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Abstract The Brazil‐Malvinas Confluence arises from the frontal encountering of the subtropical Brazil
Current and subantarctic Malvinas Current. It displays a complex regional circulation that is
accompanied by mesoscale features and thermohaline intrusions. Here we combine altimetry and cruise
data to describe the circulation pattern in the upper 2,000 m at two spatial scales encircling the frontal
system. The major regional features appear south of the confluence latitude at 39–40°S: (a) a relatively weak
Malvinas Current near 41°S, 56°W (28.3 ± 1.4 Sv), followed by its cyclonic retroflection; (b) an intense
subtropical anticyclone (59.3 ± 10.7 Sv) that replaces the Brazil Current overshoot; and (c) a very intense
subantarctic inflow (78.9 ± 13.7 Sv) near 53°W that is maintained through both an upstream (near 42°S)
earlier diversion of the Malvinas Current and the cyclonic recirculation of the flow exiting east along the
confluence. North of the confluence, the Brazil Current provides a net input of 30.8 ± 12.0 Sv (29.1 ± 8.3 Sv
along the slope). The southern inflow splits nearly equal between barotropic and baroclinic contributions
while the entire northern flow is essentially baroclinic. These northern and southern inputs add to an
eastward along‐front transport of 109.7 ± 15.1 Sv, with significant contribution of highly oxygenated,
relatively fresh Subantarctic Mode and Antarctic Intermediate Waters (58.7 ± 5.6 Sv). The regional
circulation experiences substantial temporal variability, with southern waters flowing into the
Brazil‐Malvinas Confluence through along‐slope and interior pathways and partly recirculating within the
subtropical South Atlantic gyre.

Plain Language Summary The Brazil Malvinas Confluence is an intense frontal system, the
meeting point of the southward Brazil Current, which transports subtropical relatively warm, salty,
and poorly oxygenated waters, and the Malvinas Current, carrying subantarctic relatively fresh, cold,
and highly oxygenated waters. Here we examine the conditions in the confluence at the time of the
TIC‐MOC cruise, paying special attention to their previous evolution. South of the confluence (39–40°S),
the circulation is characterized by a relatively weak along‐slope Malvinas Current and an interior
intense dipole while north of the confluence the main current is the along‐slope Brazil Current; the
southern and northern inputs conduce to a very intense eastward along‐front South Atlantic Current.
We find that the conditions at the confluence are forced by both the impinging boundary currents and
the interior ocean conditions. Further, the confluence is a site where subantarctic waters flow
underneath the subtropical layers and recirculate south after experiencing substantial transformations in
the subtropical gyre. We may conclude that the confluence acts both as a barrier and a blender of
subtropical and subantarctic waters, of especial relevance in the meridional transport of heat and
other properties.

1. Introduction

An outstanding regional feature in the world ocean is the collision of the Brazil and Malvinas Currents (BC
andMC), twomajor western boundary currents that carry waters of subtropical and subantarctic origin. The
outcome of this encounter is a very intense thermohaline frontal system, the Brazil‐Malvinas Confluence
(BMC), with possibly the highest temperature horizontal gradients in the open ocean. The characteristics
of the BMC, as for any frontal system, will depend on the relative effect of the advective and diffusive
processes: the intensity of the impinging currents, as the element that brings together waters with contrast-
ing characteristics, and the cross‐frontal exchange, as the process that tends to dilute the differences in
water properties.

©2019. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2018JC014733

Key Points:
• We apply an inverse model to

determine barotropic, baroclinic,
and total volume transports at two
different spatial scales encircling the
Brazil‐Malvinas Confluence

• Both cruise and model data show a
weak along‐slope Malvinas Current
at 41°S (28 Sv) and a much more
intense northward interior branch
(79 Sv) into the confluence

• The confluence holds substantial
cross‐frontal exchange, including
the subduction of subantarctic layers
and their diapycnal mixing with
subtropical waters

Supporting Information:
• Supporting Information S1

Correspondence to:
D. Orúe‐Echevarría and J. L. Pelegrí,
dorleta.orue@gmail.com;
pelegri@icm.csic.es

Citation:
Orúe‐Echevarría, D., Pelegrí, J. L.,
Machín, F., Hernández‐Guerra, A., &
Emelianov, M. (2019). Inverse
modeling the Brazil‐Malvinas
Confluence. Journal of Geophysical
Research: Oceans, 124, 527–554. https://
doi.org/10.1029/2018JC014733

Received 2 NOV 2018
Accepted 2 JAN 2019
Accepted article online 5 JAN 2019
Published online 21 JAN 2019

ORÚE‐ECHEVARRÍA ET AL. 527

https://orcid.org/0000-0002-9459-5126
https://orcid.org/0000-0003-0661-2190
https://orcid.org/0000-0002-4883-8123
http://dx.doi.org/10.1029/2018JC014733
http://dx.doi.org/10.1029/2018JC014733
http://dx.doi.org/10.1029/2018JC014733
http://dx.doi.org/10.1029/2018JC014733
http://dx.doi.org/10.1029/2018JC014733
mailto:dorleta.orue@gmail.com
https://doi.org/10.1029/2018JC014733
https://doi.org/10.1029/2018JC014733
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2018JC014733&domain=pdf&date_stamp=2019-01-21


Current descriptions of the BMC circulation pattern rely on remote sea surface temperature (SST) and alti-
metry data, hydrography and velocity data from shelf and slope moorings, and relatively low‐resolution
hydrographic data from regional cruises. The BMC mean position is about 38°S, with a seasonal cycle of
nearly 3° along the continental shelf break, reaching its northernmost position during austral winter (Goni
et al., 2011; Goni & Wainer, 2001; Gordon & Greengrove, 1986; Saraceno et al., 2004). The MC runs north
along the Argentinean slope until the BMC, where it sharply turns south as the Malvinas Return Current
(MRC) (Piola et al., 2013) before finally flowing east at about 45°S (Peterson &Whitworth, 1989). The BC also
follows close to the slope until the BMC, where it separates from the continent and continues at the eastern
side of the MRC, drawing a loop known as the Brazil Current Overshoot (BCO) (Saraceno et al., 2004). Parts
of the MRC and BCO continue eastward at about 40°S as the South Atlantic Current (SAC) while other por-
tions recirculate north to feed back the latitudinal flows into the BMC (Stramma & Peterson, 1990).

Several studies have analyzed the mean intensity and variability of the MC and BC. Early estimates of the
MC—assuming that the current is in geostrophic balance—ranged between 5 and 15 Sv (1Sv = 106 m3/
s ≅ 109 kg/s) (Garzoli, 1993; Gordon & Greengrove, 1986). However, these estimates did not consider a sub-
stantial barotropic contribution. Studies that combine hydrographic or altimetry data with direct current
measurements have indeed reported higher transports, in the 35–60‐Sv range (Peterson, 1992; Saunders &
King, 1995; Spadone & Provost, 2009; Vivier & Provost, 1999a). Artana et al. (2018) combined 25 years of alti-
metry and mooring data to obtain a transport of 37.1 ± 6.6 Sv, with several instances of transports greater
than 50 Sv. In contrast, most of the mean BC transport is baroclinic (Matano et al., 2010), so different
geostrophic calculations have provided more consistent numbers. The BC volume transport generally
increases with latitude, as a consequence of water recirculation within the subtropical gyre: 10 Sv at 24°S
(Stramma, 1989), 20–30 Sv at 32°S (Garzoli et al., 2013; Schmid, 2014; Zemba, 1991), and 20–40 Sv at
38°S, close to the BMC (Garzoli, 1993; Garzoli & Garraffo, 1989; Gordon & Greengrove, 1986;
Maamaatuaiahutapu et al., 1998; Piola & Matano, 2001).

Contrasting with the above extensive descriptions of the MC and BC, there are fewer studies on why and
how the BMC frontal system becomes unstable and, particularly, on how this instability leads to cross‐
frontal exchange. At the locus of the collision, the BMC generally appears as one single frontal system, com-
monly named BMC front; on the leeside of the encounter, however, there are two well‐differentiated fronts:
the Subantarctic Front (SAF), as the northernmost front associated to the Antarctic Circumpolar Current
(Artana et al., 2016; Orsi et al., 1995), and the Brazil Current Front (BCF), which sets the southern limit
of the BC (Peterson & Whitworth, 1989). The latitude and longitude of these fronts changes continuously
in time, at scales that vary from weeks to years. Several recent studies have identified the existence of two
opposite regimes in the BMC—named weak and strong Malvinas flow—which are expressed in terms of
the intensity of the along‐slope MC near 41°S (Artana et al., 2018; Ferrari et al., 2017; Paniagua et al.,
2018). During the weak Malvinas regime, the SAF does not reach 41°S over the slope, the BCF overshoots
as far as 44°S, and the eddy kinetic energy (calculated at time scales less than 20 days) increases; during
the strong Malvinas regime, the SAF and BCF meet near 39°S along the slope, the BCO breaks down as
an isolated anticyclone, and the eddy kinetic energy decreases. Despite this useful idealization, the time
series of sea‐surface altimetry show that the actual state at any time is quite complex (Ferrari et al., 2017),
some sort of combination of both longitudinal and latitudinal dipoles (and even tripoles) that results in a
highly variable and difficult to interpret pattern of mesoscale and regional recirculations.

Our lack of understanding of the processes that control the patterns of regional circulation becomes even
more evident when we attempt to describe those processes that lead to net exchange across the frontal sys-
tem. These include the latitudinal motions of a myriad of mesoscale features of both signs (Legeckis &
Gordon, 1982; Olson et al., 1988; Lentini et al., 2006; Saraceno & Provost, 2012; Mason et al., 2017), and
the subduction and thermohaline intrusions of subantarctic and subtropical mode waters (Gordon, 1981;
Provost et al., 1999; Sato & Polito, 2014). This is relevant both regionally and globally, as the outcome of
the horizontal and vertical processes at the BMC is a substantial transformation of those water masses that
will ultimately flow to the North Atlantic Ocean as the returning limb of the Meridional Overturning
Circulation (MOC) (Garzoli & Matano, 2011).

The purpose of this study is to produce a detailed portrait of the frontal structure and associated surface and
subsurface circulation patterns in a relatively small region encompassing the BMC (Figure 1), placing this
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snapshot in perspective with the frontal evolution at time scales of months. We aim at describing the specific
state at the time of the cruise, not only identifying the associated circulation patterns but also exploring what
their complexity tells us about the frontal evolution and dominant processes. For this purpose, we combine
high‐resolution hydrographic and velocity data in the upper 2,000 m, from a cruise carried out in March
2015, with velocity time series for the along‐slope MC at about 41°S (Ferrari et al., 2017; Saraceno et al.,
2017; Paniagua et al., 2018) and remote‐sensing altimetry and temperature data over the entire region.
The baroclinic and barotropic water mass transports are calculated using inverse models at two different
spatial scales: frontal area and confluence region. The frontal area focuses on the flow at the frontal
system itself while the confluence region is used to describe the characteristics of the impinging BC and
MC, as well as the MRC and BCO.

The structure of the article is as follows. The cruise and remote sensing data are introduced in section 2, and
the fundamentals and application of the inverse model are presented in section 3. Section 4 shows the
surface geostrophic velocity fields and the hydrographic properties along the frontal and confluence
perimeters, and section 5 presents the velocities and transports into or out of the frontal and confluence
domains as deduced with the inverse model. In section 6 we compare the velocity fields as sampled with
the ship and calculated with the inverse model, provide our best estimate of the transports associated with

Figure 1. (a) Mean sea‐surface ADT (m) in the South‐Western Atlantic Ocean for March 2015 andmean surface geostrophic velocities (black arrows) together with
the location of the Brazil Current Front (BCF; blue line) and the Subantarctic Front (SAF; black line), ADT values for each of the fronts as in Ferrari et al. (2017).
The positions of the hydrographic stations are shown as blue dots. (b) Location of the hydrographic stations on top of the bathymetry (GEBCO 2008; color‐
coded, in m), distinguishing those stations used for the confluence (red dots, stations 1–28) and frontal (black dots, stations 29–47) models; the north, south, east,
and west positions of each perimeter are shown for reference. The predominant paths of the BC andMC, at the time of the cruise, are sketched. (c)MeanMarch 2015
sea‐surface winds in the study area; the sea‐surface Ekman transports (Sv) through each portion of the perimeter are indicated, with positive values denoting
transfer out of the domain. The net freshwater fluxes for the frontal (Fw,f) and confluence (Fw,c) domains are shown in the top right, with positive values denoting
net transfer toward the ocean.
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the main flow patterns, and assess the water transformations at the frontal system. We conclude in section 7
with some remarks about what we have learnt and what yet remains unknown regarding the mean flow
structure in the BMC.

2. Data
2.1. TIC‐MOC Cruise

The TIC‐MOC cruise was carried out onboard the R/V Hespérides between 8 and 22 March 2015 (Figure 1).
The positioning of the hydrographic stations relative to the BMC was done using near real‐time remote
sensing altimetry and temperature data (see next section), as well as one‐week‐window daily forecasts of
sea‐surface absolute dynamic topography (ADT) and temperature, salinity, and velocity at 0, 92, 453, and
1062 m, as provided by the Mercator Ocean PSY4QV2R2 operational model, with 1/12° resolution
(https://www.mercator‐ocean.fr/). A full description of the cruise methods and sampling is presented by
Orúe‐Echevarría et al. (2019) and the entire data set is available at Pelegrí et al. (2018), a summary follows.

A total of 66 hydrographic stations were done in the BMC, with 19 stations bounding the inner part of the
front (frontal area) and 28 stations delimiting a larger and more external domain (confluence region)
(Figure 1). Conductivity‐temperature‐depth (CTD) data were obtained with a SeaBird 911 Plus multipara-
metric probe, with duplicate salinity and temperature sensors in order to detect any possible drift, and
dissolved oxygen (DO) was sampled with a SBE‐43 sensor and calibrated through Winkler titration of a
selected number of samples.

The frontal area is aligned with the frontal system, with a near‐rectangular shape approximately
250 km× 100 km. Themean distance between stations is 30 km, although it varies from 15 km in the western
section to 90 km between the two most‐spaced northern stations; the frontal stations reached down to either
the seafloor over the upper slope or 400m in the open ocean. The confluence stations follow a nearly circular
perimeter, with diameter about 500 km, closed to the west by the continental slope. These stations stretched
down to the seafloor over the upper slope or a minimum depth of 2,000 m in the open ocean, with the
distance between each pair of stations close to 45 km everywhere. For all stations, conservative temperature
(θ), absolute salinity (S), and neutral density (γn) are calculated with 2‐dbar vertical resolution.

Horizontal velocity profiles were obtained at each hydrographic station through a lowered acoustic Doppler
current profiler (LADCP). Due to the flooding of the upper‐looking LADCP, in most stations the velocity was
recorded using only the 300‐kHz downward looking LADCP, for 4‐m vertical bins. Additionally, throughout
the cruise, the vessel‐mounted ADCP (VADCP) continuously sampled the horizontal currents between
about 20 and 700 m, using 8‐m depth bins.

2.2. Supplementary Data Sets

We use remote‐sensing altimetry data in order to obtain surface velocities and locate the surface fronts. The
daily ADT and corresponding surface geostrophic velocities come from the DUACS multisatellite 1/4°
gridded delay‐time product (Pujol et al., 2016), as provided by the Copernicus Marine Environment monitor-
ing service (http://marine.copernicus.eu/). The mean March 2015 ADT field characterizes the surface flow
at the time of the cruise and delimits the position of the SAF and BCF using the ADT definitions in Barré
et al. (2011) and Ferrari et al. (2017)—contours of +0.30 m for the BCF and −0.05 m for the SAF. We also
use level‐3 SST images from the Advanced Very High Resolution Radiometer on National Oceanic and
Atmospheric Administration satellites, with a spatial resolution of 4 km (https://data.nodc.noaa.go).

We obtain sea‐surface wind stress and evaporation‐precipitation (E‐P) data (spatial resolution 0.75° × 0.75°)
from the European Centre for Medium‐Range Weather Forecasts (https://www.ecmwf.int/). From the wind
stress we calculate the Ekman transports TE into or out of either the frontal or confluence domains;
similarly, from the E‐P values we compute the freshwater transports Fw for either dominion (Figure 1c).
Additionally, the March 2015 monthly‐mean freshwater discharge by La Plata River is estimated at
14,600 m3/s, as reported by the Argentinean hydrological service (Goniadzki et al., 2015).

We also consider Argo float trajectories from 2005 to 2018 provided by the Coriolis Global Data Acquisition
Center of France (http://www.coriolis.eu.org/). These floats travel at 1,000 m and, every 10 days, perform a
CTD profile between 0 and 2,000 m and transmit these data and position.
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Finally, our analysis will benefit from recent reports of velocity time series during 2014–2015 at several cross‐
slope moorings near 41°S, which sampled the along‐slope MC precisely at the same location of our south-
western hydrographic stations (Ferrari et al., 2017; Paniagua et al., 2018). The mooring data are available
at Saraceno et al. (2017).

3. Inverse Model
3.1. Model Formulation

Under the assumption of a conservative ocean in hydrostatic and geostrophic balance, inverse box models
use direct hydrographic observations along the perimeter of an enclosed water volume in order to estimate
the ocean circulation (Wunsch, 1978, 1996). Mass conservation is the minimum requirement, although con-
servation of other physical and biogeochemical properties is often invoked.

The closed volumes for the frontal and confluence models are shown in Figure 1. The frontal area reaches
down to only 400 m and is completely locked by the hydrographic stations; the confluence domain reaches
much deeper, down to 2,000m, but is closed to the west by the continental slope. The underlying assumption
for the confluence model is that the flow over the slope runs approximately along isobaths, a coastal con-
strain that holds for poorly stratified flow in geostrophic balance (e.g., Lee et al., 2001); this is consistent with
the nearshore orientation of the BCF and SAF, which run parallel to the shelf break while crossing the con-
fluence perimeter. The only exception is the freshwater discharge from La Plata River, which is assumed to
enter entirely through the north‐western boundary of the confluence region.

We divide the water column in horizontal layers and impose mass and absolute salinity conservation, within
uncertainties, for each layer and the entire water column. Between each pair of stations, the horizontal velo-
city normal to the hydrographic section is the linear addition of the barotropic or reference level velocity (b)
and the baroclinic or relative contribution (ur), the latter inferred from temperature and salinity data
through the thermal wind equation:

u s; zð Þ ¼ g
p0f

∫
z

zr sð Þ
∂ρ
∂s

dz þ b sð Þ ¼ ur s; zð Þ þ b sð Þ

where (n, s, z) are the coordinates—n pointing out from the domain, s along the perimeter in the counter-
clockwise direction, and z in the vertical direction—with corresponding velocity components (u, v,w); zr is
the depth of the reference level; ρ is the water density (ρ0 is a depth‐mean density value); g is the gravity
acceleration; and f is the Coriolis parameter.

Additionally, we incorporate the mean March 2015 freshwater and Ekman transports to the uppermost
layer, in contact with the atmosphere. Either quantity is calculated as a measured value plus a transport

adjustment determined by the model, that is, TE ¼ bTE þ δTE for the Ekman transport and Fw ¼ bFw þ δ
Fw for the freshwater input. Part of the freshwater flux corresponds to precipitation minus evaporation,
34 × 10−4 Sv for the confluence region and 8 × 10−4 Sv for the frontal area; the contribution from La
Plata River is 14.6 × 10−3 Sv, which adds entirely to either domain through the shelf break. Finally, the
Ekman transports along the perimeter of the domain amount to 0.20 and 0.045 Sv for the confluence and
frontal domains, respectively.

The mass and property conservation equations for each layer take the following form:

∬
Av

ρC ur þ bð Þ ds dz þ Ah K
∂ ρCð Þ
∂z

−wρC

" #�����
top

bot

þ δ Cð ÞFw þ CTE ¼ 0

where Ah and Av, respectively, represent the horizontal and vertical areas enclosing an isoneutral; C is the
property concentration per unit mass (C = 1 for mass); K and w, respectively, are the dianeutral diffusion
coefficients and velocities; and δ(C) is a delta function equal to one when the property is mass and zero other-
wise. The overbars in the second term represent mean values at the horizontal areas enclosing the isopycnal
layers. The integral accounts for horizontal advection through the lateral limits of the domain, the second
term quantifies vertical advection and diffusion (calculated at the upper and lower horizontal areas englob-
ing the isopycnal layer, taken as zero at the sea surface and the bottom reference isoneutral), and the last two
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terms represent the freshwater and Ekman transport terms (entirely in the
uppermost isopycnal layer, elsewhere being zero). Each isoneutral or
depth level is limited laterally by either the perimeter of the domain or
the continental slope, with the intersection of the isoneutrals and seafloor
being determined from the World Ocean Database 2013 (https://www.
nodc.noaa.gov/OC5/WOD13/). To improve the conditioning of themodel,
the salinity equation is set in terms of anomalies, defined as the difference
between the actual value and the layer salinity average (Ganachaud,
2003a; McIntosh & Rintoul, 1997).

In the case of the frontal model, we define five layers using pressure levels
(0–50, 50–100, 100–200, 200–300, 300–400 dbar), while in the confluence

box we distinguish six neutral density layers, selected on the basis of previous studies (Ganachaud, 2003b;
Jullion et al., 2010) (Table 1). Although isoneutral layers appear as a more natural selection, this is unsuita-
ble for the frontal area simply because the densest isoneutral in the subtropical side (about 26.8 kg/m3)
reaches very shallow in the subantarctic waters, only down to some 70 m. In contrast, the deepest isoneutral
in the confluence region (27.81 kg/m3) everywhere extends deeper than about 1,400 m.

The above partitioning results in six/seven domains for the frontal/confluence models (five/six layers plus
the entire domain from the sea‐surface to the deepest interface). Considering the number of domains and
properties, the frontal/confluence model consists of 12/14 equations (halved betweenmass and salt anomaly
conservation). The 19/28 stations in the frontal/confluence model lead to 18/27 reference velocities, plus 4/5
dianeutral velocities and diffusion coefficients (one for each internal division of the domain) and the fresh-
water and Ekman transport adjustments. The system is solved using a Gauss‐Markov estimator, a method
that uses a priori variance information for each unknown (Table 2) in order to produce a minimum error‐
variance solution with uncertainty estimates (Wunsch, 1996).

3.2. Unknowns and Uncertainties

The reference level for the thermal wind equation is often set at a boundary between two water masses of
different origin, which are expected to flow in different directions, where the horizontal velocity is possibly
small. However, the BC flows south from the surface down to some 2,000 m (Peterson, 1992) and the MC
displays a northward flow over the entire upper slope (Artana et al., 2018). Therefore, we do not expect stable
flow reversals within the vertical range of the frontal and confluence models, which burdens setting a proper
reference level. Hence, we select the deepest possible reference‐velocity level and allow for potentially high
reference velocities: for the frontal model we choose 400 dbar, which is the deepest common level to all
stations, while for the confluence model we select the deepest common isoneutral in the domain,
27.81 kg/m3, at the base of layer 6 varying between about 1,400 and 2,000 m (Table 1); note that the seafloor
becomes the reference level in those slope areas where the water depth or isoneutral reference is not found.
The possibility of high reference level velocities is fixed through a relatively large a priori standard deviation,
set at 0.3 m/s for both the frontal and confluence domains (Table 2).

The initial dianeutral‐velocity estimate at each interface layer is assumed to be zero. Since we are in a region
with numerous intrusions and intense mixing, we expect high dianeutral velocities and diffusion coeffi-
cients, at least as large as what has been inferred by other authors in an analogous but more extense geogra-

phical domain (Jullion et al., 2010). Hence, we allow fairly high values for
the a priori uncertainties of all these variables (Table 2). Finally, the initial
estimates for the Ekman and freshwater transports are set to the mean
March 2015 values, and the corresponding a priori errors are taken as
50% of these mean values (Table 2).

3.3. Transport Constraints

Several studies have emphasized the barotropic or barotropic‐equivalent
(considering a 1.5 reduced gravity model) character of the MC
(Peterson, 1992; Piola et al., 2013; Vivier & Provost, 1999a, 1999b).
Spadone and Provost (2009) and Ferrari et al. (2017) have shown that
the ADT‐derived surface geostrophic velocities are in good agreement

Table 1
Water Masses in the Confluence Model, Indicating the Corresponding
Neutral Density Boundaries and Model Layers (STMW: Subtropical Mode
Water, SAMW: Subantarctic Mode Water, AAIW: Antarctic Intermediate
Water, UCDW: Upper Circumpolar Deep Water)

Water Mass Neutral Density (γn; kg/m3) Layer

Surface water Surface–26.2 1
STMW 26.2–26.8 2
SAMW 26.8–27.2 3
AAIW 27.2–27.55 4
UCDW 27.55–27.81 5–6

Table 2
A Priori Information on the Reference‐Level Velocity (b), Vertical Diffusion
Coefficient (K), Vertical Velocity (w), and Freshwater (δFw) and Ekman
(δTE) Adjustment Transports for Both the Confluence and Frontal Models

Variable Initial Value Standard Deviation

b (m/s) 0 0.3
K (m2/s) 0 10−2

w (m/s) 0 10−5

δFw (Sv) Mean March 2015 value 50% mean March 2015
δTE (Sv) Mean March 2015 value 50% mean March 2015
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with near‐surface measurements from moorings, confirming that the entire water column moves in
approximate geostrophic balance. This result has been used in several studies to estimate MC transports
in the top 1,500 m of a section which approximately overlaps our first three stations (Artana et al., 2018;
Spadone & Provost, 2009; Vivier & Provost, 1999a).

We have looked at the VADCP data along the confluence perimeter to further confirm the goodness of referen-
cing to the altimetry‐inferred velocities. A comparison of both velocity fields shows fairly good agreement (the
standard deviation is 0.16 m/s in the top 700 m) (Figure S1 and Table S1 in the supporting information);
Paniagua et al. (2018) obtained similar resultswhen comparing in situmooring datawith altimetry surface velo-
cities across the MC during 2015. However, the ADCP data are much noisier than the altimetry‐inferred velo-
cities, reaching maximum values over the central portion of the eastern part; these peak values are associated
with a filament of brackish waters stretching along the frontal zone, which is very likely not in geostrophic
balance. Based on these results, we have decided to set the reference level velocities for the confluence model
using the information that arises from the sea surface altimetry. Notice that the LADCP data will be used later,
to assess the velocities obtained with the inverse model over the entire water column (section 6.1).

Consequently, we constrain the southern flow into the BMC in such a way that the inverse model leads to
surface velocities that best fit the altimetry‐inferred surface field (at the time of each pair of hydrographic
stations). Specifically, we set the integrated transports within those stations where the altimetry‐inferred
flow is northward—stations 1–4 for the along‐slope MC and stations 8–12 in the middle of the southern
anticyclonic‐cyclonic dipole (Figures 1 and 2)—which then translates into the γn = 27.81 kg/m3 surface
reference velocities. The minimum standard deviation corresponds almost exactly to an along‐slope MC of
30 Sv and a northward transport of 135 Sv associated to the southern dipole (Figure 2a).

Finally, with the help of theMarch 2015meanADTfield (Figure 3),we link the inflow to the frontal area (recall
it reaches down to only 400m)with thewater entering the confluence region through the top 400m. The trans-
ports through the upper 400 m of the confluence perimeter are calculated with the velocity fields from the
inverse model. We then assume that the ADT contours coincide with the depth‐integrated streamlines; that
is, the surface connections remain equal at depth (Vivier & Provost, 1999a), and use selected ADT values to
connect the flow through the confluence and frontal perimeters. The contours selected are the SAF (0.05 m)
and the 0.25 m for the MC inflow, and the BCF (0.30 m), 0.57‐, and 0.90‐m contours for the BC inflow
(Figure S2 and Table S2 in the supporting information). In all cases we allow an a priori uncertainty of 1 Sv.

4. Hydrographic Description
4.1. Surface Circulation

The mean March 2015 sea‐surface ADT is characterized by the strangling of the northern portion of the MC,
with a significant zonal turn near 42°S, and the double meandering of the BCF, so that the original BCO

Figure 2. (a) Standard deviation between the inverse‐model and altimetry‐geostrophic velocities along the confluence
perimeter as a function of northward transports in the along‐slope MC (stations 1–4) and in the middle of the southern
dipole (stations 8–12). (b) Sea‐surface velocities from altimetry (black line) and the best fit inverse model (blue line). The
abscissa represents station pairs, so that j identifies the flow between stations j and j + 1 in Figure 1; negative values
represent flow into the confluence domain.
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breaks into a large anticyclonic warm eddy (SW‐AC; centered at about 42.0°S, 54.0°W) and a warm ridge
located further east (along about 49–50°W); these two ADT highs englobe an elongated subantarctic
cyclonic eddy (SE‐C; centered at about 41.5°S, 51.0°W) (Figures 1a and 3). In the subtropical side of the
frontal system, there is another anticyclonic eddy (NE‐AC; centered at about 38.5°S, 51.0°W). It is worth
emphasizing that all three eddy centers are crossed by those hydrographic stations comprising the
confluence perimeter.

The two southern eddies (SW‐AC and SE‐C) behave as a nonisolated dipole, with a large fraction of water
revolving around each eddy and another substantial fraction arriving into or departing from the mesoscale
feature (Figures 1a and 3). Regarding the SW‐AC, its western flank shows water input from the BCF and out-
put toward the south while its eastern flank has water input from the south and output into the BCF.
Analogously, the SE‐C feeds partly fromwater arriving from the south along its western side and partly from
water flowing east along the BCF; again, the surface flow associated to the SE‐C does not close on itself, as
some of it follows south along its eastern margin, away from this cyclone.

A sequence of ADT images prior to the cruise helps appreciate the temporal evolution of the mesoscale fea-
tures and associated pathways (Figure 4). By the end of January, the SAF appeared as a wide wedge of low
ADT values and the MRC‐BCO were well defined, corresponding to a characteristic condition of intense MC
transport at 41°S (Artana et al., 2018). In contrast, during the second half of February the MRC‐BCO flow
was disconnected from the frontal system, forming a very large anticyclone. In early March, this large antic-
yclone broke into two anticyclone structures and the eastern ADT trough became more intense, setting up
the dipole that characterizes the weak MC condition at that latitude (Artana et al., 2018).

Considering that the MRC cyclonic (and BCO anticyclonic) recirculation extends far south, around an ADT
ridge that stretches all the way to about (46°S, 50°W; Figure 1a), the northward flow along the western mar-
gin of the SE‐C should belong to a much earlier extension of the MRC‐BCO southward flow. Indeed, a sur-
face flow of 0.4 m/s would transit a 1,000‐km south‐north pathway around this anticyclonic high in about
one month. The likely evolution is that of an intense MC and MRC‐BCO until mid‐February, with high

Figure 3. (left) Mean sea‐surface ADT (color‐coded, in m) and surface velocities in the BMC for March 2015; the black arrows are the velocity vectors as inferred
from altimetry and the white arrows denote the velocity vectors at each hydrographic station (blue dots) as obtained from the vessel's LADCP. The black
and blue thick lines show the position of the SAF and BCF while the thin magenta, blue, and black lines indicate the 0.25‐, 0.57‐, and 0.9‐m ADT contours,
respectively. The southwest anticyclone (SW‐AC), southeast cyclone (SE‐C), and northeast anticyclone (NE‐AC) are identified. (right) SST image for 17March 2015,
together with the 0–700‐m depth‐averaged VADCP velocity (white arrows) along the vessel's trajectory. The blue dots indicate the location of those stations used to
analyze mixing fractions, and BC/MC indicates the positions of those stations used as reference BC/MC water types.
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northward and southward flows at least between 45°S and 41°S. In late February, the along‐slope MC
weakened at higher latitudes as an eastern diversion appeared near 45°S that connected with the intense
interior northward flow near 53°W (through the middle of the dipole); we will come back to these ideas in
section 6.2.

4.2. Water Masses and Vertical Sections

Six water masses appear in the upper 2,000 m of the BMC (Maamaatuaiahutapu et al., 1992; Figure 5). In the
surface layers of several stations we find low‐salinity and warm waters with a substantial contribution from
La Plata River. In the thermocline and intermediate layers we identify four water masses (Table 1): salty and
warm Subtropical Mode Water (STMW; S = 36–37 g/kg, θ = 15–23 °C, γn = 26.2–26.8 kg/m3, z ≅ 50–300 m),
fresh Subantarctic Mode Water (SAMW; S ≅ 34.4 g/kg, θ = 5–8 °C, γn = 26.8–27.2 kg/m3, z ≅ 100–650 m),
fresh and cold Antarctic IntermediateWater (AAIW; S≅ 34.3 g/kg, θ≅ 3 °C, γn≅ 27.2–27.55 kg/m3, z≅ 800–
1,500 m), and low‐oxygen Upper Circumpolar Deep Water (UCDW; S ≅ 34.7 g/kg, θ ≅ 2.8 °C, γn ≅ 27.55–
27.92 kg/m3). Below 1,800 m, but only in station 4 and within the SE‐C, we find North Atlantic Deep
Water (S > 34.8 g/kg, θ = 2.0–3.5 °C, γn > 27.92 kg/m3).

Asides the surface waters, in the entire domain there are subantarctic mode and intermediate waters plus
UCDW, with an abrupt transition from subantarctic (fresher, colder, and denser) to subtropical (warmer,
saltier, and lighter) waters across the BMC. This transition is clear in the distribution of temperature and
salinity along vertical sections following the perimeters of the frontal and confluence domains (Figure 6;

Figure 4. Sea‐surface ADT maps (m), weekly from 27 January till 10 March and every three days from 10 to 16 March, together with the position of the SAF and
BCF (black lines).
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recall that the 400‐m‐deep frontal perimeter closes on itself while the
2,000‐m‐deep confluence perimeter remains open along the shelf break).
Considering this distribution of water masses, we may safely say that
our inverse‐model transports encompass all surface, mode, and inter-
mediate waters plus most of the UCDW.

In the frontal area (Figures 6a and 6b), the southern rim is dominated by
subantarctic waters, the northern edge by subtropical waters, and the east-
ern and western sides display a remarkably steep frontal structure (the
slope of the 26.8 kg/m3 isoneutral is about 10−2). The entire area presents
a very shallow (everywhere less than 10 m) warm and relatively fresh
layer (temperatures over 15 °C and salinities less than 34 g/kg), caused
by the runoff from La Plata River. Additionally, the upper waters of the
subantarctic side reflect summer warming, that is, temperatures over
7.5 °C down to about 50 m, and the frontal system displays thermohaline
intrusions of cold subantarctic waters at different levels, particularly
intense near the slope.

The temperature and salinity distributions along the perimeter of the con-
fluence region delimit the vertical extensions of the STMW, down to
26.8 kg/m3 or about 600 m. The subantarctic waters along the southern
edge of the confluence domain are crossed by the large SW‐AC (diameter
about 200 km), which is almost entirely formed by STMW; the 26.8 kg/m3

isoneutral in this eddy is somewhat shallower, about 400 m, which is the
same depth reached by this isoneutral in the frontal area. The MC (sta-
tions 1–4) is mostly occupied by AAIW and UCDW (from about 200 to
1,700 m), showing (θ, S) values similar to those characterizing weak MC
conditions (Paniagua et al., 2018). The eastern cyclone (SE‐C), of suban-
tarctic origin, appears relatively isolated during the cruise but the time
sequence of ADT images (Figure 4) shows that it belongs to an earlier
northward return of the MRC; its long transit over the region is reflected
by a relatively deep, warm, and fresh surface layer.

The vertical section along the confluence perimeter also shows that all
deep isoneutrals follow the same shape as the 26.8 kg/m3 isoneutral, that
is, replicating the base of the STMW down to at least 2,000 m. This is con-
sistent with the idea that these subantarctic waters have a relatively small
baroclinic contribution. This is true even in the north‐western end of the
perimeter, where the modal and intermediate waters shallow toward the
slope, suggesting the existence of a southward along‐slope flow at these
deep levels.

4.3. Baroclinic Transports

We may calculate the geostrophic transports in and out the frontal and
confluence domains without use of the inverse model, that is, maintaining

null reference velocities and vertical exchange. The net transport imbalances into either domain will indi-
cate the size of the transports that need to be accommodated by the inverse model.

We use the BCF in order to partition either perimeter into two segments (south and north of the BCF) where
the water flow is of southern and northern origin. For each segment and layer, we separately add up all water
transports in and out of the domain (recall positive values represent flow divergence; Figure 7); the trans-
ports entering each segment will provide our first estimate of the baroclinic transports by the MC and BC
in the upper 2,000 m of the water column.

In the frontal model, the depth‐integrated inflow (outflow) is −2.5 Sv (6.3 Sv) for the southern segment and
−5.4 Sv (1.7 Sv) for the northern segment, for net imbalances of 3.8 and −3.7 Sv, respectively. In the conflu-
ence model, the depth‐integrated inflow (outflow) is −49.1 Sv (71.4 Sv) for the southern segment (most of it

Figure 5. Conservative temperature–absolute salinity diagrams for the fron-
tal and confluence domains. (a) The frontal diagram includes data from 100
to 400 m while (b) the confluence diagram uses all data between 100 and
2,000 m (the inner panels include data in the top 100 m). The plots are color‐
coded with depth (m), with the gray lines showing the isopycnals (kg/m3)
that approximately delimit the water‐mass layers used in the confluence
model.
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in the AAIW stratum) and−45.6 Sv (38.4 Sv) for the northern segment (dominated by the surface and STMW
strata), for net imbalances of 22.2 and −7.2 Sv, respectively. The total imbalance for the entire frontal area is
very small, only 0.2 Sv, while for the confluence region it is 15.0 Sv (10.6 Sv in the SAMW and AAIW layers).
The large input–output differences through the southern and northern segments of the frontal and
confluence perimeters are difficult to justify. Further, the imbalance for the confluence model doubles the
water inflow associated to the along‐slopeMC. Both discrepancies plenty justify the use of the inverse model.

5. Model Results

We now turn to the results of the inverse model for both the confluence and frontal domains. In either case
we present the velocities normal to the perimeter (Figure 8) as well as the transports into or out of the
domain and the transports accumulated along the perimeter (per layer and total; Figures 9 and 10).

5.1. Confluence Model

Water enters the confluence region via both the MC in the southwestern edge and the BC in the northern
side, and output occurs at the southern and southeastern margins (Figure 8c). The pattern of water inflow
and outflow in the southern side actually reflects the existence of the along‐slope MC, the recirculations
associated with the SW‐AC and SE‐C dipole, and the southern sources and sinks for this dipole (Figure 3).

Figure 6. (a and c) Vertical sections of conservative temperature θ (°C) and (b and d) absolute salinity S (g/kg) for the (a and b) frontal and (c and d) confluence
models. The white lines represent the isoneutral water‐mass boundaries used in the confluence inverse model and the black dots indicate the data points, and
the water masses are labeled according to the boundary definitions in Table 1. The southern, eastern, and northern edges follow those sectors shown in Figure 1b,
and the approximate extent of the mesoscale eddies is indicated.
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The reference velocities at 27.81 kg/m3 are fairly large in all stations south of the BCF (up to about 0.4 m/s in
stations 8 to 11), with negative values (water input) in those places where northward transport is imposed
(stations 1–4 and 8–12; section 3.3) and positive values elsewhere, confirming the barotropic character of
the MC and associate recirculations. In contrast, the reference level velocities are small for all stations
north of the BCF, indicating that most of the transport associated with the BC is baroclinic in the upper
2,000 m (Figure 8d).

The vertical velocities range between 10−7 and 10−6 m/s, leading to relatively minor vertical mass transports
between adjacent layers (Figure S3 in the supporting information). The largest vertical transport takes place
from the SAMW to the AAIW layers, accounting for 1.2 ± 1.5 Sv; however, because of the large a priori
uncertainties, it is not significant. The vertical diffusion coefficients, which cause no water transport but
do contribute to the salt balance, are on the order of 10−5 m2/s, neither significant (Figure S3 in the
supporting information).

We can use the BCF to distinguish between the transports associated to theMC and BC for each segment and
layer (Figure 9b). Themass conservation condition is fulfilled for every layer; that is, the transport uncertain-
ties are larger than the residuals, though barely in the SAMW and AAIW layers. The total imbalance for the
confluence region is −0.01 Sv. The very large southern transports in the AAIW, and to a lesser degree in the
SAMW and UDCW layers, are a reflection of the recirculations associated with the two eddies south of the
BCF. The net transports (inflow minus outflow) are relatively small for each segment and layer, always less
than 2 Sv except in the southern segment for the AAIW, where there is a net inflow of 6.5 ± 2.0 Sv. In the
northern segment, the largest transports occur in the top two layers (surface and STMW), although the lar-
gest imbalance is for AAIW, with a net loss of 3.1 ± 2.8 Sv.

These results are complemented with the cumulative transports per layer, starting at the southwestern cor-
ner (Figure 10b; recall that there are no stations along the shelf break). The MC contributes with
28.3 ± 1.4 Sv along the slope and there are as much as 87.6 ± 10.6 Sv flowing south along the western margin
of the SW‐AC. Assuming that the flows are connected and in steady state, the difference between these two

Figure 7. Baroclinic mass transports in the (a) frontal and (b) confluence models. The transports are calculated
independently for the southern (blue) and northern (red) segments, which are separated by the BCF. Further, all flow
into and out of the box is computed separately, with negative (positive) values indicating the flow entering (leaving) the
domain; the dashed lines (blue for the southern segment and red for the northern segment) represent the differences
between the flow leaving and entering each domain. The black line represents the net transport for the entire box.
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values tells us the maximum water transport that recirculates within the SW‐AC, 59.3 ± 10.7 Sv; note that
this is a maximum value because some water may continue further south, away from the anticyclone.
Further east, along the eastern (western) side of SW‐AC (SE‐C), there is a northward transport of

Figure 8. Vertical distribution of the inverse‐model velocity through the along‐perimeter section for the (a) frontal and
(c) confluence models. Reference‐level velocities along the perimeter for the (b) frontal (at 400 m) and (d) confluence
(at the 27.81 kg/m3 isoneutral) models. Negative/positive (blue/red) values denote inflow/outflow velocities. The south-
ern, eastern, and northern edges follow those sectors shown in Figure 1b, and the abscissa represents stations pairs, as in
Figure 2.
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138.2 ± 1.0 Sv. Subtracting the maximum water recirculating within the SW‐AC, this gives an additional
inflow of at least 78.9 ± 13.7 Sv, possibly even more. The major contribution to water transport in this
southern segment corresponds to AAIW, accounting for about 40% of the total transport at each location.

North of the BCF, there is a total inflow of 35.9 ± 6.2 Sv; however, because of a local cyclonic recirculation
(5.1 Sv), the net inflow accounts for only 30.8 ± 12.0 Sv, with an along‐slope input of 29.1 ± 8.3 Sv
(Figure 10b). This net transport is split, roughly in equal parts, among subtropical (STMW) and subantarctic
(SAMWand AAIW) waters. The southern (78.9 Sv) and northern (30.8 Sv) net inflows are eventually drained
out of the confluence region through the eastern border, with a total of 109.7 ± 15.1 Sv. Part of this eastward
flow will continue northward as the BC offshore recirculation, another will form the SAC and continue
eastward, and another one flows southward and feeds the SE‐C as will be discussed in section 6.2.

5.2. Frontal Model

Water enters the frontal area via the MC in the western half of the southern margin and via the BC in the
western and, to a lesser degree, northern borders; the outflow takes place mostly through the eastern half
and, to a lesser degree, through the eastern portion of the southern and northern sides (Figure 8a). The refer-
ence velocities are fairly large in stations 28–32, influenced by the MC, and stations 41–44, forced by the BC;
they also reach large values in some of the southeastern and eastern stations, where intense outflow
takes place.

The inverse model also shows that the vertical velocities are of order 10−7 m/s, leading to nonsignificant net
vertical mass transports between adjacent layers (Figure S3 in the supporting information). The vertical
diffusion coefficients are on the order of 10−4 m2/s, again not significantly different from zero (not shown).

We again use the BCF to quantify the transports associated to the MC and the BC segments, in and out per
segment and layer (Figure 9a). The main exchanges with the confluence region occur in the top 200 m. Mass
output is higher than input along the southern flank while the opposite occurs in the northern flank. The net
imbalance for the entire frontal area is of only −0.05 Sv.

The relatively intense recirculation pattern in the shallow frontal area arises after we constrain the flow
through the perimeter of the confluence region to follow the ADT‐streamlines into the frontal boundary
(section 3.3). Without this constraint the southern and northern inputs into the frontal area were 2.0 and

Figure 9. Mass transports in the (a) frontal and (b) confluence models as deduced from the inverse model (notation as in
Figure 7).

10.1029/2018JC014733Journal of Geophysical Research: Oceans

ORÚE‐ECHEVARRÍA ET AL. 540



−5.4 Sv, respectively (Figure 7). After constraining the flow with the help of the mean March ADT, these
transports increase largely, with a southern input of 6.6 ± 1.5 Sv and a northern contribution of
15.9 ± 0.8 Sv (Figure 9).

The cumulative transports provide a complementary view of the exchange of water within the frontal area
(Figure 10a). Beginning at its southwestern corner, after an input of 5.9 ± 1 Sv through the southern border,
there is an outflow of 21.9 ± 1.7 Sv in the southern and eastern borders. This difference is accounted by
inflow through the northern (5.7 ± 1.5 Sv) and western (10.4 ± 0.9 Sv) sides. About half of the
input/output occurs in the top 100 m and the other half is split roughly equal in the 100–200‐ and
200–400‐m levels.

6. Discussion
6.1. Comparison of Inverse Model and ADCP Fields

One natural alternative to the inverse model would be the ADCP data. However, these measurements may
incorporate large errors in areas of weak acoustic backscattering, such as in the deep ocean, or high instru-
mental tilt (heading, pitch, and roll), as in the presence of strong currents (e.g., King et al., 2001; Ott, 2002;
Polzin et al., 2002; Thurnherr et al., 2017). Nevertheless, since the inverse model solution has been possible

Figure 10. Accumulated mass transports, per layer and total, for the (a) frontal and (b) confluence models. The transports
for the several frontal and confluence layers are color‐coded with negative values indicating transports into the box. The
southern, eastern, and northern edges follow those sectors shown in Figure 1b.
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with no need of in situ velocity measurements, it is appropriate to compare the inferred velocity fields with
both the LADCP and VADCP values (the latter in the top 700 m).

For the model‐measurement comparison, wemust keep in mind that inverse‐model velocities are calculated
at the midpoints between hydrographic stations, the LADCP velocities are at the stations, and the VADCP
provides near‐continuous values along the ship track. In Figure 11 we compare the velocities for selected sta-
tions in the southwestern (3–4), eastern (15–16), and northwestern (24–25) edges of the confluencemodel. In
each case we have up to seven velocity profiles: the baroclinic contribution (determined through the thermal
wind equation with zero reference velocity) and the inverse model prediction at the midpoint between sta-
tions, LADCP data at the two adjacent stations, and the VADCP data computed both at the stations and at
the midpoint (for the comparison we always use the component of the LADCP and VADCP velocities nor-
mal to the section).

The results in Figure 11 illustrate the type of discrepancies among the several data sets and the model, show-
ing the potential limitations if we were to use only the ADCP measurements. The VADCP velocities are
always the noisiest. Most remarkable, we find several instances where the velocities are substantially differ-
ent when sampled at one same location with different instruments (e.g., stations 24–25) or when sampled at
adjacent locations with one same instrument (e.g., VADCP in stations 15–16 or LADCP in stations 3–4).

Using the normal‐to‐section LADCP velocity component, we may construct velocity sections that are suita-
ble for direct comparison with the inverse model velocities (left panels in Figures 12a and 12c). The LADCP
velocities reproduce the same patterns as deduced with the inverse model but with generally higher speeds,
particularly in the eastern section. The velocity difference between the LADCP and the model is rather inter-
mittent, with a standard deviation of 0.1 m/s, although the velocity difference in the eastern section can
locally be as large as 0.4 m/s (right panels in Figures 12a and 12c).

The LADCP velocity near the reference level (Figures 12b and 12d) is calculated as the average velocity in the
360‐ to 400‐m range along the frontal perimeter and within 200 m from γn = 27.81 kg/m3 along the conflu-
ence limit. Despite the LADCP and model velocities display similar spatial trends, there are large differences

Figure 11. Velocity samples from three station pairs: baroclinic contribution referenced to the 27.81‐kg/m3 isoneutral
(black) and inverse model (blue) velocities at the midpoint between both stations and normal‐to‐section velocities with
the LADCP at both stations (red) and with the VADCP at both stations and the central point (green, darker green for the
midpoint profile).
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in the western and eastern transects of the frontal model (Figure 12b) and in the eastern transect of the
confluence model (Figure 12d), leading to a substantial standard deviation (0.25 m/s).

The velocity differences between the model and the LADCP, throughout the entire water column and par-
ticularly at the reference level, peak in zones of high surface velocities, where the rosette‐CTD‐LADCP

Figure 12. Normal‐to‐section velocities along the (a and b) frontal and (c and d) confluence perimeters; the southern, eastern, northern, and western edges (the
latter only for the frontal area) follow those sectors shown in Figure 1b, and the abscissa represents station pairs, as in Figure 2. (a and c) The left panels show
the vertical distribution of the LADCP velocity and the right panels show the difference between the LADCP and model velocities; the negative/positive values
denote inflow/outflow velocities. (b and d) Pseudo reference‐level velocities (black line) are calculated along the perimeters as explained in the text and compared
with the model solution (blue line).
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system experienced substantial tilt and the ship drifted large distances during the cast, degrading the quality
of processed LADCP velocities. This is the case in the eastern sections of both the frontal (stations 35–36) and
confluence (stations 15–16) perimeters, where the frontal area was accompanied by a swift filament of brack-
ish waters (depths less than 30 m). Hence, it seems plausible that these high local LADCP bottom velocities
are defective, pointing at the need of using the inverse model.

Differences between the model and ADCP velocities may also result from the limited spatiotemporal resolu-
tion of the altimetry data (e.g., Pascual et al., 2013) when constraining the flow or simply because the velocity
field may have high nongeostrophic local contributions; for example, both effects may add up in the rela-
tively narrow surface brackish filament that flows along the BCF, causing the altimetry‐inferred speeds to
be much weaker than the VADCP values (Figure S1 in the supporting information). However, notice that
the error in transport over a restricted number of stations associated with a swift but shallow (<50 m) and
narrow (<50 km) filament out of geostrophic balance would be relatively small (a velocity error of 0.4 m/s
would cause a transport error less than 1 Sv), much less than the transport error for the entire water column
due to a flawed bottom velocity of only 0.1 m/s (for a water column of 1,400 m this would represent 28 Sv).

6.2. Baroclinic, Barotropic, and Total Transports

Our results for the upper 2,000 m of the water column show very different situations north and south of the
BCF. North of the BCF we find the BC, a highly baroclinic current with weak velocities at γn = 27.81 kg/m3.
Further, as the BC approaches the BMC, it experiences feeble interior‐ocean recirculations; that is, there are
no cyclonic eddies north of the BCF and the anticyclonic eddies are of moderate strength. In contrast, south
of the BCF we find much higher reference velocities at 27.81 kg/m3, reaching 0.4 m/s in the northward flow
at the middle of the southern dipole, confirming a very substantial barotropic contribution. Additionally, the
flow in this southern region displays intense mesoscalar structures; that is, there are several cyclonic and
anticyclonic features south of the BCF: the cyclone formed by theMC andMRC, an anticyclone that replaces
the BCO, and an interior‐ocean cyclone.

Figure 13 shows the local transports (between each station pair) associated with each water mass in the con-
fluence model. These transports, which delineate the contributions by the boundary currents as well as the
interior recirculations, are drawn on top of the surface geostrophic velocity field. In this figure we have also
included the barotropic and baroclinic contributions down to γn = 27.81 kg/m3 for themajor pathways cross-
ing the BMC: the along‐slope MC and MRC, the SW‐AC, the interior northward flow through the middle of
the SW‐AC and SE‐C dipole, the outflow along the BCF, and the along‐slope inflow and interior recircula-
tions of the BC. These numbers illustrate the contrast between a MC with substantial barotropic transports
and a BC that is essentially baroclinic, and further emphasize the northward inflow near 53°W and the east-
ward outflow along the BCF (Table 3).

The along‐slope BC transport (29.1 ± 8.3 Sv) agrees, within uncertainties, with previous estimates ranging
between 20 and 44 Sv (Garzoli et al., 2013; Maamaatuaiahutapu et al., 1998; Peterson, 1992; Zemba,
1991). Most of the BC transport is baroclinic: 29.0 Sv in the upper 2,000 m as opposed to only 0.1 Sv asso-
ciated with the γn = 27.81 kg/m3 reference velocity. This very small barotropic contribution is consistent
with the weak southward transport (2 Sv) obtained by Goni et al. (1996).

The transport of the along‐slope MC is−28.3 ± 1.4 Sv, below earlier estimates for this current, in the order of
35–60 Sv (Saunders & King, 1995; Spadone & Provost, 2009; Vivier & Provost, 1999a), but not so far from the
potential variability calculated by Artana et al. (2018) from the combined analysis of 25 years of altimetry
and mooring data at 41°S, 37.1 ± 6.6 Sv. The baroclinic contribution relative to γn = 27.81 kg/m3

(−13.3 Sv) is on the order of previous estimates when assuming a level of no motion at 1,400 m (Garzoli,
1993; Gordon & Greengrove, 1986), although much less than the 23 Sv estimated by Vivier and Provost
(1999b) using this same reference level. The barotropic and baroclinic contributions are fairly equal, 53%
and 47%, in agreement with Vivier and Provost (1999b). Therefore, the constraints imposed onto the three
southwestern stations of the confluence perimeter (section 3.3) reproduce correctly the important barotropic
inflow in the MC.

According to the time series reported by Artana et al. (2018), the MC at 41°S was unusually weak between
December 2014 and August 2015, with near‐average transports between mid‐January and the end of April
2015 (35–37 Sv) and much weaker between May and August. From the analysis of velocity, salinity, and
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temperature variations during 2015 from mooring data along this same 41°S line, Ferrari et al. (2017) and
Paniagua et al. (2018) classified the January–April period as strong; however, considering Artana et al.'s
(2018) results, this strength is relative to the very weak MC conditions that took place between May and
August 2015. Close inspection of Paniagua et al.'s (2018) velocity time series further shows that the along‐
slope flow experienced a substantial decrease during the first 10 days of March 2015, which caused a short
reversal of the along‐slope‐flow orthogonal function.

The mean ADT pattern in March 2015 (Figures 1a and 3) indeed resembles the characteristic ADT distribu-
tion at times of minimumMC near the BMC (Artana et al., 2018): the SAF is at a southern position, the BCO
has split into an anticyclonic eddy, and the MRC at 46°S is connected with the interior‐ocean cyclonic struc-
ture. The dipole formed by the SW‐AC and the interior SE‐C appears as a remarkable feature at the time of
the cruise. The northward flow between both eddies is particularly strong as it accounts for the recirculation

within the SW‐AC (59.3 Sv) and an additional very intense inflow
(78.9 Sv). This strong interior northward flow near 53°W (hereafter to
be referred as interior northward flow) cannot be solely explained in terms
of a time delay in the arrival of an earlier along‐slope MC, simply because
the January–February transport did not exceed 37 Sv (Artana et al., 2018).

We may explore if the existence of the interior northward flow can be sus-
tained via meridional pathways from more southern latitudes. A preli-
minary analysis of along‐slope Argo trajectories between 45°S and 50°S
sustains the possibility of this interior pathway. We find that a substantial
fraction of these floats, roughly one third of all floats, divert from the slope
much before reaching the BMC. Figure 14 shows 10 float trajectories that
display such behavior, with half of them diverting cyclonically near 42°S

Table 3
Model Barotropic, Baroclinic, and Total Contributions (in Sv), Relative to
γn = 27.81 kg/m3, for the Major Pathways Reaching the Confluence Region
(Negative/Positive Values Refer to Inflow/Outflow); the Transports for SW‐

AC and SE‐C Are Maximum and Minimum Values, Respectively

Baroclinic Barotropic Total

MC −13.3 −15.0 −28.3
SW‐AC 30.2 29.1 59.3
SE‐C −2.7 −76.2 −78.9
SAC 50.8 58.9 109.7
BC −29.0 −0.1 −29.1

Figure 13. (a) Transports per water mass and for each station pair as inferred from the inverse model. The color bars illustrate the partitioning of the transports
among different water masses (surface, red; STMW, orange; SAMW, blue; AAIW, green; UCDW, magenta) and the colored numbers refer to the depth‐integrated
transports between those stations where the transport changes sign. The lines depict the major currents and the associated numbers indicate the barotropic (gray
digits) and baroclinic (black digits) contributions. The vectors (gray arrows) represent the surface geostrophic velocities as inferred from the altimetry. (b) Scheme of
the main currents (solid lines) and associate transports, together with the proposed MC interior pathways (dashed lines); the BCF is shown as a black line.
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and the other half following a meridional pathway near 46°S. It seems likely that these pathways may
become reinforced at times of weak along‐slope MC conditions at 41°S. Under these circumstances, we
could envision that the entire along‐slope MC could be diverted at a southern latitude and continue as an
interior northward current into the BMC near 53°W. However, based on the analysis of ADT along‐slope
data, Artana et al. (2016) have shown that this southern transport will not differ substantially from the
values at 41°S. Hence, we may anticipate that the southern contribution will occasionally reach at least
44 Sv (mean plus SD transport at 41°S). This value, although relatively large, remains much less than our
estimate of a minimum interior transport of 78.9 Sv into the BMC so we must turn to alternative water
sources.

The origin of the intense interior northward flowmay be connected to the outflow transport associated with
the BCF. Considering only the upper 400 m, this along‐front jet intensifies largely from the frontal to the
confluence perimeters through the incorporation of the subantarctic waters drawn by the cyclonic SE‐C.
As a consequence, there is an intense along‐front eastward transport cross the confluence perimeter: down
to γn = 27.81 kg/m3 this amounts to 109.7 ± 15.1 Sv, with about half (50.8 Sv) in baroclinic balance and the
other half (58.9 Sv) associated with the flow at the reference isoneutral.

Our estimate for the along‐front transport through the confluence perimeter is quite large, about twice the
value of the SAC as obtained by other authors (Jullion et al., 2010; Maamaatuaiahutapu et al., 1998). The
mean March 2015 ADT distribution indeed suggests that, after overtaking the perimeter of the confluence
region, only a fraction of the flow will continue east as the true SAC, with most of it recirculating south to
close the SE‐C. We may use Jullion et al.'s (2010) transport estimates along the BCF at 35°W, 44 ± 14 Sv,
in order to assess the size of this eastern recirculation. Their minimum transport condition (mean minus
one standard deviation, i.e., 30 Sv) would imply that the entire eastward flow along the BCF at 35°W was
composed by waters of subtropical origin (recall our estimate for the BC is 29.1 ± 8.3 Sv). This situation
(110 Sv flowing east at 51°W with 30 Sv of subtropical origin) apparently leaves 80 Sv for recirculating south
between 51°W and 35°W. However, we further notice that only about half the total along‐front transport
exiting the confluence perimeter is in barotropic transport (58.9 Sv) while most of the interior northward
transport is barotropic (76.2 Sv out of 78.9 Sv). In the absence of any clear baroclinic‐barotropic flow‐
conversion process, this sets an upper recirculation limit of about 61.6 Sv (the barotropic 58.9 Sv of the
SAC plus the baroclinic 2.7 Sv of the SE‐C).

Ferrari et al.'s (2017) analysis of the modes of spatial variability in the BMC helps identify the dominant
contributions to the observed flow at the time of the cruise. These authors carried out an empirical

Figure 14. Selected trajectories of Argo floats (parking depth at 1,000 m) that departed the along‐slopeMC (a) near 42°S and (b) south of 44°S. The dots indicate the
location of the float as it surfaced approximately every 10 days.
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orthogonal function (EOF) analysis of 24 years of ADT data in the BMC and found that the first mode
(explaining 24% of the variance) was associated to the northward penetration of the MC while the second
mode (17% of the variance) was associated to the development of a near‐zonal pattern of anomalies changing
sign every couple of degrees. The temporal evolution of the ADT field previous and during our cruise sup-
ports the view of such a zonal pattern along 40–42°S, between about 47°W and 57°W, corresponding to a
situation of maximum positive EOF‐2 values. This condition could coincide with a period of maximum posi-
tive EOF‐1 values—what Ferrari et al. (2017) identify as a strong Malvinas regime—hence leading to a short
weakening of the along‐slope MC (Paniagua et al., 2018) and the reinforcement of all interior recirculations,
including the cyclone and anticyclone southeastern features responsible for the 78.9‐Sv
northward recirculation.

It is worth pointing at a possible connection between the reinforcement of the southeastern interior recircu-
lation with the formation of anticyclonic features on the outer edge of the Zapiola Gyre (Saraceno & Provost,
2012). According to these authors, the anticyclones form on time scales on the order of a fewmonths, that is,
with intermittency comparable to the periodicity that holds most of the EOF‐2 energy (Ferrari et al., 2017).
Hence, the interaction of this anticyclone with the eastward along‐BCF flowmay be the initial factor leading
to the creation of a zonal pattern of alternating ADT anomalies; confirmation of this hypothesis, however,
lays beyond the objective of our study.

The above considerations endorse the idea that the observed interior northward transport (at least 78.9 Sv) is
related to both the offshore diversion of the along‐slope MC and the recirculation of the along‐front flow
exiting the BMC. The relative contributions are uncertain but our analyses suggest that most of it comes from
the barotropic recirculation of the along‐front flow (up to about 61.6 Sv), although a nonnegligible fraction
(at least 17‐18 Sv) comes from the MC itself, hence endorsing the idea of the existence of an interior MC
branch. This branch would develop during the weak Malvinas regime (Ferrari et al., 2017), being associated
with the upstream diversion of the along‐slope MC and the intensification of near‐barotropic interior mesos-
cale features, hence being neither a permanent nor a transient feature.

6.3. Transformation and Incorporation of Subantarctic Waters to the Subtropical Gyre

The BMC has been reported to be a key site for the incorporation of intermediate waters of southern origin
(SAMW and AAIW) into the subtropical South Atlantic Ocean (Gordon, 1981; Sloyan & Rintoul, 2001).
These waters subduct at the SAF and BCF to become intermediate waters, which follow north into the
Atlantic Ocean in order to balance the southward flow of North Atlantic Deep Water (Garzoli & Matano,
2011; Sloyan & Rintoul, 2001).

The inverse model shows that most waters of southern origin reaching the BMC (96.8 Sv out of
166.5 Sv) belong to the intermediate strata, composed by AAIW and SAMW. Considering the waters
of southern and northern origin as being separated by the BCF, we find that these intermediate waters
are the ones that have the largest transport imbalances (Table 4). Indeed, the deepest layers of the
confluence model experience a net gain (there is a net inflow of 11.9 Sv of AAIW and UCDW in the
southern segment and a net outflow of 6.5 Sv in the northern segment) while the SAMW experiences
a net loss in both segments (3.2 Sv through the south and 1.0 Sv through the north); further, the surface
and subtropical waters show a net loss (net inflow of 1.8 Sv of surface and STMW through the northern
segment and net outflow of 3.3 Sv through the southern segment). All together, these results reveal
5–6 Sv of net upward diapycnal transfer in the frontal system, from the intermediate to the mode and
central waters.

The results in Table 4 show that most of the SAMW and AAIW transported east along the BCF are of
subantarctic origin (relatively cold, fresh, and highly oxygenated) but also indicate that about 20% of these
water masses come from the BC, after having traveled through the subtropical gyre (Figure 13; Garzoli &
Gordon, 1996; Boebel et al., 1999; Garzoli and Matano, 2001). Valla et al. (2018) have recently argued that
this recirculation of SAMW and AAIW is meridionally elongated, with the northward flow occurring only
400–600 km from the slope. Indeed, along the confluence perimeter, the isoneutral strata holding the
SAMW and AAIW (26.8–27.55 kg/m3) present waters relatively fresh and with high DO values in the south-
ern segment that contrast with saltier and much less oxygenated waters incorporated through the north
(Figures 6d and 15).
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The θ, S, and DO distributions point at the existence of substantial variability in the frontal region but the
details are not clear. Hence, we turn to property–property diagrams to further investigate the mixing of
southern and northern waters in the frontal region (Figure 16). We consider four different groups of stations:
station 3 to characterize the upstream MC, station 26 to typify the upstream BC, a third group of 20 stations
within the frontal area, and a fourth group of seven stations along the confluence perimeter (stations 16 to
22); all stations (except number 3) are located north of the BCF in order to investigate the intrusions of sub-
antarctic waters (Figure 3b).

Possibly the most evident aspect in the property–property diagrams is the practical absence of the STMW
strata in the southern stations. North of the BCF, this water mass is less oxygenated in the upper slope (sta-
tions 27 and 28; not shown) and within the frontal stations; in contrast, the middle‐slope BC station (26) and
all stations along the confluence perimeter show STMW with relatively high DO values. This is consistent

Table 4
Mass Transports South and North of the BCF (in Sv; Positive Out of the Box) in the Confluence Model

South BCF North BCF

Water Mass In Out Net In Out Net

Surface −9.0 11.5 2.5 ± 0.4 −11.4 9.9 −1.5 ± 1.8
STMW −16.7 17.5 0.8 ± 1.3 −14.0 13.7 −0.3 ± 2.3
SAMW −29.1 32.3 3.2 ± 1.4 −7.3 8.3 1.0 ± 2.3
AAIW −67.7 61.2 −6.5 ± 2.0 −6.7 9.9 3.2 ± 2.8
UCDW −43.9 38.5 −5.4 ± 1.3 −1.3 4.6 3.3 ± 2.6
Total −166.5 161.1 −5.4 ± 6.2 −40.6 46.2 5.4 ± 6.2

Figure 15. Vertical section of DO (mL/L) along the rim of the confluence model. The black lines represent the isoneutral
water‐mass boundaries used in the inverse model and the vertical black lines indicate the data points. The southern,
eastern, and northern edges follow those sectors shown in Figure 1b, and the approximate extent of themesoscale eddies is
indicated.
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with the view that old STMW enters de BMC through the boundary current and follows along the BCF,
where it mixes with younger water and becomes oxygenated, before continuing both eastward and north-
ward (Valla et al., 2018).

Considering the intermediate waters (SAMW and AAIW), all slope southern and northern stations (here
illustrated by stations 3 and 26) have similar vertical distributions of θ, S, and DO (Figure 16). In contrast,
within the frontal stations there is high variability between adjacent stations and depths due to substantial
horizontal interleaving. Similarly to what happened with the STMW, the variability in these deep strata is
largely gone by the time these waters reach the confluence perimeter.

We may investigate what processes are behind this smoothing out of properties by considering the case of
along‐isopycnal mixing between two end‐members. Specifically, we select stations 3 and 26 to, respectively,
characterize theMC and BC conditions and, for each neutral density level, we obtain the corresponding tem-
perature, salinity, and DO end‐water values. The temperature, salinity, and DO values of a water parcel at
any neutral‐density level of a frontal station are then expressed as the linear combination of the two end‐
water types. For steady state conditions and conservative water properties, along‐isopycnal mixing should
lead to the same mixing fraction for all water properties, so that any observed difference may be attributed
to diapycnal mixing.

The results of the above procedure are shown in Figure 17, with the θ, S, and DO profiles plotted as a func-
tion of γn. In the conservative‐temperature versus neutral‐density profile we show the fraction of the BC
water type that contributes to the observed value (the complement to one represents the fraction of the
MC water type); notice that the contribution of the BC and MC water types to the observed temperature
is inversely proportional to the along‐isopycnal difference between the observed temperature and the BC
and MC temperatures, respectively. If we repeat the procedure for the salinity and DO profiles we would
obtain water fractions that, for entirely along‐isopycnal mixing, should not change (given the smallness of

Figure 16. (a and d) θ‐S diagrams, (b and e) θ‐DO diagrams, and (c and f) DO as a function of γn. In all panels the blue and
red lines characterize the MC (station 3) and BC (station 26), respectively. In the top panels the gray lines represent all
stations within the frontal area and north of the BCF; in the bottom panels the gray lines correspond to stations in the
eastern sector of the confluence perimeter and north of the BCF (stations 16 to 22). The black dashed lines in (a) and
(d) represent the γn contours used to define the different water masses.

10.1029/2018JC014733Journal of Geophysical Research: Oceans

ORÚE‐ECHEVARRÍA ET AL. 549



the frontal and confluence domains, we may reasonably assume DO as conservative). However, we observe
that the S and θmixing fractions differ by up to 20%, and the DO and θmixing fractions differ by as much as
40%. We interpret these differences as the consequence of diapycnal mixing between water masses that bear
different ratios among water properties. For example, over the entire SAMW stratum DO is approximately
constant but both θ and S change linearly with depth, so that vertical mixing brings larger property
anomalies for θ and S than for DO.

7. Concluding Remarks

The Brazil‐Malvinas Confluence (BMC) is a very intense frontal system that results from the encountering of
two major western boundary currents: the northward Malvinas Current (MC), which carries subantarctic
waters, and the southward Brazil Current (BC), which carries a mixture of subantarctic and subtropical
waters. At the BMC, the surface manifestation of this frontal system is the Brazil Current Front (BCF), set
at the absolute dynamic topography (ADT) contour of 0.30 m (Ferrari et al., 2017).

The MC is possibly the strongest equatorward boundary current in the entire global ocean, with intense
surface and subsurface currents. As the MC encounters the BC along the continental slope, it undergoes a
sharp 180° turn and the entire frontal system follows south, in what is known as the MC retroflection
(MRC) and BC overshoot (BCO). The characteristics of this convoluted turn and its leeward structure at
41°S has been the subject of several recent studies (Artana et al., 2018; Ferrari et al., 2017; Paniagua et al.,
2018; Valla et al., 2018). These studies show that the BMC has substantial temporal variability, between
times of an intense impinging MC and a powerful MRC‐BCO return flow, and times when the MC weakens,
characterized by the MRC‐BCO breaking into an isolated anticyclone and a cyclone forming further east.

Figure 17. (a and d) S, (b and e) θ, and (c and f) and DO as a function of γn, at intervals of 0.02 kg/m3. In all panels the blue and red lines characterize the MC
(station 3) and BC (station 26), respectively, and the horizontal lines delimit the different water masses. In the top panels, the dots represent data from stations
north of the BCF within the frontal area; in the bottom panels, the dots correspond to stations in the eastern sector of the confluence perimeter and north of the
BCF (stations 16 to 22). (b and e) The color‐coded values indicate the mixing fraction, with zero indicating pure MC water (dark blue) and one denoting pure
BC water (dark red); (a and d) difference between the S and θmixing fractions, and (c and f) difference between the DO and θmixing fractions (notice the change in
color code).
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Our study of this intense frontal system refers to the March 2015 conditions, as observed with cruise data
(8–22 March) encircling the BMC at two different spatial scales. These data are analyzed with an inverse
model, helped by both altimetry data and velocity time series over the slope near 41°S, in order to assess
the patterns of circulation associated with the boundary and frontal currents, their barotropic and baroclinic
contributions, and the intensity of the cross‐frontal exchange in the upper 2,000 m. The model reference
level is set at γn = 27.81 kg/m3 (found between 1,400 and 2,000 m) for the outer (confluence) region and
at z = 400 m for the inner (frontal) area, and altimetry data are used to connect both domains.

The March 2015 BC depicts a fairly classic picture: its along‐slope transport down to γn = 27.81 kg/m3

(29.1 ± 8.3 Sv) lies in the middle of the reported range of variation, largely baroclinic (29.0 Sv). Most of
the flow belongs to the surface and Subtropical Mode Waters (18.0 ± 2.0 Sv), although there is a quite signif-
icant southward flow of subantarctic waters (10.2 ± 2.8 Sv). These southward flowing subantarctic waters are
much depleted in oxygen, indicating that they have followed a long subtropical pathway before returning to
the northern edge of the BMC.

The situation for the MC and the eastward jet associated with the BCF, however differs greatly from the clas-
sic description. The ADT reveals conditions that characterize a weak along‐slope MC at 41°S: the northward
loop is strangulated and the MRC‐BCO system has evolved into an anticyclone, and an elongated cyclone is
formed further east. Surprisingly, this corresponds to a period (January–April) that Ferrari et al. (2017) and
Paniagua et al. (2018) identify as a strong Malvinas regime. Close inspection of Paniagua's time series, how-
ever, shows that the along‐slope MC at 41°S weakened substantially during the first 10 days of March, pre-
cisely before our cruise. Our inverse model indeed shows a weak along‐slope MC near the collision latitude
(39.5°S) at the beginning of the cruise and, in contrast, finds a remarkably intense northward interior flow,
located between the eastern anticyclone and cyclone (near 53°W). Down to γn = 27.81 kg/m3, the along‐
slope MC transports 28.3 ± 1.4 Sv, the anticyclone recirculates up to 59.3 ± 10.7 Sv, and the interior flow
accounts for at least 78.9 ± 13.7 Sv.

We have carefully explored the origin of the intense interior northward flow. The temporal evolution of the
sea‐surface ADT and the trajectories of Argo floats suggest that there is an eastward diversion of the along‐
slope upstream MC at latitudes 42°S or greater, potentially favoring the interior branch. Periods of weak
along‐slope MC transport probably come together with the intensification of the interior currents, as the
convoluted MC and MRC strangle, and the slope flow is deviated at either 42°S or 46°S. During this weak‐
MC periods, it seems possible that the upstream (beyond 46°S) along‐slope MC flow finds an alternative
interior pathway to reach the BCF. However, the interior northward current is also sustained by the cyclonic
recirculation of the water outflow along the BCF. Indeed, we observe a very intense (109.7 ± 15.1 Sv) South
Atlantic Current (SAC) exiting the convergence zone along the BCF and the ADT field and barotropic‐
baroclinic decomposition suggest that a major fraction of this outflow recirculates cyclonically to feed the
interior flow. Grossly speaking, we estimate that the offshore diversion of no less than 17–18 Sv from the
upstream along‐slope MC and the cyclonic recirculation of some 60 Sv of along‐front outflow add together
to produce the observed interior northward transport; further, we anticipate that similar situations may
occur during the occurrence of a weak‐Malvinas regime, hence leading to the notion of an intermittent
interior MC.

The inverse model provides other pieces of useful information. The first one is a large barotropic contribu-
tion in the MC and SAC for water layers lighter than γn = 27.81 kg/m3, by barotropic meaning the contribu-
tion associated with the velocities at that reference level. Over half of the SAC transport responds to the
reference velocities (58.9 Sv) and the rest to the baroclinic velocities (50.8 Sv). Regarding the along‐slope
MC at 41°S, 13.3 Sv are baroclinic and 15.0 Sv are barotropic; for the interior northward flow, nearly the
entire flow is barotropic (76.2 out of 78.9 Sv). Further, about 70% of this southern inflow corresponds to
Subantarctic Mode and Intermediate Waters (SAMW and AAIW, respectively).

Another relevant piece of information is the net exchange of subantarctic and subtropical waters through the
BMC, along some 500 km of the frontal system. The water balance per stratum reveals about 5–6 Sv of net
upward diapycnal transfer in the confluence region, with intermediate AAIW and SAMW being transferred
to the shallower layers. In particular, we find a substantial net inflow (11.9 Sv) of AAIW and Upper
Circumpolar Deep Waters (UCDW) south of the BCF. Assuming along‐isopycnal mixing, we calculate the
mixing fractions for different water properties, which reveal large differences depending on water
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property: up to 20% between temperature and salinity and 40% between temperature and dissolved oxygen.
Both evidences—the transport imbalances per layer on both sides of the BCF and the differences in mixing
fraction from one property to another—point at substantial cross‐frontal and diapycnal water exchange in
the BMC.

The BMC, at the crossroads of subantarctic and subtropical waters, is a regional process with global implica-
tions. We are urged to improve our understanding of its different modes of functioning, characterized by
extraordinary temporal and spatial variability (e.g., Artana et al., 2018; Ferrari et al., 2017; Paniagua et al.,
2018; Valla et al., 2018). Our results show that the regional pattern of circulation evolves on time scales
on the order of weeks and emphasizes the idea that any description of the BMC cannot be understood with-
out monitoring the time history of the upstream along‐slope (BC and MC) and interior (Zapiola gyre) con-
ditions. The time series of satellite ADT and mooring velocity indeed expose the existence of many
possible combinations, resembling a baroque musical improvisation with an unpredictable outcome.
Additionally, there are short and fast submesoscale processes that produce noticeable water mass transfor-
mations in the frontal system, causing an even more capricious evolution. The challenge is to decipher the
spatial and temporal predominant rhythms but also the way they preferentially connect to create a perpe-
tually changing melody.
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