

Another useful approximation to study shelf water export
processes are high-resolution numerical models, as they
reproduce the shelf-water export, especially when the confluence
and the separation of the Brazil Current from the shelf break
are along the same front (Berden et al., 2020; Orúe-Echevarría
et al., 2021), but probably also to better simulate the impact of
mesoscale eddies, like those observed during the 2016 cruise
(Figure 11). Recent numerical simulations highlight the role
of along-shelf winds in modulating the magnitude of along-
shelf transports and the resulting shelf-open ocean exchanges
(Berden et al., in press). In agreement with our findings, the
numerical models indicate that a majority of the cross-shore
flow occurs close to the confluence. Our retrospective analysis
indicates seasonal fluctuations of the export location between
35.5 and 40�S which are modulated by displacements of the
confluence, and also suggest a secondary export route near
33�S. This latter export location is also apparent in ocean
reanalyses (Berden et al., in press). One of the several advantages
of studying cross-shelf exchanges with numerical models is the

ability to be able to track the water being exported (Franco et al.,
2018; Combes et al., 2021).

Finally, our analyses suggest that geostrophic currents derived
from satellite altimetry are a robust indicator for the regional
dynamics and a useful tool to track cross-shore water export
events. By providing relatively accurate steric height estimates,
satellite altimetry shows a high correlation with absolute
velocities at 100 m of depth. Hence, satellite altimetry seems to be
more useful than satellite surface salinity to identify subsurface
shelf water export events. As altimetry is relatively accurate in
identifying the location of the confluence (ADT contour 0.25 m
over the slope) and the separation of Brazil Current from the
shelf-break (ADT contour 0.5 m), across-slope velocity maxima
confined between the 0.25 and 0.5 m ADT contours over the
shelf break might be a good indicator for subsurface shelf
water export occurrences. However, satellite altimetry does not
resolve smaller scales than the largest mesoscale. Hence, several
filaments of a few tens of km and small eddy-like structures
near the BMC (diameter about 50 km) such as the merging
of eddy C1 with the MC are not well-resolved as suggested by
Ferrari et al. (2017). In addition, intense (> 1Sv) wind-driven
high frequency (1–3 days) cross-shelf exchanges were detected
by Berden et al. (in press) from high-resolution reanalyses not
properly resolved by altimetry.

In conclusion, in situ hydrographic and ADCP observations
combined with long-term satellite observations, an eddy
detection algorithm, and Argo float profiles allowed us to identify
and characterize the 3-D structure and evolution of surface
and subsurface shelf water export to the adjacent deep ocean.
The two types of shelf water export pathways may contribute
to balancing the mass convergence associated with along-shore
flows. Future oceanographic surveys covering the entire width
of the continental slope and achieving high-resolution synoptic
along-slope sections at the BMC might help to better constrain
the structure of subsurface shelf water export.
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Chapter 4
The South Atlantic Dipole From
Multichannel Singular Spectrum Analysis

In this chapter, we address the coupled ocean-atmosphere variability of the South
Atlantic basin. This has been carried out in the attempt to disentangle from
the observed scales of variability in the data we have analyzed so far the ones
inherent to coupled ocean-atmosphere modes of variability and those internal to
the ocean dynamics. Previous studies have revealed distinct climate variability
modes due to air-sea interaction in the tropical Atlantic and North Atlantic re-
gions. Analysis of the linkage between the Northeast Brazilian rainfall anomalies
and sea surface temperature (SST) suggests a pattern of SST anomalies with op-
posite signs north and south of the Intertropical Convergence Zone (Hastenrath
et al., 1977; Cabos et al., 2019). In addition, the equatorial Atlantic shows a
zonal mode, which has been sometimes labeled as Atlantic Niño (Zebiak, 1993).
In the North Atlantic, the North Atlantic Oscillation stands out as the dominant
mode of short-range climate variability in the north Atlantic-European region,
exerting a dominant influence from weeks to decades. It is characterized by
a dipole-like structure with a north-south orientation in the sea level pressure
(SLP) anomaly field over the Northern Atlantic Ocean (Van Loon et al., 1978;
Hurrell et al., 2003). Although it is considered mostly an atmospheric oscillation,
it also drives an out-of-phase relationship in surface temperature between Green-
land and northern Europe (Marshall et al., 2001 and references therein). In the
South Atlantic, published studies suggest that the dominant mode of coupled
variability connecting SLP and SST is the South Atlantic Subtropical Dipole (
Venegas et al., 1997; Sterl et al., 2003; Morioka et al., 2011; Haarsma et al., 2005;
Santis et al., 2020). However, there have been some di�erent characterizations
of this mode of variability and its spatio-temporal scales and evolution are still
under debate. For example, the role of the Southern Annular Mode and El Niño
in its dynamics is not yet entirely clear. In this chapter, we discuss the coupled
ocean-atmosphere variability modes in the South Atlantic using the Multichan-
nel Singular Spectrum analysis applied to SST and SLP fields. The existing
framework has been further developed and provided as an open-access tool for
the scientific community. The results obtained provide a more in-depth charac-
terization of the coupled basin-scale ocean-atmosphere variability. From these
results, a manuscript is being prepared to submit to an international journal. In
this chapter, we detail the analyses carried out and the results obtained.
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Chapter 4. The South Atlantic Dipole From Multichannel Singular Spectrum Analysis

1 Abstract

Finding and explaining oscillatory modes of the climate system contributes to its pre-
dictability. Multivariate Singular Spectrum Analysis (M-SSA) enables the identification
of spatio-temporal modes from multidimensional time series, for instance, a nonlinear
trend, oscillatory modes, noise, and chaotic components. We applied M-SSA to the
South Atlantic sea surface temperature (SST) and mean sea level pressure (SLP) fields
for the 72-year time period of ERA5 reanalysis (1950–2021), and identified an increasing
trend in SST and interannual oscillations. The leading oscillatory mode is characterized
by a period of 12.8 years. It is observed both in the individual variables and the coupled
analysis and depicts a basinwide southwest-northeast dipole. This mode is very likely
linked to the South Atlantic Dipole previously described in the literature, albeit with
fewer details related to its periodicity. Another mode of variability isolated by the M-
SSA is a significant 5.3-year period oscillation also with a dipolar structure, but it seems
to be more related to the ocean subtropical gyre circulation and ENSO in the Pacific.
With the trend, the decadal and interannual oscillation we were able to reproduce almost
40% of the total interannual variability of SST, SLP, and the coupled variables. These
results contribute to characterizing the spatio-temporal evolution of the SST and SLP
variability in the South Atlantic, in particular related to the South Atlantic Dipole.

2 Introduction

Finding and explaining oscillatory modes of the climate system contributes to its pre-
dictability. Multivariate Singular Spectrum Analysis (M-SSA) allows identifying spatio-
temporal oscillatory modes from multidimensional time series (Plaut et al., 1994; Ghil
et al., 2002), being e�cient and robust even in extracting dynamics from short, noisy
time series (Ghil et al., 2002). M-SSA separates time series into a nonlinear trend, os-
cillatory modes, noise, and chaotic components (Ghil et al., 1991), with the extracted
low-frequency modes better corresponding to the predictable modes of the climate sys-
tem than those extracted by regular spatial EOFs (Vautard et al., 1996; Bach et al.,
2021). M-SSA has been applied in many climatic analyses, such as characterizing inter-
annual variability of the North Atlantic Ocean sea temperature and wind stress (Groth
et al., 2017), the Madden–Julian Oscillation (Lau et al., 2011), macroeconomic response
to climatic variability (Garnot et al., 2018), among others.

In the subtropical South Atlantic the low-frequency dominant mode of coupled variabil-
ity connecting sea level pressure (SLP) and sea surface temperature (SST) is the South
Atlantic Subtropical Dipole (SASD; Venegas et al., 1997; Sterl et al., 2003; Morioka
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et al., 2011; Haarsma et al., 2005). This southwest–northeast oriented dipole influences
the variability of precipitation events in southeastern South America and Western Africa
(Muza et al., 2009; Zhou et al., 1998; Carvalho et al., 2002; Chou et al., 2001; Nnamchi
et al., 2011a), cyclogenesis (Bombardi et al., 2014), and the position and intensity of the
South Atlantic Convergence Zone (Barreiro et al., 2002; Barreiro et al., 2004; Barreiro et
al., 2005; Zhou et al., 1998; Chaves et al., 2004; Bombardi, 2013; Robertson et al., 2000),
being a key component for the understanding of the climate predictability of the basin.
The mechanism of the establishment of the dipole event is attributed to intrinsic atmo-
spheric variability, but it has been also linked to the remote e�ect of the Pacific ENSO
events producing the Pacific–South America wave train a�ecting both the intensity and
position of the South Atlantic subtropical high, triggering SASD events (Barreiro et al.,
2004; Rodrigues et al., 2015; Morioka et al., 2014).

There have been di�erent characterizations of the dipolar SST variability in the South
Atlantic. Studies that have focused their attention on austral summer have usually
observed and defined the South Atlantic Subtropical Dipole (SASD) which is stronger
during austral summer and restricted to higher latitudes, while those interested in austral
winter have usually observed and defined the South Atlantic Ocean Dipole (SAOD), which
covers a broader area and peaks in austral winter (Nnamchi et al., 2011b; Nnamchi et
al., 2011a; Nnamchi et al., 2016; Nnamchi et al., 2017). Nevertheless, both are thought
to be the same mode of variability originating from di�erences in the seasonal position
of the St. Helena subtropical anticyclone (Nnamchi et al., 2017). There are still some
open questions about this dipole, in particular concerning its spatiotemporal variability
and the role of air-sea coupling. We will address these issues using the M-SSA analysis,
a technique especially well designed to analyze and describe oscillatory behavior in the
climate system. Moron et al., 1998 analyzed South Atlantic SST variability and trends
using bivariate SSA. They found significant interdecadal oscillations, with a spectral peak
around 13–14 years, which appeared to be correlated to a corresponding North Atlantic
interdecadal mode. They also found a 4–5 year oscillatory mode. However, due to the
use of only two channels, they did not carry out a detailed spatial study, and they did
not analyze the atmospheric fields.

The objective of this chapter is to characterize the spatiotemporal evolution of the
South Atlantic Dipole using the M-SSA technique.
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3 Data and Methods

3.1 Data

We used ERA5 reanalysis (Hersbach et al., 2020) annual means with a horizontal resolu-
tion of 0.25° for the variables SST, SLP and 10-meter winds (U and V) and heat fluxes
combining the reanalysis period from 1979 to 2021 with the backward extension 1950-
1978, resulting in a 72 years-long time series for the South Atlantic (10–50ºS 63ºW–20ºE).
We gridded into 1° average to filter the mesoscale variability and to make computational
analysis faster. For SLP, winds, and heat fluxes, we removed the data values over land.
The ERA5 SST fields come from the HadISST2 and OSTIA products (Hersbach et al.,
2020). Although ERA5 is an uncoupled reanalysis (i.e., the model is run with prescribed
SSTs), the atmospheric fields are expected to contain information about coupled inter-
actions due to their being introduced in the data assimilation through the impact of
observations (Ruiz-Barradas et al., 2017).

To focus on interannual variability, we used annual means (N=72 years) of standardized
anomalies, which were then multiplied by the standard deviation before plotting in order
to recover the units. Before the M-SSA analysis, we first projected the dataset onto a
subset of spatial EOFs (S-EOFs) by means of a conventional principal component (PC)
analysis. This compression of the dataset into PCs is meant to reduce the computational
costs of the M-SSA analysis. Groth et al., 2017, in Appendix B, show that the M-SSA
analysis on PCs is mathematically equivalent to that on the full gridded dataset when
all the PCs are retained.

Figure 4.1: Climatological properties of surface fields in the South Atlantic. a) Mean
SST and sea level (m) in shades and contours, respectively. b) Mean zonal wind and SLP
(hPa) in shades and contours, respectively. Interannual standard deviation of c) SST
and d) SLP. Linear trend for e) SST and f) SLP. Only significant grid points are plotted
(T-test 5%).
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3.2 Multichannel Singular Spectrum Analysis (M-SSA)

The M-SSA method diagonalizes the lag-covariance matrix to obtain a set of orthogonal
eigenvectors and the corresponding eigenvalues. The eigenvectors are also referred to
as space-time empirical orthogonal functions (ST-EOFs), while the eigenvalues provide
information about the variance that is captured by the ST-EOF. The oscillatory behavior
is reflected in pairs of ST-EOFs with similar eigenvalues and fundamental frequencies
(Vautard et al., 1989; Plaut et al., 1994).

We used a window length of M=14 years for the M-SSA, which represents between one-
fourth and one-fifth of the time series, a common length used for this type of analysis.
With the annual averaging, the Nyquist frequency is 0.5 years-1. Thus, we do not expect
to be able to resolve oscillations with periods of about 2 years, such as the quasi-biennial
mode, which has previously been found in the South Atlantic (Moron et al., 1998). We
performed the M-SSA analysis for the SST and SLP separately and then together in
order to understand the similarities and di�erences between them and isolate the role of
air-sea interaction in the dynamics. Phase composite analyses were performed using the
method of Moron et al., 1998.

Sensitivity tests were performed to determine the robustness of the results: (i) we
compared the results obtained using annual means versus those found using a Chebyshev
filter for frequencies f >0.5 cycles per year with a Chebyshev type-I low-pass filter from
which we then took all July values; (ii) the size of the window was varied from 14 to N/4;
(iii) several di�erent grid sizes were used and, given our interest in basin scale dynamics
and that results were not sensitive to resolution, we finally settled for 1.5º; (iv) we also
changed the region considered by expanding/contracting by 5º on each north and south
of the domain. Finally, we performed the M-SSA analysis for the SST and SLP separately
and then together, in order to understand the similarities and di�erences between them
and isolate the role of air-sea interaction in the dynamics.

3.3 Monte Carlo M-SSA

We use Monte Carlo M-SSA (Allen et al., 1996; Groth et al., 2015 ) to test the statistical
significance of the obtained modes. To do so, we simulated 1000 repetitions and used
the Procrustes algorithm to construct the confidence intervals for the eigenvalues (Groth
et al., 2015; Groth et al., 2017).
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4 Results

The PCs describe the variability modes, usually in pairs, except for the first mode which
describes the trend. The analysis performed separately for SST and SLP shows in both
cases a significant trend followed by two oscillatory modes with a fundamental frequency
of 12.8 years (PCs 2-3). A trend is observed both for SST and SLP, explaining 22.0% and
12.1% of the variance, respectively (Fig.4.2). The 12.8 years mode explains more variance
in SLP than in SST: 14.2% and 10.1%, respectively (Fig.4.2). In addition, the M-SSA
shows that the SST field presents another oscillatory mode with a period of 5.3 years
which explains 7.6% of the variance (PCs 5-6, left column Fig.4.2). Finally, the M-SSA
applied to the coupled SST and SLP fields also show a trend, and 12.8-year and 5.3-year
oscillations, this case explaining less variance, 14.1%, 13.2%, and 6.6%, respectively. The
only pair of modes statistically significant are the 5.3-year oscillation for SST and coupled
(shown in red in Fig.4.2).

Figure 4.2: Montecarlo analysis and leading principal components (PCs) associated with
the M-SSA of SST, SLP, and coupled SST and SLP. The upper rows show the power of
each PC as a function of its frequency plotted as diamonds. The black line shows the
confidence intervals. The significant mode with a periodicity of 5.3 years is plotted in
red. The rows below show the trend (PC1), and the 12.8 and 5.3 yr modes explain the
majority of the variance (shown as % in the title of each panel). The length of the PCs
is equal to the length of the time series minus the window length.

Fig.4.3 shows an example of the resulting reconstructed time series for a random grid-
point using the above mentioned modes. About 40% of the interannual variability can
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be explained by the near linear trend, a near decadal oscillation (12.8 years) and an
interannual oscillation (5.3 and 3.4 years for SST and SLP, respectively).

-2

-1

0

1

SST reconstructed with RCs 1-5
Original Reconstruction

1950 1960 1970 1980 1990 2000 2010 2020

-2

-1

0

1

SLP reconstructed with RCs 1-3 and 6-7

Figure 4.3: Example of original time series and reconstructed timeseries from 5 recon-
structed components (trend, decadal and interannual modes explained in the text) for a
random grid point for SST (above) and SLP (below).

4.1 Spatiotemporal evolution of the oscillatory modes

Both SST and SLP fields show a 12.8-year oscillation mode with a SW-NE dipole
structure with a predominance of the meridional axis over the zonal axis (Figs. 4.4
and 4.5). The axis of the SST dipole closely follows the 0 mean Uwind, so that SST
anomalies develop to the north and south of about 32ºS depicting a standing pattern.
The dipole shows maximum amplitude in the southwestern and tropical Atlantic regions,
and thus the most prominent zonal di�erences are observed in the SST mode south of
30ºS (Fig.4.4). Both SST and SLP fields show a 12.8-year oscillatory mode with a SW-NE
dipolar structure with a predominance of the meridional axis over the zonal axis (Figs.
4.4 and 4.5). The dipole shows maximum amplitude in the southwestern and tropical
Atlantic regions, and thus the most prominent zonal di�erences are observed in the SST
mode south of 33ºS (Fig. 4.4). The decadal mode resulting from the M-SSA of the SLP
field is shown in Fig. 4.5, and the SLP anomalies are seen to oscillate in sign and intensity
with S-N movements.

As mentioned before, the M-SSA applied to both SST and SLP fields also recovers a
12.8-year oscillatory mode (Figures 4.6 and 4.7), with similar anomalies as those found
in the analysis of individual fields. There are, however, some di�erences such as that the
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SST pattern tends to be more concentrated to the north of 40ºS and that the tropical
pole seems weaker than in the mode recovered by applying M-SSA only to the SST field.

The single 5.3-year SST mode has similarities and di�erences with respect to the 12.8-
year mode. It has also a dipole structure, but it is less symmetric. During many phases,
one pole is restricted near the western boundary of the basin, within the recirculation area
of the subtropical gyre, and the anomalies instead of behaving as a standing oscillation
as for the 12.8 years dipole mode, tend to follow an anticlockwise propagation (Fig.4.8).

Figure 4.4: 12.8-year oscillatory mode of SST.

Figure 4.5: 12.8-year oscillatory mode of SLP.

Figure 4.6: 12.8-year coupled oscillatory mode of SST.
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Figure 4.7: 12.8-year coupled oscillatory mode of SLP.

Figure 4.8: 5.3-year coupled oscillatory mode of SST.

Figure 4.9: 5.3-year coupled oscillatory mode of SLP.
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The spatial structure of SST associated with the coupled 5.3-year mode is very similar
to the 5.3-year single mode of SST (Fig.4.8 and Fig.4.9). The spatial structure of SLP
associated with the coupled 5.3-year mode has spatial di�erences and it is not a monopole
like the 12.8-year mode. It has a dipole structure with N-S orientation in most of the
phases, with the 0 value near 40ºS (Fig.4.10).

Figure 4.10: 5.3-year oscillatory mode of SST.

The composite of SST for the entire world associated with the 5.3-year oscillation of
SST shows SST anomalies in the Tropical Pacific associated with EL Niño during phases
4 and 5 and with La Niña during phases 1 and 8, respectively (Fig.4.11).

Figure 4.11: Composite of SST anomalies associated with the 5.3-year oscillatory mode
of SST.

5 Summary and conclusion

We have used an advanced spectral method, the Multivariate Singular Spectrum analysis
(M-SSA), applied to the ERA5 reanalysis to describe interannual-to-decadal oscillations
in the south Atlantic basin. We identified an increasing nearly linear trend in both
SST and SLP, being more prominent and explaining more variance in the SST field.
We then identified a dominant oscillation of 12.8 years both in the individual variables
and the coupled analysis. This mode is very likely linked to the South Atlantic Dipole
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described in the literature albeit with fewer details, which has been related to climate
anomalies in neighboring continents such as precipitations over South America, and is
therefore of economical relevance. For example, the phase of the dipole with negative SST
anomalies over the tropics and positive SST anomalies over the extratropics is associated
with increased precipitation during the rainy season over eastern Brazil (Bombardi et al.,
2011).

The other mode of variability isolated by the M-SSA in SST is characterized by a
5.3-year period and a similar spatial pattern as the South Atlantic Dipole, but it has
no homologous SLP mode. Also, the spatial structure suggests it may be related to the
ocean subtropical gyre circulation and therefore with internal oceanic variability. If so, it
will modulate the position of the Brazil-Malvinas Confluence on interannual time scales.
For the case of SLP, a 3.4-year oscillation was also described. This mode not only displays
meridional but also zonal variations of the anomalies of SLP rotating counterclockwise.
If this mode is related to the 4-year oscillation reported by Venegas et al., 1997 is yet to
be determined.

In conclusion, with the trend, a decadal and an interannual oscillation, we were able
to reproduce about 40% of the interannual variability of SST, SLP, and the coupled
variables in the South Atlantic. These results contribute to characterizing the spatio-
temporal evolution of the variability modes, including the South Atlantic Dipole. A
better understanding of the physical mechanisms responsible for the observed oscillations
will contribute to an improved understanding and predicting capabilities.
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Chapter 5
General conclusions and perspectives

In this thesis, we have investigated di�erent aspects of the oceanic circulation in the
South Atlantic from the large scale to mesoscale dynamics, using mostly observations
but also reanalysis. These studies have provided original insights. Each of the three
topics addressed in this PhD work has involved the application of di�erent methods
of analysis and very diverse datasets. In particular, the work carried out provides the
hydrographic analyses of two oceanographic cruises not yet investigated. The validated
and calibrated datasets and scripts to reproduce the results have been made available
in open access. For the oceanographic cruise in the Uruguayan economic exclusive zone,
data was processed from the raw files (e.g. binaries from the Ship ADCP). The processed
data are now available at the Sea scientific open data publication repository (https:
//doi.org/10.17882/86206).

Besides from the new processed datasets generated from oceanographic cruises, we have
taken advantage of the expansion of the South Atlantic observing system to better infer
the context of the hydrographic cruises into a time-varying ocean circulation framework.
In particular, the important deployment of Argo profiling floats has increased spectacu-
larly the spatio-temporal sampling of hydrographic properties in the upper 2000 m of the
basin. Nowadays it is therefore possible to combine upper ocean 2-D sampling varying in
time of the ocean surface from satellite observations with vertical profiles, and approach
a 3-D characterization of the ocean state. This thesis tried to take advantage of this
increased observing capability to gather an enhanced knowledge in the South Atlantic
AMOC estimates and variability (discussed in Chapter 2) as well as in an attempt to de-
scribe the complex interaction between two western boundary currents along and across
the South American continental slope (Chapter 3). We also used the recently released
ERA5 reanalysis (1979 to 2021) with its associated experimental product (1950-1978), ac-
counting for 72 years of data to study large scale coupled variability in the South Atlantic
(Chapter 4).
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The main scientific contributions of this thesis are described below separated by chap-
ters.

Regarding the large-scale circulation and the AMOC, we provided the first descrip-
tion of the water mass structure, currents and meridional volume, heat, and freshwater
transports across 34.5°S in the South Atlantic Ocean. At 34.5°S we identify and quan-
tify an upper (15.64 ± 1.39 Sv) and an abyssal overturning cell (2.4 ± 1.6 Sv). The
latter consists of the northward flow of relatively recently formed AABW confined to the
western basin. Across the section, a net meridional heat transport of 0.27 ± 0.10 PW
is observed when prescribing the geostrophic approximation 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 (Kersale et al., 2020) and
the anomalous predominance of cold-core eddies along the section. In comparisons with
neighboring transbasin sections, applying the same analysis methods, we find that the
AMOC volume and heat transport increased toward the equator (0.65 PW at 30°S and
1.08 PW at 24°S), in agreement with previous results. The decrease in strength of the
upper overturning cell is, among other phenomena, associated with the intensification of
the warm Brazil Current flowing southward between 24°S and 34.5°S during the same
period of time, and, to a minor extent, to a decrease in the 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).

From the 34.5°S section we identified the existence of more recently ventilated water
masses on the western side of the basin and older waters in the east. The major di�erences
in oxygen and thermohaline composition were observed within the AAIW, 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 oxygenated. 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.

Mesoscale eddies, which have been identified as coherent structures, also transport wa-
ter mass properties that originate on the eastern side of the basin, from the Indian Ocean
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(mostly central and subtropical mode waters) and, on the western side, subantarctic wa-
ters originating from the Pacific that undergoes to some lateral mixing and ventilation
near the Brazil-Malvinas confluence. During the SAMBA GO-SHIP cruise in January
2017 along 34.5°S, our estimates show that eddies have a limited impact on the upper
overturning cell. However, they largely influence the heat transport which almost doubles
when the eddies (predominantly cold-core eddies) are removed from the estimate.

Due to the relevance of the western margin of the South Atlantic imposed by the Brazil
and Malvinas currents and the derived high mesoscale eddy activity, we then focus on
the confluence region of these two currents, processing and analyzing di�erent types of
data.

To do so, we processed and analyzed new in-situ hydrographic and ADCP measure-
ments and combined them with long-term satellite observations, an eddy detection algo-
rithm, and Argo float profiles allowed us to identify and characterize the Brazil-Malvinas
Confluence dynamics. In particular, we have been able to describe the 3-D structure and
evolution of surface and subsurface shelf water export to the adjacent deep ocean. We
did so by using data from an hydrographic cruise that took place in April-May 2016 in
the Uruguayan EEZ, which provided an unprecedented dataset to investigate local water
masses, ocean dynamics, and cross-shelf exchanges at the Brazil-Malvinas Confluence.
Despite the survey covering a relatively small area, our study shows that it is a highly
variable environment, hosting large Rio de la Plata discharges and a complex interac-
tion between two colliding western boundary currents and mesoscale activity developing
o�shore.

By extending the Brazil-Malvinas Confluence latitudinal position index of Lumpkin
et al., 2011, besides from confirming the seasonal cycle and southward displacement over
the last 27 years of about 1º, we showed that the confluence was located anomalously
north during the first half of 2016, occupying the Uruguayan EEZ when the in-situ survey
was conducted. We found two events of shelf-water export during the cruise, which are
known to have important consequences for carbon export, water masses transformations,
and marine biodiversity.

In particular, our analyses provide evidence of the 3-D structure and evolution of two
di�erent kinds of shelf water export associated with the Brazil-Malvinas Confluence dy-
namics: one related to Rio de la Plata waters that remains confined to the upper 20-40
meters; the other involves Subantarctic Shelf Waters that subducts under the subtropical
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thermocline while crossing the continental slope. The surface export of shelf water ob-
served during the hydrographic cruise consisted of a thin o�-shelf layer of Rio de la Plata
waters following the path of the Brazil Current retroflection after an anticyclonic eddy
was shed from the current. The subsurface export of Subantarctic Shelf Water appears
to be associated with mesoscale dynamics triggered by the merging of a cyclonic eddy
with the Malvinas Current at the Brazil-Malvinas Confluence.

By using Argo profiles located within the southwestern Atlantic slope, we provide
evidence of the presence of Rio de la Plata waters and Subantarctic Shelf Waters between
the separation of the Brazil Current from the shelf-break and the confluence. These shelf
water export events are all located at the same depths as observed during the 2016
cruise. Moreover, for specific values of absolute dynamic topography that define the
Brazil-Malvinas Confluence Front and the separation of the Brazil Current from the shelf
(ranging from 0.25 to 0.5 m) shelf waters are found over the slope in a large proportion of
the Argo profiles, suggesting that the export of these waters at the Confluence is relatively
frequent and mostly taking place at specific values of absolute dynamic topography.
Analyses of Argo profiles and satellite sea surface salinity, show that Subantarctic Shelf
Waters are often found over the slope within the shallow branch of the Malvinas Current.
Because of the similarity in thermohaline properties between Subantarctic Shelf Waters
and surrounding waters and the intense mixing taking place in the area, the detection of
shelf waters within the Malvinas current is challenging. Nonetheless, by combining in-
situ water velocity measurements, waters properties and concomitant satellite altimetry
observations we found evidence of Subantarctic Shelf Waters along the Brazil-Malvinas
Confluence. In contrast, Rio de la Plata waters are more easily discernible in the open
ocean due to their unique low salinity and low-density characteristics.

We also provided evidence that, although satellite surface salinity reveals shelf water
exports (Guerrero et al., 2014), the coarse resolution of satellite data limits the ability
to detect the fine structure and temporal evolution of the exported waters. This sug-
gests that several export events might not be properly captured by these remotely sensed
data. Chlorophyll-a, which has higher resolution especially under clear sky conditions,
could be a complementary tool to discern such freshwater export events, but it needs to
be contrasted with other salinity observations, as high chlorophyll-a filaments might be
associated with several other processes not related to shelf-waters. Nonetheless, the com-
bination of di�erent observations (eg. satellite Chlorophyll-a and salinity observations)
might be combined to gain more insights into the mechanisms of shelf water export.
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Finally, our analyses suggest that geostrophic currents derived from satellite altimetry
are a robust indicator for the regional dynamics and a useful tool to track cross-shore
water export events. By providing relatively accurate steric height estimates, satellite
altimetry shows a high correlation with absolute velocities at 100m of depth. Hence,
satellite altimetry seems to be more useful than satellite surface salinity to identify sub-
surface shelf water export events. As altimetry is relatively accurate in identifying the
location of the confluence (ADT contour 0.25 m over the slope) and the separation of
Brazil Current from the shelf-break (ADT contour 0.5 m), across-slope velocity maxima
confined between the 0.25 and 0.5 m ADT contours over the shelf break might be a good
indicator for subsurface shelf water export occurrences.

In Chapters 2 and 3 we have analyzed large-scale and regional-scale South Atlantic
processes that are highly variable. Some of the observed variability is due to the internal
ocean dynamics like the overturning circulation and mesoscale eddies. However, a portion
of the observed variability is forced externally. To disentangle the internal variability in
the time series we have tried to assess the coupled modes of variability of the ocean and
atmosphere at the basin scale. This has been achieved by carrying out a multivariate
analysis of the upper ocean and lower atmosphere time series that we discuss in Chapter
4 of this manuscript.

By applying the Multi-channel Singular Spectrum Analysis to the time series of ERA5
reanalysis of sea surface temperature and sea level pressure, we provided evidence of in-
terannual and decadal oscillations in the South Atlantic. We found a dominant oscillation
of 12.8 years both in the individual variables and the coupled analysis. This mode is very
likely linked to the South Atlantic Dipole described in the literature albeit with fewer
details, and has several implications for climate, like precipitations over southeast South
America, and therefore economical relevance. For example, the phase of the dipole with
negative SST anomalies over the tropics and positive SST anomalies over the extratropics
are associated with increased precipitation during the rainy season over eastern Brazil
(Bombardi et al., 2011).

The other mode of variability isolated by the M-SSA in SST is characterized by a
5.3-year period and a similar spatial pattern as the South Atlantic Dipole, but it has no
homologous SLP mode. The spatial structure suggests it is more related to the ocean
subtropical gyre circulation and probably responds to oceanic internal variability. For
the case of SLP, a 3.4-year oscillation was also described. This mode not only displays
meridional but also zonal variations of the SLP.

80



1. Perspectives

In conclusion, in Chapter 4 we were able to reproduce about 40% of the interannual vari-
ability of SST, SLP, and the coupled variables in the South Atlantic with with the trend,
a decadal and an interannual oscillation obtained from the reconstructed components of
the Multivariate Singular Spectral Analysis. These results contribute to characterizing
the spatio-temporal evolution of the variability modes in the South Atlantic, including
the highly relevant for climate and economy South Atlantic Dipole. A better understand-
ing the physical mechanisms responsible for the observed oscillations including the role
of the ocean as a forcing mechanism will contribute to an improved understanding and
predicting capabilities.

1 Perspectives

The main short-term perspective of this thesis is to finalize and submit the manuscript of
Chapter 4, which shows M-SSA as a promising tool to provide an enhanced description of
the South Atlantic Dipole, the role of air-sea coupling in its dynamics, and distinguish it
from other modes of variability. Applying also the M-SSA taking into account the di�erent
seasons could contribute to the discussion of the behaviour of this dipole throughout the
year. In particular, a memory e�ect of the ocean restoring the anomalies from one winter
to the other through the fossilized mixed layer depth has been postulated as a possible
driver of the South Atlantic Dipole (Santis et al., 2020). In addition to that, some open
questions from Chapters 2 and 3 remain to be answered in the near future such as the
ones described in the paragraphs below.

From Chapter 2, the understanding of the abyssal circulation in the eastern South
Atlantic, in terms of both, the origin of the water masses and the details of the circulation,
seems to be a very relevant scientific question. It is indeed a very active research topic
(e.g. Kersalé et al., 2019; Kersale et al., 2020), that is not yet resolved despite a decade
of moorings measurements.

During January 2017, an important subantantaric intrusion at 8ºE was observed (Manta
et al., 2021). It consisted of relatively fresh and highly oxygenated water characterized by
an ADT below 0.4 m associated with a cyclonic eddy. This eddy was not a time-coherent
structure, and TOEddies revealed successive merging and splitting associated with this
structure. This region is part of the route undertaken by Agulhas Rings across the Cape
Basin that encompasses this area. Moreover, here waters from the South Atlantic, Indian
and the Southern Ocean converge in a turbulent regime, where eddies and currents in
the form of jets strongly interact. These processes might provide the routes of meridional
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exchanges between subtropical and subpolar waters. A higher spatio-temporal sampling
of this kind of process would provide more details on the processes involved and on the
meridional transports of properties.

In Chapter 3 we have investigated small-scale events in the very turbulent region of
the Brazil-Malvinas Confluence. This study has in particular provided the evidence of
subsurface export of shelf waters, a process that is documented in high-resolution ocean
numerical simulations but very rarely observed. To detail and quantify one of such
events, we made use of observations undertaken during an oceanographic cruise that was
planned with not such an objective. As a consequence, the suite of the observations
achieved was not optimal in terms of synopsicity and spatial detail. We think that
to gather a better understanding, mapping and quantification of cross-shelf exchanges,
that seem to happen at the submesoscale (i.e., scales smaller than 50 km), dedicated
cruises should be organized by sampling the area with sections parallel to the slope and
by implementing TSG, ADCP but also underway CTD continuously profiling the upper
200-500 m measurements (with instruments such as the Moving Vessel Profilers, Seasoar,
uCTD/Rapid cast). Also, the description and quantitative assessment of the impact of
the di�erent types of shelf-water export from a biogeochemical perspective are relevant
scientific questions.

One specific question that remains open in our investigation concerns the cyclonic eddy
that is often positioned between the Brazil and Malvinas Currents. This eddy is detected
from satellite altimetry maps by TOEddies. During the cruise, one of such eddies was
sampled by the SADCP which provided a description of the vertical structure of the eddy
that was consistent with that produced by satellite altimetry. This type of eddies is often
observed where the slope widens, at the Ewing terrace, between the 200 and 2000 m
isobath. It is shed by the Malvinas Current whenever the current weakens and retracts
southward. This eddy seems to play an important role in the cross-shelf exchanges and
probably has also a significant impact on fisheries. Unfortunately, this eddy structure is
not fully resolved by the actual altimetric products, but it might be in the near future,
after the launch of the SWOT satellite in November 2022. The NASA_CNES SWOT
satellite will provide instantaneous 2D fields and improve e�ectively the ADT resolution
to solve eddies as small as these ones (Morrow et al., 2019).
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Contents of this file 

Figures S1 to S9

Table S1 

Introduction 

This supporting information provides 9 additional figures and 1 table about the data gridding 
(S1), results and differences of using potential temperature and practical salinity instead of 
conservative temperature and absolute salinity (S2 and S4), the complete trajectories of 
mesoscales eddies crossed during the cruise (S3), differences in properties between the western 
and eastern part of the section (S5 and S6), estimates from moorings during the month of the 
cruise (S7), Ekman transport timeseries (S8), and hydrographic properties of CTD profiles done 
close to the center of eddies (S9).

Figure S1. Schematic figure showing the data gridding in the upper 1150 dbar in the western 
boundary. Grey cells correspond to the grid and colored dots to each observation used in the 
linear interpolation. Blue and red dots correspond to the 75 and 38 kHz SADCP underway 
measurements with an averaged measurement every 10 minutes, with the respective bin spacing, 
while CTD measurements are in yellow. The underway measured bathymetry, also averaged 
every 10 minutes, is plotted as a grey mask. The 75 Khz SADCP sampled the water column down 
to 800m with 4 m bins and the 38khz SADCP sampled every 8m bins down to 1600m, although 
we only used the 0-1000 m data because of the quality of the lower quality of deeper data. 
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Figure S2. Oceanic section along 34.5ºS in the South Atlantic during January 2017. a) Practical 
Salinity, b) Potential temperature (ºC), c) Difference between Absolute salinity and practical 
salinity and d) Difference between conservative temperature and potential temperature for the 
MSM60 cruise.

Figure S3. Lifetime trajectories of the mesoscale eddies crossed during MSM60 in January 2017. 
a) Cyclonic mesoscale eddies. The outermost contour at the day each eddy was crossed by the 
ship track is colored in cyan and the trajectory of the centroid in colors indicates the date. 
Continuous black lines indicate the eddy trajectory after being sampled by the cruise. In each 
panel, the dotted black line shows the cruise track and the gray shading represents water depths 
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less than 200 and 3500 m in the ETOPO2 data set (Smith & Sandwell, 1997). b) Same as a), but 
for anticyclonic mesoscale eddies with its outermost contour colored in magenta. An extra color 
scale was added for the long-lived Agulhas rings A3 and A12.  

Figure S4. θ-SP diagram from CTD profiles of MSM60 cruise across 34.5ºS in the South 
Atlantic. 

Figure S5. Mean profiles (lines) and standard deviation (shaded) west and east of the Mid-
Atlantic Ridge in the South Atlantic at 34.5ºS during January 2017 of: a) Conservative 
temperature (Θ, °C), b) Absolute Salinity, (SA, g kg-1) and c) Dissolved Oxygen ( O2, μmol kg-1).
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Figure S6. Anomalies relative to the zonal average of the section at 34.5ºS in the South Atlantic. 
The upper 1000 dbars are vertically stretched. a) Absolute salinity (SA, g kg-1), b) Conservative 
temperature (Θ, °C), c) Dissolved oxygen concentration (μmol kg-1) and d) Potential density (σ0, 
kg m-3). Neutral density layers (γn, kg m-3) bounding each water mass are shown in black. 

Figure S7. Cumulative transport, transport, and velocities (mean and standard deviation) from 
PIESs during January 2017. Black squares show the PIESs locations. See Kersalé et al., (2020) 
for methods.
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Figure S9. CTD profiles carried out close to the center of mesoscale eddies crossed during the 
MSM60 in January 2017. Anomalies were calculated relative to summer climatological non-
eddy Argo profiles. a) Potential density anomaly (kg m-3), b) Conservative temperature (Θ, 
ºC), c) Conservative temperature anomaly (ºC), d) Absolute salinity (SA, g kg-1), e) Absolute 
salinity anomaly (g kg-1) and f) Dissolved oxygen concentration (O2, μmol kg-1).
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Figure S8. Monthly Ekman transport averaged zonally along 34.5ºS in the South Atlantic. The 
black and dashed line shows the time series and the climatology from satellite wind stress. 6 
hourly data for the period 1992-2018 were used to build the climatology. The blue circle is the 
value of the same data set at the time of the MSM60 cruise. The red circle is the calculated 
Ekman transport from MSM60 wind ship measurements. 



Table S1. Water mass properties (mean and standard deviation) at 34.5ºS in the Atlantic Ocean in 
the west and the east. They were separated exactly by half in terms of distance at 17ºW in the Mid 
Atlantic Ridge.

Water Mass Θ (ºC) SA (g kg-1) SP (psu) O2 (μmol kg-1 )

W-SW 18.67 ± 2.25 35.89 ± 0.31 35.72 ± 0.31 225.15 ± 11.87

E-SW 17.22 ± 2.12 35.63 ± 0.17 35.46 ± 0.17 230.51 ± 11.94

W-SACW 12.08 ± 2.70 35.32 ± 0.42 35.15 ± 0.42 212.20 ± 7.02

E-SACW 11.15 ± 2.16 35.11 ± 0.27 34.95 ± 0.26 210.44 ± 8.02

W-AAIW 4.23 ± 1.02 34.45 ± 0.06 34.29 ± 0.06 222.13 ± 15.79

E-AAIW 4.47 ± 1.09 34.50 ± 0.07 34.34 ± 0.06 210.75 ± 14.22

W-UCDW 2.89 ± 0.17 34.77 ± 0.12 34.60 ± 0.12 186.55 ± 6.98

E-UCDW 2.87 ± 0.16 34.76 ± 0.09 34.59 ± 0.09 184.47 ± 5.68

W-NADW 2.63 ± 0.34 35.04 ± 0.04 34.87 ± 0.04 228.03 ± 11.93

E-NADW 2.32 ± 0.25 35.00 ± 0.03 34.83 ± 0.03 218.97 ± 9.86

W-LCDW 0.95 ± 0.59 34.92 ± 0.06 34.75 ± 0.06 217.59 ± 8.30

E-LCDW 1.19 ± 0.42 34.95 ± 0.04 34.78 ± 0.04 217.64 ± 4.88

AABW -0.07 ± 0.04 34.85 ± 0.00 34.67 ± 0.00 215.85 ± 0.57
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Figure S2. Oceanic section along 34.5ºS in the South Atlantic during January 2017. a) Practical 
Salinity, b) Potential temperature (ºC), c) Difference between Absolute salinity and practical 
salinity and d) Difference between conservative temperature and potential temperature for the 
MSM60 cruise.

Figure S3. Lifetime trajectories of the mesoscale eddies crossed during MSM60 in January 2017. 
a) Cyclonic mesoscale eddies. The outermost contour at the day each eddy was crossed by the 
ship track is colored in cyan and the trajectory of the centroid in colors indicates the date. 
Continuous black lines indicate the eddy trajectory after being sampled by the cruise. In each 
panel, the dotted black line shows the cruise track and the gray shading represents water depths 
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less than 200 and 3500 m in the ETOPO2 data set (Smith & Sandwell, 1997). b) Same as a), but 
for anticyclonic mesoscale eddies with its outermost contour colored in magenta. An extra color 
scale was added for the long-lived Agulhas rings A3 and A12.  

Figure S4. θ-SP diagram from CTD profiles of MSM60 cruise across 34.5ºS in the South 
Atlantic. 

Figure S5. Mean profiles (lines) and standard deviation (shaded) west and east of the Mid-
Atlantic Ridge in the South Atlantic at 34.5ºS during January 2017 of: a) Conservative 
temperature (Θ, °C), b) Absolute Salinity, (SA, g kg-1) and c) Dissolved Oxygen ( O2, μmol kg-1).
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Figure S6. Anomalies relative to the zonal average of the section at 34.5ºS in the South Atlantic. 
The upper 1000 dbars are vertically stretched. a) Absolute salinity (SA, g kg-1), b) Conservative 
temperature (Θ, °C), c) Dissolved oxygen concentration (μmol kg-1) and d) Potential density (σ0, 
kg m-3). Neutral density layers (γn, kg m-3) bounding each water mass are shown in black. 

Figure S7. Cumulative transport, transport, and velocities (mean and standard deviation) from 
PIESs during January 2017. Black squares show the PIESs locations. See Kersalé et al., (2020) 
for methods.
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Figure S9. CTD profiles carried out close to the center of mesoscale eddies crossed during the 
MSM60 in January 2017. Anomalies were calculated relative to summer climatological non-
eddy Argo profiles. a) Potential density anomaly (kg m-3), b) Conservative temperature (Θ, 
ºC), c) Conservative temperature anomaly (ºC), d) Absolute salinity (SA, g kg-1), e) Absolute 
salinity anomaly (g kg-1) and f) Dissolved oxygen concentration (O2, μmol kg-1).
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Figure S8. Monthly Ekman transport averaged zonally along 34.5ºS in the South Atlantic. The 
black and dashed line shows the time series and the climatology from satellite wind stress. 6 
hourly data for the period 1992-2018 were used to build the climatology. The blue circle is the 
value of the same data set at the time of the MSM60 cruise. The red circle is the calculated 
Ekman transport from MSM60 wind ship measurements. 



Table S1. Water mass properties (mean and standard deviation) at 34.5ºS in the Atlantic Ocean in 
the west and the east. They were separated exactly by half in terms of distance at 17ºW in the Mid 
Atlantic Ridge.

Water Mass Θ (ºC) SA (g kg-1) SP (psu) O2 (μmol kg-1 )

W-SW 18.67 ± 2.25 35.89 ± 0.31 35.72 ± 0.31 225.15 ± 11.87

E-SW 17.22 ± 2.12 35.63 ± 0.17 35.46 ± 0.17 230.51 ± 11.94

W-SACW 12.08 ± 2.70 35.32 ± 0.42 35.15 ± 0.42 212.20 ± 7.02

E-SACW 11.15 ± 2.16 35.11 ± 0.27 34.95 ± 0.26 210.44 ± 8.02

W-AAIW 4.23 ± 1.02 34.45 ± 0.06 34.29 ± 0.06 222.13 ± 15.79

E-AAIW 4.47 ± 1.09 34.50 ± 0.07 34.34 ± 0.06 210.75 ± 14.22

W-UCDW 2.89 ± 0.17 34.77 ± 0.12 34.60 ± 0.12 186.55 ± 6.98

E-UCDW 2.87 ± 0.16 34.76 ± 0.09 34.59 ± 0.09 184.47 ± 5.68

W-NADW 2.63 ± 0.34 35.04 ± 0.04 34.87 ± 0.04 228.03 ± 11.93

E-NADW 2.32 ± 0.25 35.00 ± 0.03 34.83 ± 0.03 218.97 ± 9.86

W-LCDW 0.95 ± 0.59 34.92 ± 0.06 34.75 ± 0.06 217.59 ± 8.30

E-LCDW 1.19 ± 0.42 34.95 ± 0.04 34.78 ± 0.04 217.64 ± 4.88

AABW -0.07 ± 0.04 34.85 ± 0.00 34.67 ± 0.00 215.85 ± 0.57
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Supplementary Video S1. Animation during the period of the cruise. Shade colors show
satellite chlorophyll-a values, while light gray show ADT contours. Black vectors repre-
sent surface geostrophic currents. Gray contours show Absolute Dynamic Topography,
with the yellow and magenta lines representing the BMC and the separation of BC from
the shelf break over the slope, respectively. Cyan contour represents the main retroflec-
tion of Malvinas Current. Red and blue contours show Anticyclonic and Cyclonic eddies,
respectively. Magenta bold lines represent the cruise track for each day, and cyan crosses
and numbers indicate the CTD stations.

Figure 7.1: 32 simultaneous sampling points of chlorophyll-a at near-surface from the
CTD rosette (Bottle), Fluorescence sensor from the CTD (CTD), Termosalinograph
(TSG) fluorescence raw (TSG) and adjusted (TSG adj), and satellite measurements.
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Figure 7.2: Time series of the Rio de la Plata discharges. The period of the cruise is
shown in red, and the mean discharges by the gray line.

Figure 7.3: Weekly surface salinity fields during April and May 2016 in the Uruguayan
Economic Exclusive Zone (black polygon). In green, are shown the 500 and 2500 m
isobaths. The brown and blue contours correspond to Rio de la Plata Plume Waters and
Subantarctic Shelf Waters, respectively.
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Figure 7.4: Comparison between altimetry measurements and Ship ADCP along the
transect of Brazil-Malvinas Confluence. The comparison was made by interpolating the
altimetry into the SADCP quasi-continuous measurements. The upper panels show the
measurements along and across- slope, while the lower panels show the Pearson correlation
coe�cient (CORR) and the Root Mean Square Error (RMSE) for each bin depth of the
Ship ADCP with respect to Altimetry.
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ABSTRACT 

The ocean, like the atmosphere, is a key component of the climate system redistributing heat from lower 
to higher latitudes. Also, it has absorbed the majority of the anthropogenic heat through its large heat 
capacity. The Atlantic Meridional Overturning Circulation (AMOC) is the main mechanism in how the 
ocean redistributes heat and other properties across this basin. The AMOC has historically received 
special attention in its northern basin due to its large contribution to the global circulation and influence 
over the climate in Europe and North America. Over the last decade, the efforts to observe the global 
ocean and in particular the South Atlantic have increased, as this basin has the unique characteristic to 
export heat to the northern hemisphere across the equator and it connects the AMOC with the other ocean 
basins. This Ph.D. thesis aims to understand new insights from the South Atlantic Ocean circulation from 
a physical oceanography perspective, using the exponentially growing number of observations provided 
by the deployment of Argo floats, ship-based hydrography, and satellite observations. The study uses 
different new analyses applied to the ocean and to a recently released atmospheric reanalysis. The Ph.D. 
work has focused on three different aspects of the South Atlantic Circulation. In the first part, it has aimed 
to assess the meridional volume, freshwater, and heat (MHT) transports at 34.5°S in the South Atlantic in 
the first GO-SHIP hydrographic transect at this latitude that took place in January 2017. An upper and an 
abyssal overturning cell are identified with a strength of 15.64 ± 1.39 Sv and 2.4 ± 1.6 Sv, 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 zonal changes in water 
masses properties and velocity denote the imprint of exchange pathways with both the Southern and the 
Indian oceans. During the second part of the Ph.D., the analysis focused on the Brazil-Malvinas Confluence, 
which is the region where opposing and intense western boundary currents, major contributors of the 
AMOC, meet along the Southwestern Atlantic slope. Based on shipborne observations combined with 
satellite data and an eddy tracking algorithm, we analyze the cross-shelf exchanges during May 2016. 
Two types of shelf water export were observed triggered by mesoscale dynamics: one was the export of 
shallow Rio de la Plata Plume waters driven off-shelf by the retroflection of the Brazil Current. An 
additional type of off-shelf transport consisted of a subsurface layer of Subantarctic Shelf Waters that 
subducted at the Confluence. We show that geostrophic currents derived from satellite altimetry over the 
slope can be useful to track this subsurface off-shelf export as they are significantly correlated with 
absolute velocity measurements at this depth. Moreover, Argo temperature and salinity profiles show 
evidence of these two types of shelf water export, suggesting this is a relatively frequent phenomenon. 
The last part of the study consisted of studying the natural coupled variability of ocean and atmosphere 
by applying the Multivariate Singular Spectrum Analysis (MSSA) to the ERA5 dataset. We identified 
prominent interannual oscillations of 12.8 and 5.3 year periods, characterized by a basinwide southwest-
northeast anticlockwise propagation pattern. The novelty of these results relies on that MSSA allows 
characterizing the spatio- temporal evolution of the variability mode. The results of the Ph.D. work have 
been summarized in three papers prepared for international A-rated scientific journals. Two of them have 
already been published.  
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MOTS CLÉS

Transport de chaleur, tourbillons à mésoéchelle, exportation de l’eau du plateau, variabilité couplée

RÉSUMÉ

L’océan, comme l’atmosphère, est un élément clé du système climatique qui redistribue la chaleur des basses vers les

hautes latitudes. Il a également absorbé la majorité de la chaleur anthropique grâce à sa grande capacité thermique. La

circulation méridienne de retournement de l’Atlantique (AMOC) est le principal mécanisme par lequel l’océan redistribue

la chaleur et d’autres propriétés dans ce bassin. Historiquement, l’AMOC a fait l’objet d’une attention particulière dans

son bassin nord en raison de sa grande contribution à la circulation mondiale et de son influence sur le climat en Europe

et en Amérique du Nord. Au cours de la dernière décennie, les efforts d’observation de l’océan global et en particulier de

l’Atlantique Sud ont augmenté, car ce bassin a la caractéristique unique d’exporter de la chaleur vers l’hémisphère Nord

à travers l’équateur et connecte l’AMOC avec les autres bassins océaniques. Ce doctorat vise à améliorer la compréhen-

sion de la circulation dans l’océan Atlantique Sud du point de vue de l’océanographie physique, en utilisant le nombre

croissant d’observations fournies par les flotteurs Argo, des mesures hydrographiques et des observations satellitaires.

Le travail s’est concentré sur trois aspects différents de la circulation de l’Atlantique Sud. Dans la première partie, il

s’agissait d’évaluer les transports méridiens de volume, d’eau douce et de chaleur (MHT) à 34.5°S dans l’Atlantique

Sud lors du premier transect hydrographique GO-SHIP à cette latitude, en janvier 2017. Une cellule de retournement

supérieure et une cellule de retournement abyssale sont identifiées avec une force de 15.64 ± 1.39 Sv et 2.4 ± 1.6 Sv,

respectivement. La MHT nette vers le nord-est de 0.27 ± 0.10 PW, augmentant de 0.12 PW lorsque nous retirons les

tourbillons de méso-échelle observés avec une climatologie dérivée de l’ensemble de données des flotteurs Argo. Nous

attribuons cette différence à une prédominance anormale des tourbillons de cœur froid pendant la période de la cam-

pagne. Au cours de la deuxième partie du doctorat, l’analyse s’est concentrée sur la confluence Brésil-Malouines, qui

est la région où des courants de bord ouest opposés et intenses, contributeurs majeurs du AMOC, se rencontrent et

génèrent l’une des régions les plus énergétiques de l’océan mondial. Sur la base d’observations embarquées combinées

à des données satellitaires et à un algorithme de suivi des tourbillons, nous analysons les échanges trans-plateau au

cours du mois de mai 2016. Deux types d’exportation d’eau du plateau ont été observés, déclenchés par la dynamique

de mésoéchelle: l’exportation des eaux peu profondes du panache du Rio de la Plata, entraînées hors du plateau par la

rétroflexion du courant du Brésil, et le transport vers le large d’une couche d’eaux du plateau subantarctique situé sous la

surface, qui s’est subductée à la confluence. Nous montrons que les courants géostrophiques dérivés de l’altimétrie par

satellite au-dessus du talus peuvent être utiles pour suivre cette exportation hors plateau en subsurface. De plus, les pro-

fils de température et de salinité Argo montrent des preuves de ces deux types d’exportation d’eau du plateau, suggérant

qu’il s’agit d’un phénomène relativement fréquent. La dernière partie de l’étude a consisté à étudier la variabilité naturelle

couplée de l’océan et de l’atmosphère en appliquant l’analyse multivariée du spectre singulier (MSSA) au jeu de données

ERA5. Nous avons identifié des oscillations interannuelles importantes de périodes de 12 et 5 ans, caractérisées par un

modèle de propagation sud-ouest-nord-est dans le sens inverse des aiguilles d’une montre. La nouveauté de ces résul-

tats repose sur le fait que la méthode MSSA permet de caractériser l’évolution spatio-temporelle du mode de variabilité.

Les résultats de ces travaux ont été résumés dans trois articles préparés pour des revues scientifiques internationales

de rang A, dont deux d’entre eux ont déjà été publiés.
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