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Abstract The Argentine Basin hosts a unique oceanic feature: the Zapiola Anticyclonic Circulation (ZAC)
located above a sedimentary deposit. Taking advantage of a high‐resolution (1/12°) global ocean reanalysis
(GLORYS12) we examine the ZAC over 27 years (1993–2019). The mean ZAC is bottom‐intensified with
bottom currents reaching 0.10 ms− 1. The ZAC volume transport ranges from − 18.5 to 268 Sv with a mean of
122 Sv. The strong negative peaks correspond to occasional ZAC collapses. During large transport events
(>195.4 Sv) the ZAC shows a well defined coherent gyre. Strong transport events are associated with high eddy
kinetic energy (EKE) at the periphery of the ZAC (especially to the west and south). In contrast, during weak
transport events (<49.8 Sv), EKE increases at the center of the ZAC and decreases at the ZAC periphery. A
weak ZAC is more permeable to external mesoscale structures. Each weak event features a cyclonic eddy at the
center of the ZAC carrying subantarctic cold and fresh waters. The ZAC exhibits a multi‐year modulation, with
periods of 4–5 years (1993–1997, 1998–2003 and 2004–2009) of low salinity corresponding to low transport,
and high salinity to high transport. Over the last 27 years, transport time series exhibit a significant negative
trend of − 15 Sv.decade− 1 associated with a negative trend in EKE (− 0.015 (m/s)2.decade− 1) to the north west of
the ZAC. Waters in the Zapiola region become warmer and saltier in the first 2,000 m of the water column
because of the southward migration of the subtropical front.

Plain Language Summary In the southwest Atlantic, the Argentine Basin hosts a unique oceanic
feature: the Zapiola Anticyclonic Circulation located above a sedimentary deposit. The Zapiola Anticyclonic
Circulation rotates counter‐clockwise and has a mean transport comparable to those of the strongest ocean
currents (122 million cubic meters per second). The Zapiola Anticyclonic Circulation undergoes extreme
variations with collapses and intensifications reaching 300 million cubic meters per second. Episodes of weak
Zapiola transport tend to occur in austral winter and episodes of strong transport in austral summer. The Zapiola
Anticyclonic Circulation exhibits a multi‐year modulation, with periods of 4–5 years (1993–1997, 1998–2003
and 2004–2009) of low salinity corresponding to low transport, and high salinity to high transport. Over the last
27 years, the Zapiola Anticyclonic Circulation transport diminished and waters in the region became warmer
and saltier in the upper 2,000 m of the water column.

1. Introduction
The Argentine Basin is one of the most energetic regions of the world ocean in terms of mean flow and
mesoscale activity (Mason et al., 2017). The spatial distribution of surface Eddy Kinetic Energy (hereafter
EKE) maxima forms a C‐shape around a relative minimum (values lower than 0.01 m2 s− 2) in the center of
the basin (Figure 1). This minimum is associated with a particular oceanic feature, the Zapiola Anticyclonic
Circulation (hereafter ZAC). The ZAC is located above a sedimentary deposit (the Zapiola Rise, centered at
45°W, 45°S).

The ZAC existence was first suggested from photographed mud waves (Flood & Shor, 1988). The current
measurements that followed (Weatherly, 1993; Whitworth et al., 1991) supported the concept of an anti-
cyclonic circulation. Subsequently, Saunders and King (1995) made the first measurements in the ZAC
from a shipborne ADCP system and hydrographic measurements. They measured a synoptic intensified flow
at depth and suggested the presence of a barotropic anticyclonic circulation with a transport equivalent to
that of the strongest ocean currents (>100 Sv). Mean transport estimates were then produced and cover a
wide range of values. A mean transport of 50 Sv was obtained using altimetry‐derived surface geostrophic
velocities over the period 1993–2007 under batotropic flow assumption (Saraceno et al., 2009). Colin de
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Verdière and Ollitrault (2016) used an ocean climatology combined with
1,000‐m Argo velocities to estimate the full‐depth streamfunction over the
period 2004–2010 which led to a larger mean transport of 124 Sv.
Recently, Johnson and King (2023) estimated a mean ZAC transport of
110 Sv by referencing geostrophic shear from mean climatology (World
Ocean Atlas 2018) to mean 1,000‐dbar velocities that they estimated from
Argo float displacements and highlighted the bottom‐intensified nature of
the ZAC.

According to theoretical models, the eddy‐rich region surrounding the
Zapiola Rise (Figure 1b) leads to downslope transport of potential vorticity,
associated with an upslope mass transport. This convergence generates a
high pressure dome which induces a geostrophic circulation (Dewar, 1998).
Bottom drag controls the flow. The convergent mass transport is
compensated by a divergent Ekman transport in the bottom boundary layer
(de Miranda et al., 1999; Volkov & Fu, 2008). Using numerical simula-
tions, Weijer et al. (2015, 2020) showed that this secondary circulation
leads to a strong downward vertical transport (of about 4 Sv) above the rise
and they estimated a time of water mass retention of 1.5 years within the
ZAC. Using satellite altimetry data, several studies pointed out the high
variability of the ZAC at different time scales; intraseasonal modes of
variability with periods of 20–25 days have been described by Fu
et al. (2001), Weijer et al. (2007), Hughes et al. (2007) and Yu
et al. (2018). Strong interannual variability has been evidenced by Fu
et al. (2001), Volkov and Fu. (2008), Saraceno et al. (2009) and Venaille
et al. (2011). Occasional collapses of the ZAC circulation have been
suggested (Bigorre, 2005; Saraceno et al., 2009).

To the west of the Basin, a maximum of EKE centered at 40°S (with
values exceeding 0.2 m2 s− 2, Figure 1b) is associated with the confluence
of two strong western boundary currents: the Malvinas Current (MC) and
the Brazil Current (BC) (Figure 1a). The MC which is associated with the
Antarctic Circumpolar Current (ACC), flows northward following the
Subantarctic Front (SAF) with surface velocities reaching 60 cm/s and a
mean volume transport peaking at 37 Sv at 41°S (Artana et al., 2021). At
38°S the MC encounters the BC that flows southward (23 Sv at 36°S,
Artana et al., 2021) forming the Brazil‐Malvinas confluence (BMC).
Those currents transport highly contrasted waters—fresh and cold for the
MC, salty and warm for the BC. The BC bounded by the Subtropical
Front (STF) leaves the continental slope at about 38°S, that is nearly 15°
north of the zero isoline in the mean Wind Stress Curl (Figure 1c). After
the collision of the two currents, a part of the BC overshoots southward
to about 45°S (known as BC overshoot, BCO) before bending back to the
north (Figure 1a). The MC retroflects cyclonically toward the south,
flowing side by side with the BC overshoot as the Malvinas Return Flow
(MRF) (Figure 1a).

Measurements being still scarce in the Argentine Basin and particularly in the
Zapiola region, we take advantage of a 27‐year global reanalysis from Mer-
cator to further investigate ZAC circulation from surface to bottom and the
water characteristics. After presenting the data and methods in Section 2, we
examine long‐term trends, multi‐year modulations and extreme events of the
ZAC transport (Section 3) and associated hydrographic properties (Section 4).
In Section 5 we discuss the role of EKE andWind Stress Curl in shaping those
variations. In Section 6, we summarize and conclude.

Figure 1. (a) Mean sea surface height (in m) and mean surface velocities
(arrows). (b) Mean surface eddy kinetic energy. The fields fromGLORYS12
reanalysis are averaged over 1993–2019 period. Sea surface height contours
indicate the front positions in panel (a) Subantarctic Front (SAF, black
isoline − 0.38 m), Northern Polar Front (PF‐N, magenta isoline − 0.77 m),
Main Polar Front (PF‐M, thick gray isoline − 0.91 m), Southern Polar Front
(PF‐S, dashed gray isoline − 1.05 m) and Subtropical Front (STF, red isoline
− 0.13 m).In panel (b), EBB stands for East of Burdwood Bank, WBB for
West of Burdwood Bank, SRP for Shag Rock Passage, Zapiola Anticyclonic
Circulation (ZAC) and the Brazil‐Malvinas Confluence (BMC). The black
rectangle shows the region plotted in (c) and (d) in Figure 2. (c) Mean Wind
Stress Curl from ERA‐interim reanalysis averaged over the period 1993–
2019.
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2. Operational Model and Data
2.1. Mercator Models

We used the high‐resolution global Mercator Ocean reanalysis (hereafter GLORYS12) and the real‐time global
high‐resolution forecasting system (hereafter PSY4) from Copernicus Marine Environment Monitoring Service
(CMEMS, http://marine.copernicus.eu/; see Lellouche et al., 2021 for GLORYS12, and Lellouche et al., 2018 for
PSY4). GLORYS12 covers the period from 1993 to 2019 and PSY4 from 2007 to present. The dynamical core of
GLORYS12 and PSY4 is the NEMO (Nucleus for European Modeling of the Ocean) platform (Madec, 2008).
The models provide daily outputs, with a horizontal resolution of 1/12° and 50 vertical levels, with the spacing
increasing with depth (22 levels are within the first 100 m leading to a vertical resolution of 1 m in the upper levels
and 450 m at 5,000 m depth). Both models are forced by surface atmospheric fields from the European Center for
Medium‐RangeWeather Forecasts (by ERA‐Interim reanalysis for GLORYS12 and by the Integrated Forecasting
System (IFS) for PSY4). The models assimilate along‐track satellite altimetry data, satellite sea surface tem-
perature, sea‐ice concentration, and in‐situ temperature and salinity profiles using a reduced‐order Kalman filter
with a 3‐D multivariate modal decomposition of the background error and a 7‐day assimilation cycle (Lellouche
et al., 2018, 2021). One important impact of data assimilation is to counter the tendency of ocean models to drift

Figure 2. (a) Number of profiles per 0.5° × 0.5° longitude‐latitude bins during the period 2002–2022. (b) Total number of profiles per year in the region (cyan bars) and
number of deep profiles per year in dark blue. (c) Trajectories of Argo classic floats drifting at 1,000 m (deployed in 2021, fromMarch 12 to September 17). (d) Same as
(c) for deep floats drifting at 3,000 m.e) SSH and surface velocities from PSY4 averaged over the 12, 13 and 14 March 2021. The colored circles show the deployment
locations of CTD and LADCP.f) PSY4 zonal velocity along the dashed line in (e). LADCP zonal velocities measured at the 5 stations are represented with colored
circles.
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away from reality. Reanalyzes provide a dynamically coherent four dimensional physical state of the ocean
(temperature, salinity, velocities).

2.2. Argo Floats

The Argo program was launched in the early 2000 to provide temperature and salinity profiles in the first 2,000 m
of theWorld Ocean using free drifting profilers (Argo float data and metadata from Global Data Assembly Centre
(GDAC)). Between 2002 and present, 36,536 quality‐checked profiles were obtained in the Argentine Basin
(Figure 2a). After 2020, a few deep Argo floats provided data from 4,000 m up to the surface (570 profiles,
Figure 2b).

Five pairs of Argo floats were deployed within the ZAC during the SAGA10W cruise on board of the Spanish R/V
Sarmiento de Gamboa between the 12 and 14 of March 2021. Each pair comprised a classic float drifting at
1,000 m and a deep float drifting at 3,000 m and sampling down to 4,000 m. The Argo floats profiled to the surface
every 5 days during 6 months (period of the trajectories shown in Figures 2c and 2d). CTD and LADCP mea-
surements were performed at the deployment locations (stations shown in Figures 2c, 2e and 2f).

Mercator models assimilate observations from the Argo array in the first 2,000 m of the water column. Deep Argo
floats are independent data as they are not at all assimilated in the model, which makes possible further model
assessment at depth.

2.3. Further Model Validation

Previous works have already assessed the skills of global reanalysis in the first 2,000 m of the Argentine Basin
with a focus on the Malvinas Current region (e.g., Artana et al., 2018, 2019; Poli et al., 2020). Here, we expand the
area to 30°W and we extend in time until the end of 2021. To assess models performances at depth, we compared
PSY4 model fields to data from the cruise SAGA10W and deep Argo floats deployed in 2021 (period not covered
in GLORYS12) (Figure S1 in Supporting Information S1). The mean temperature and salinity (vertically aver-
aged over bins of 400 m) and the standard deviation from model and Argo float data are close (Figures S1b and
S1c in Supporting Information S1). The differences between in‐situ and modeled mean salinity remain lower than
0.01 PSS‐78, while below 1,200 m the modeled temperatures are slightly colder than measured ones by about 0.1°
C (standard deviation of about 0.3°C) (Figures S1d, S1e and Table S1 in Supporting Information S1).

We compared PSY4 velocities to those estimated from Argo floats drifting at parking depth using the ANDRO
method (Ollitrault & Rannou, 2013) which assumes that the trajectory between two successive float positions is
linear (Figures 2c and 2d, see Figure S2a in Supporting Information S1). Model velocities were interpolated at the
mid position between two successive Argo profiles and averaged over the elapsed time (5 days, Figure S2b in
Supporting Information S1).

Figure 3. (a) Vertically integrated mean transport stream function computed from GLORYS12 reanalysis for the period 1993–2019 (contours every 10 Sv). Blue
contours represent cyclonic and red anticyclonic circulation. The zero contour is in black. (b) log10 of the modulus of f/h gradient (blue shading) and f/h contours
(1.748 × 10− 8, 1.7877× 10− 8, 1.9061× 10− 8, 2.020 × 10− 8 m− 1 s− 1) in red. The meridional (1 and 3) and zonal (4 and 2) sections used to compute volume transports are
indicated with magenta, black, red and blue lines. Acronyms in panel a stands for: MC: Malvinas Current; MRF: Malvinas Return Flow; DCC: Deep Cyclonic
Circulation; ZAC: Zapiola Anticyclonic Circulation; BC: Brazil Current; DAC: Deep Anticyclonic Circulation; MEC: Malvinas Escarpment Current.

Journal of Geophysical Research: Oceans 10.1029/2023JC020269

POLI ET AL. 4 of 18

 21699291, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

020269 by C
E

A
 N

ational, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Within the ZAC, differences at 1,000 and 3,000 m between the modeled and “Argo” velocities do not exceed
0.1 m/s. Outside, differences can reach 0.2 m/s, because of the strong mesoscale activity which probably limits
the validity of the linear interpolation (Figures 1b–1d, Figure S3 in Supporting Information S1). Zonal velocities
from PSY4 and LADCP data at the floats deployment show common patterns. For instance, both feature strong
eastward velocities at depth (>0.2 m/s) above the Zapiola Rise at station 2 and strong westward velocities at
station 4 (Figure 2f). Overall, the comparisons show that the model correctly reproduces hydrography and cir-
culation of the Zapiola Anticyclone at depth.

3. Circulation in the Argentine Basin
3.1. Mean Depth‐Integrated Large Scale Circulation

The vertically integrated mean transport stream function (Figure 3a) computed from the 27 years reanalysis
GLORYS12 highlights structures with virtually no signature in mean surface velocities (Figure 1a). In particular
the ZAC, with small surface velocities compared to other currents (Figure 4a), stands out with a mean volume

Figure 4. (a) Mean surface velocities (amplitude in color) from GLORYS12 reanalysis (1993–2019). Only velocities exceeding 0.05 m/s are plotted. The thick black
isoline corresponds to the zero of the mean vertically integrated transport in Figure 3a). (b) Same as (a) for the mean velocity near the bottom, thus variable depths.
(c) and (d) Mean velocities along 45°S and 45°W sections indicated in Figure 1a. White dashed lines are γn water masses limits (see Table S2 in Supporting
Information S1). The black line corresponds to the zero velocity isoline. ZAC: Zapiola Anticyclone Circulation. MEC: Malvinas Escarpment Current; MC: Malvinas
Current; MRF: Malvinas Return Flow. MECC: Malvinas Escarpment Counter Current. The mean locations of the fronts are indicated. PF: Polar Front; SAF:
Subantarctic Front; STF: Subtropical Front; DCC: deep cyclonic circulation; DAC: Deep Anticyclonic Circulation. (e) and (f) Mean vertical shear of velocities
interpolated every 100 m depth. (g) Mean vertical shear of velocities averaged within the ZAC and associated spatial standard deviation (shaded) along the zonal (in
magenta) and meridional (in black) sections. The two vertical dashed lines correspond to the ZAC boundaries. Vertical scale is expanded in the upper 1,000 m.
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transport of 120 Sv (Figure 3a). The transport stream function closely follows f/h contours around the Zapiola
Rise (Figure 3b). The two closed contours in the transport stream function around 45°S–45°W and 45°S–39°W
correspond to two summits of the Zapiola Rise. The ZAC is intensified at depth with bottom speeds of the order of
0.10 m/s (Figure 4b). The mean cross‐section speeds increase in the upper layers with a positive shear above
1,000 m (1 × 10− 5 s− 1, 10 cm/s every 1,000 m, positive meaning increasing speeds with depth) while they are
rather homogeneous below (small shear) (Figures 4c–4g).

Saraceno et al. (2009) estimated a mean ZAC transport of 48 Sv over the period 1993–2007 whereas we obtain
122.6 Sv over the same period. They assumed that the flow was barotropic (zero vertical shear) and used the
surface geostrophic velocities derived from altimetry to compute the total transport. This method led to an un-
derestimation of the transport as the ZAC is bottom‐intensified. Colin de Verdière and Ollitrault (2016) evaluated
the transport from Argo float drift velocities at 1,000 m combined with a mean oceanic climatology to compute
geostrophic velocities and obtained a mean value of 124 Sv over the period 2004–2010. This value is in agreement
with our estimate of 127 Sv over the same period. The reanalysis‐derived value corresponds to the one estimated
by Johnson and King (2023).

The total transport stream function also shows a strong cyclonic circulation centered at 42°S–50°W, northwest
of the ZAC and just east of the BC overshoot (labeled DCC for Deep Cyclonic Circulation, Figure 3a). This
cyclonic circulation has almost no surface signature (Figure 1a). It transports approximately 60 Sv and follows
f/h contours (see contour 1.748 × 10− 8 m− 1 s− 1 in Figure 4). Close to the bottom, velocities in the DCC reach
∼0.2 m/s (Figure 4b). The DCC is a deep western boundary current which carries waters entering the basin
through a gap located at 40°W–48.5°S to the north east of the Malvinas Plateau (the gap is indicated in
Figure 4b). These waters flow westward within a narrow current reaching 1,200 m, the Malvinas Escarpment
Counter Current (hereafter MECC), which follows the Malvinas Escarpment with a mean speed around 0.2 m/s
(Figures 4b–4d). Those values are consistent with direct measurements (Whitworth et al., 1991). The currents
forming the DCC are in opposite direction to the surface Malvinas Escarpment Current (MEC, Figures 4a–4c at
50°S) and to the Malvinas Return Flow (MRF, Figures 4a–4c at 55°W). The mean vertical shear along the
Malvinas Escarpment changes sign with depth: it is negative in the upper 2,000 m indicating a surface
intensified flow and positive below with a bottom intensified flow around 50°S (Figures 4e and 4f). The
differences between the upper 2,000 m and below 2,000 m could be partially related to the lack of assimilated
data below 2,000 m. Model‐derived vertically integrated transports of the western boundary currents (40 Sv for
the northward barotropic equivalent MC at 38°S and 30 Sv for the southward BC at 36°S) agree with the

Figure 5. (a) Mean transport time series computed as explained in Section 3.2. The black horizontal line represents the mean, the red dashed lines are mean ± 1.5
standard deviation. The dashed black line shows the low‐pass filtered transport (3‐year cut‐off period). Strong and weak events are highlighted in red and blue. The
purple vertical line indicates the date of the SAGA 10W cruise. Bar plot in the background shows the annual mean of transport in gray for GLORYS12 and in blue for
PSY4. (b) Monthly distribution of extreme events in number of days.
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estimates from observations (Artana et al., 2018; Spadone & Provost, 2009; Maamatuaiahutaipu et al., 1998;
Schmid Majumder, 2018). The closed contours centered at 38°S–38°W (Figure 3a) indicate a deep anticyclonic
circulation of about 50 Sv (hereafter DAC) which follows closed f/h contours (Figure 3b) with bottom ve-
locities of about 0.1 m/s (Figure 4b). The deep circulation patterns reproduced by the reanalysis are consistent
with the existing literature (e.g., Whitworth et al., 1991; Peterson, 1992; Coles et al., 1994).

3.2. Variations of Low‐Passed (>90 days) ZAC Transport

Four sections with a common origin at 45°S–45°W (Sections 1–4 in Figure 3) were selected to compute a time
series of the ZAC volume transport. Sections 2–4 extend to the zero contour obtained from the mean total
transport stream function around the Zapiola Rise and Section 1 extends to the local minimum at 41.2°S–45°W
(see Figure 3a). The volume transport across zonal Sections 2 and 4 (meridional Sections 1 and 3) is defined as:
∫L
0 ∫

H
0 Vdx dz (∫L

0 ∫
H
0 Udy dz) where V is the meridional component and U the zonal component of the velocity, L

the section length andH the oceanic depth. A fourth‐order Butterworth low‐pass filter (with a cut‐off frequency of
1/90 days) is applied to the transport time series corresponding to the four sections and the correlations between
the four low‐passed time series always exceed 0.8 (at lag 0). The four low‐passed time series were averaged to
obtain a unique series. We used GLORYS12 outputs for the period 1993–2019 and PSY4 outputs for 2007–2021.
Transports computed from PSY4 and GLORYS12 over the overlapping period (2007–2019) show close means
(115.7 and 122.6 Sv, respectively) and similar fluctuations (standard deviations of 48 and 48.5 Sv, respectively)
with a correlation coefficient of 0.81 (Figure 5a).

Figure 6. (a) Total transport stream function composite for strong events. Contours are plotted every 10 Sv; the 0 Sv contour is a thick black contour. The mean 0 Sv
contour is in magenta from Figure 3a. (b) same as (a) for weak events. (c) and (d) Total transport stream function the 01/27/2009 (c) and the 06/07/2007 (d). Contours
every 20 Sv. Black thick contours correspond to 0 Sv.
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The low‐pass volume transport time series includes extreme events exceeding 1.5 standard deviation (highlighted
in red and blue in Figure 5) with 494 days (5% of the time series) of strong extreme events (transport exceeding
195.4 Sv, Figures 5a and 6d) and 689 days (7% of the time series) of weak extreme events (transport less than
49.8 Sv, Figures 5a and 6e). The total transport exhibits negative peaks in 2007, 2018 and 2019. The mean
duration of extreme events, regardless of whether strong or weak, is approximately 65 days except for the extreme
weak event of 2018–2019 which lasts 285 days. The extreme events show a seasonal distribution: weak events
tend to occur in austral winter while strong events are more frequent in summer (Figure 5b).

The transport time series also features milder fluctuations over a wide range of periods between 100 and 730 days
(see Figure S4 in Supporting Information S1). The annual means (gray bars) show a low frequency modulation
with alternating periods of large (1993–1996, 2003–2017, 2021–2022) and low transport (1997–2003, 2018–
2020) as illustrated with the black dashed line corresponding to the 3 years low passed filtered transport
(Figure 5). The transport time series exhibits a robust trend of − 15 Sv.decade− 1 whatever the chosen end‐point
(end of 2019 or 2017 to avoid any bias due to the outstanding 2018–2019 event). The negative transport trend
results from the cyclonic velocity trend pattern in the whole water column observed in the ZAC (see Figure S5 in
Supporting Information S1).

3.3. The Argentine Basin During Extreme Events

To investigate the ZAC circulation and structure associated with extreme events, we computed cross‐section
velocities (Figure 7) and composites of the total transport stream function (Figure 6). Two specific synoptic
events, the strongest event in January 2009 (with a transport reaching 268 Sv, Figure 6c) and the weak event in
June 2007 (with a negative transport of − 12 Sv, Figure 6d) are presented as examples.

The composites suggest that there is a little variation in the lateral extension of the ZAC during extreme events,
which is consistent with a topographic influence on the circulation (Figures 6a and 6b). However, the circulation in
the ZAC interior is modified. During strong events (mean transport of 211 Sv, Figure 6a), the ZAC exhibits a near
solid‐body rotation. The composite of weak events (mean transport of 22 Sv) shows that the ZAC includes sec-
ondary anticyclonic circulations (Figure 6b). In some occasions, like during the extreme event in January 2009

Figure 7. (a) and (b) Cross‐section velocities composites along Sections 45°S (a) and 45°W (b) for strong events. The mean ZAC limits are indicated in black dashed
lines. (c) Vertical velocity shear averaged within the ZAC limits for strong events and associated spatial standard deviation (shaded) along the 45°S zonal (in magenta)
and 45°W meridional (in black) sections. (d)–(f) Same as (a)–(c) for weak events.
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(268 Sv), the ZAC boundary is distorted (Figure 6c), while in June 2007 (− 12 Sv), the ZAC is totally disaggregated
and the overall anticyclonic circulation is disrupted (Figure 6d).

During strong events, velocities increase in the whole water column in the ZAC (Figures 7a and 7b). The velocity
shear is increased between 0 and 2,000 m (compare to Figure 4g). It nearly vanishes between 2,000 and 4,500 m.
This illustrates that the velocity increase is more pronounced below 2,000 m than in the upper layers. During weak
events, the anticyclonic secondary circulations mentioned above are observed in the first 1,000 m of the zonal
section at 45°S (Figure 7d). Below 1,500 m, outer branches of the ZAC are strongly reduced with bottom ve-
locities less than 0.05 m/s. A cyclonic circulation with velocities reaching 0.1 m/s at the center of the ZAC is
located over a depression between the two summits of the Zapiola rise (Figures 7d and 7e). The currents within the
cyclonic eddy decrease with depth and the section‐averaged vertical shear becomes negative in the whole water
column (Figure 7f).

Figure 8. (a) Mean θ/S diagram along the 45°W section (black line in Figure 1a). Colors indicate latitude. γn contours in black mark the limits between water masses and
dotted black lines the θ and S criteria of 0°C and 34.8, 34.25 PSS‐78. Main water masses are labeled. (b)‐(c) Mean salinity (b) and mean temperature (c) along the 45°W
section as a function of latitude and depth. γn limits are plotted in white dashed lines, salinity criteria in black. (d) Salinity linear trends in PSS‐78.decade− 1 along the 45°
W section. Shaded values are statistically significant. (e) Same as (d) for temperature in °C.decade− 1. γn limits are plotted in thick gray lines. Thick black lines indicate
regions where the absolute value of the trend exceeds the interannual standard deviation.
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The circulation is also modified in the whole Argentine Basin during extreme events (Figure 6). The DCC is
reinforced with bottom velocities reaching 0.15 m/s during strong events and weakened during weak events
(Figures 7a–7c). Westward velocities associated with the MECC are above their mean values (0.2 m/s compared
to 0.1 m/s) during strong events and below during weak events (− 0.05 m/s). The MECC extends from the bottom
up to 1,000 m depth during weak events instead of 1,300 m during strong events (1,200 m corresponds to the mean
field, see Figures 6c–6g in comparison with Figure 4d).

The overall intensification or weakening of the circulation during strong and weak events suggests a large scale
forcing (Figures 6 and 3a).

Figure 9. (a) Time‐latitude diagram of detrended salinity anomalies along the 45°W section. Anomalies have been averaged between 500 and 2,000 m. Black dashed
lines at 41.2° and 47.2°S correspond to the ZAC limits. (b) Time‐depth diagram of detrended salinity anomalies within the ZAC. Anomalies have been averaged within
the ZAC limits in the zonal and meridional direction at each depth. (c) Annual mean transport (gray bars) and yearly distribution of extreme events (red: strong events;
blue: weak events). The vertical black lines separate the periods 1993–1997, 1998–2003 and 2004–2009. (d)–(f) Detrended salinity anomalies along the meridional
section averaged over the periods 1993–1997 (d) 1998–2003 (e) 2004–2009 (f). Black contours correspond to neutral density limits, vertical dashed lines to the ZAC
limits and horizontal black dashed lines to the 541 m depth. (g)–(i) Detrended salinity anomalies at 541 m for the three periods. Contours correspond to the transport (in
Sv) integrated between 0 and 2,000 m. The red contour corresponds to the 0 Sv contour of the transport stream function and contours are every 10 Sv.
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4. Hydrographic Properties in the Argentine Basin
4.1. Mean and Trends in Hydrographic Properties

Water masses were identified using neutral density and salinity criteria, following Preu et al. (2013), Valla
et al. (2018) and Emery and Meincke (1986) (Table S2 in Supporting Information S1). Mean hydrographic
properties are illustrated along the meridional section at 45°W (Figure 8). Surface waters comprise Subantarctic
SurfaceWaters (SASW; γn < 27.1 g/kg) in the first 100 m of the water column to the south of 48°S, South Atlantic
CentralWaters (SACW; γn < 27.1 g/kg) between 48°S and 42°S and Tropical Waters (TW; γn < 26.35 g/kg) in the
upper 250 m to the north of 42°S (Figures 8a–8c). Underneath, waters are stacked as follows: Antarctic Inter-
mediateWaters (AAIW; 27.1 < γn < 27.6 g/kg; 33.9 < salinity <34.25 PSS‐78), Upper Circumpolar DeepWaters
(UCDW; 27.6 < γn < 27.9 g/kg), Lower Circumpolar DeepWater (LCDW; 28.1 < γn < 28.27 g/kg; salinity <34.8
PSS‐78) and at the bottom the Antarctic Bottom Waters (AABW; γn > 28.27 g/kg and negative potential tem-
perature) (Figures 8a–8c). In the northern part of the basin, the North Atlantic Deep Waters (NADW:
27.9 < γn < 28.1 g/kg; salinity >34.8) lie between the UCDW and the Lower Circumpolar Deep Water
(Figures 8a–8c). The Zapiola circulation induces a doming of isopycnals which are tilted at the boundaries of the
ZAC (Figures 8b and 8c). Hydrographic properties exhibit trends over the 27 years‐long reanalysis. We consider
the trend to be significant when it is statistically significant (t‐test) and when it exceeds the interannual standard
deviation. Negative salinity trends close to the surface in the south of the section (− 0.03 PSS‐78.decade− 1,
Figure 8d) are consistent with the overall freshening of subantarctic waters reported in several studies (e.g.,
Böning et al., 2008; Naveira Garabato et al., 2009; Purich, 2018). This freshening is significant in the MC and to
the south of the ZAC (Figure S6b in Supporting Information S1). Large positive trends are observed down to
500 m in salinity (+0.2 PSS‐78.decade− 1) and down to 1,000 m in temperature (+1°C.decade− 1) to the north of
the 45°W section (Figures 8d and 8e). These positive trends are significant in the whole Argentine Basin (Figure
S6c in Supporting Information S1) and are probably associated with the temperature and salinity increases
observed in the tropical waters in latitudes dominated by evaporation (Durack et al., 2012; Yu et al., 2020). In the
ZAC the positive trend in temperature extends down to 5,000 m, which is consistent with several studies that
documented bottom water warming in the Argentine Basin (e.g., Coles et al., 1996; Johnson, 2022). On top of
these linear trends, water properties experienced interannual variations which are investigated in the next section.

Figure 10. (a) and (b) Composite of detrended temperature anomalies for strong (a) and weak (b) events. (c) and (d) Composite of detrended salinity anomalies for strong
(c) and weak (d) events. Red and blue dashed lines correspond to neutral densities and black vertical dashed lines to the ZAC limits.
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4.2. Hydrographic Multi‐Year Modulation

Linear trends were removed to investigate the interannual variability of the
hydrographic characteristics. Large multi‐year modulation of salinity stands
out until 2010 while fluctuations of higher frequency and smaller amplitude
are later observed (Figures 9a and 9b). Salinity anomalies are positive (be-
tween ≃ 0.05 and ≃ 0.1 PSS‐78) and larger than the annual trend (<0.02 PSS‐
78/year) during periods 1993–1997 and 2003–2009; while they are negative
(between − 0.05 and − 0.1 PSS‐78) during period 1998–2003 and extend
down to 2,000 m (Figures 9a and 9b). Salinity anomalies averaged over each
period along the meridional section are large to the north of 40°S in the upper
500 m (Figures 9d and 9f). Maps of averaged salinity anomalies at 541 m
show a consistent large‐scale signal all over the basin for each period, with the
largest anomalies located within the Subtropical Gyre (Figures 9g–9i).

These distinct periods of negative (1998–2003) and positive (1993–1997 and
2004–2009) salinity anomalies coincide with weak and strong ZAC transports
respectively (160 Sv for 1993–1997, 126 Sv for 2004–2009 and 101.3 Sv for
1998–2003, Figure 9c). During 1998–2003, the subtropical front (red line in
Figure 9h) is shifted northward (as the transport of the Subtropical Gyre is
smaller), reducing the southward advection of salty subtropical waters which
could partly contribute to the salinity reduction.

The annual distribution of extreme events is not homogeneous over time. The
first period accounts for a total of 240 days of strong events and no weak
events, the second hosts a great majority of weak events (166 days of weak
and only 39 of strong transport events). The number of weak and strong
events in the third period is relatively well balanced (192 days of strong and
151 days of weak events). The last period, 2010–2019 is dominated by weak
events (371 days) compared to strong events (62 days).

In the following section, we analyze the hydrographic characteristics of the
ZAC during extreme events, keeping in mind their uneven temporal
distribution.

4.3. Hydrographic Properties During Extreme Events

Composites of temperature and salinity anomalies for weak and strong events
were compared along the 45°W section (Figure 10). Main hydrographic
differences between strong and weak events are located between the surface
and the UCDW (Figure 10). The signal observed in the upper 50 m reflects the
seasonal distribution of weak and strong events. Weak events tend to occur in
austral winter and are associated to a cold surface signal while strong events
are more frequent in austral summer and are associated to a warm surface
signal (Figure 5b).

During strong events the Subtropical Gyre and the MEC are intensified (cf.
Section 3.2) which probably leads to the positive salinity anomalies observed
to the south and north of the ZAC (Figures 10a–10c). During strong events
temperature and salinity anomalies are homogeneous within the ZAC and
their vertical distribution reflects the effect of the isopycnal doming (related

to the ZAC intensification) on the vertical stacking of water masses. Thus there is a cold signal in the upper 700 m,
a fresh signal in the upper 300 m and a salty signal between 300 and 1,500 m (Figures 10a–10c). In contrast,
during weak events, the ZAC is more permeable to mesoscale structures coming from the basin, leading to
temperature and salinity anomalies of opposite sign within the ZAC. The positive temperature anomalies
observed between 42° S and 47° S in the 50–250 m layer (Figures 10b–10d) correspond to warm and salty waters
in the secondary circulations visible in Figures 7d and 7e. These secondary anticyclonic recirculations induce a

Figure 11. (a) and (b) SSH snapshots during the detachment of C1 from the
SAF meander (a) the 06/21/2018 and (b) a zoom on the 09/28/2018. The
eddy trajectory computed from the eddy atlas is indicated in yellow. The
eddy position at the date is indicated by a yellow diamond in a and by a blue
circle in (b). Trajectory of the Argo float #3901515 (colored dots) and C1
trajectory from the eddy atlas (yellow line). (c) θ/S diagram from Argo float
#3901515 measurements. The colors correspond to the dots in panel (b).
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downwelling and deepening of isopycnals. A distinct isopycnal shoaling at 45°S (of about 300 m at 1,000 m, blue
dashed lines in Figures 10b–10d) associated with cold (− 0.3°C) and salty (+0.03 PSS‐78) anomalies below 500 m
correspond to the cyclonic circulation present during weak events. Every single selected weak event features a
cyclonic eddy at the center of the ZAC (not shown). One of them was documented by the Argo float #3901515,
which got trapped within a cyclonic eddy (C1) from October 2018 until January 2019 at the time of a drastic
transport reduction (− 18.5 Sv, the minimum of the transport time series) (Figure 11b). C1 lasted for more than
285 days and was tracked back in satellite maps. C1 was shed at 33°W–44°S by a meander of the SAF and the PF
(on 12 May 2018) and penetrated the ZAC through the northeast boundary where the f/h gradient is relatively
weak (Figure 3b). It reached the center of the ZAC on the fifth August 2018 (Figures 11a and 11b). The Argo float
sampled relatively cold and fresh waters within the cyclonic eddy (Figure 11c).

5. Discussion
Theoretical studies based on realistic and idealized simulations without data assimilation (e.g., Bigorre &
Dewar, 2009; de Miranda et al., 1999; Venaille et al., 2011) and observational studies (e.g., Fu, 2007) suggested
that the ZAC variability is driven by kinetic energy transfers and wind stress curl. GLORYS12 tends to reproduce
the EKE at the right time and location probably due to data assimilation. However, the precise distinction between
the role of data assimilation and model dynamics is challenging.We computed the EKE as follows: EKE = U′2+V′2

2

with U′ = U − U and V′ = V − V, the overbar indicated the velocities time average over the entire period.

EKE and WSC exhibit trends over 27 years that emerge from interannual variability (Figure 12).

The linear trend of surface EKE is negative to the north of 40°S (− 0.015 (m/s)2.decade− 1) and positive to the south
(+0.015 (m/s)2.decade− 1), reflecting the southward shift of the BC (strong anticyclonic trend in the surface ve-
locities of theBCO, see Figure S5 in Supporting Information S1) and the entire Subtropical Gyre. This EKE trend is
consistent with the global increase inmesoscale activity documented at the poleward boundaries of the Subtropical
Gyres over the satellite altimetry record (e.g.,Martinez‐Moreno et al., 2021; Li et al., 2023). TheWSC linear trends
are positive over the central Argentine Basin and negative along the Malvinas Escarpment and of the same sign of
the mean WSC (Figure 1c), depicting an overall intensification of the atmospheric circulation (Figure 12b). The
trends are consistent with the intensification and expansion, toward the West and the South, of the South Atlantic
anticyclone that has been documented over the last decades (e.g., Leyba et al., 2019; Li et al., 2023).

We opted for a composite analysis to examine EKE andWSC signals associated to extreme events as correlations
between the EKE and the transport (WSC and the transport) were non conclusive as the system is strongly non
linear.

Figure 12. Linear trend over the period 1993–2019 from GLORYS12 and ERA‐interim. Statistically significant values are shaded. (a) Surface EKE trend. (b) WSC
trend. The thick black lines indicate regions where the absolute value of the trend exceeds the interannual standard deviation. The purple contour corresponds to the
mean zero wind stress curl.
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Composites of detrended EKE anomalies for weak and strong events exhibit similar patterns but of opposite sign.
Overall, the basin exhibits an increase of EKE during strong events except at the center of the ZAC while the
opposite occurs during weak events. The EKE increase at the center of the ZAC during weak events reflects the
cyclonic circulation previously described (see Sections 3 and 4.3). Conversely, the EKE is enhanced at the
boundaries of the ZAC and reduced close to the center during strong events: the inward penetration of eddies is
inhibited.

During strong events the WSC is enhanced over the ZAC and the southern part of the Subtropical Gyre, rein-
forcing the negative Ekman suction in those regions while the opposite occurs during weak events. This is
consistent with the large‐scale current intensification described in Section 3.3 (Figure 6). The mean position of the
zero WSC isoline in the western part of the basin is located southward around 48°S during strong events and
northward around 41°S during weak events.

As extreme events present a seasonal distribution (Figure 5b), we explored the seasonal means of EKE and WSC
(Figure 14). The seasonal averages of EKE show similar patterns the extreme events EKE composites (although
smaller values) with more energy to the north of the confluence in summer (strong events) than in winter (weak
events). This signal is probably associated with the summer southward shift of the subtropical front (Figures 13a
and 13b). The WSC is reinforced during austral summer and weakened in winter (Figures 13c and 13d) and
resembles to the composite in terms of spatial pattern and magnitude. Wind Seasonal variability could favor the
development of extreme transport events and their persistence. However, causality is not established.

Figure 13. (a) and (b) Composite of surface EKE anomalies for strong (a) and weak (b) events. Thick colored contours in panels indicate the position of the fronts (STF in
red, SAF in blue and PF in magenta and black). (c) and (d) Wind Stress Curl composites for (c) strong and (d) weak events. The zero Wind Stress Curl line is in black.

Journal of Geophysical Research: Oceans 10.1029/2023JC020269

POLI ET AL. 14 of 18

 21699291, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

020269 by C
E

A
 N

ational, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6. Summary and Concluding Remarks
We used a global ocean reanalysis (GLORYS12) over the period 1993–2019 to investigate the ZAC. The ZAC is
bottom intensified with velocities reaching 0.1 m/s which is in agreement with a recent study based on in situ
observations (Johnson & King, 2023). We constructed a 27 years‐long ZAC transport time series which ranges
between 268 Sv and − 18.4 Sv with a mean value of 122.6 Sv (standard deviation of 48.5 Sv). The transport
presents a strong multi‐year modulation, a robust negative trend (− 15 Sv.decade− 1) and extreme events
(exceeding 1.5 standard deviation, 494 days of strong events and 689 days of weak events). The number of
extreme events is rather limited (only 9 strong extreme events and weak events) to perform robust statistics.

During strong events (transport >195.4 Sv), the ZAC shows a well defined coherent gyre. In contrast, during
weak events (transport <49.8 Sv) secondary anticyclonic circulations develop within the ZAC and a cyclonic
eddy is located at the center of the ZAC. During weak events, the ZAC is more permeable to external mesoscale
structures. Each weak event features a cyclonic eddy at the center of the ZAC carrying cold and fresh waters.
These eddies detach from a SAF meander to the east of the ZAC and enter through the north‐east boundary where
the planetary vorticity gradient is relatively weak. Strong events are associated with an increase of EKE around
the ZAC while weak events are associated with a decrease. As suggested in theoretical studies (e.g., Bigorre &
Dewar, 2009) the increase of EKE could lead to an enhanced transfer of energy between the mesoscale field and
the mean flow.

Figure 14. (a) and (b) Seasonal detrended surface EKE anomalies averaged for DJF (a) and JJA (b). (c) Mean summer (DJF) detrended Wind Stress Curl. (d) Mean
winter detrended (JJA) Wind Stress Curl.
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During strong events the WSC intensifies over the ZAC possibly enhancing the negative Ekman suction (reverse
is true for weak events) (Figures 13c and 13d). The mean seasonal patterns of WSC resemble those of the
composites of extrema suggesting that the WSC seasonality could favor the development of extreme events
(Figures 14c and 14d). However, this is a speculative hypothesis, as the similarity between the strong/weak
composites of WSC in Figures 13c and 13d and the summer/winter seasonal averages in Figures 14c and 14d
could simply reflect the seasonal bias in occurrence of strong/weak events and causality is not established.

We documented a multi‐year modulation of the water masses characteristics in the ZAC. Waters in the ZAC are
fresher (− 0.75 PSS‐78 at 1,000 m) and colder (− 0.5°C at 1,000 m) in the period 1998–2003 than in periods 1993–
1997 and 2004–2009. The period 1998–2003 corresponds to a reduced mean transport of 101.3 Sv compared to
the other periods (160 Sv over 1993–1997 and 126 Sv over 2004–2009). The weak transport period corresponds to
a reduction of the large scale circulation (including the Subtropical Gyre) associated to weaker winds and EKE.
This period (1998–2003) includes only weak events.

Over the last 27 years, transport time series exhibits a significant negative trend of − 15 Sv.decade− 1 associated
with a cyclonic velocity trend pattern in the ZAC coherent in the vertical (see Figure S5 in Supporting Infor-
mation S1). The ZAC shows a positive temperature trend (+0.5°C.decade− 1 at 500 m) in the whole water column,
a positive salinity trend (+0.1.decade− 1 at 500 m) in the upper 2,000 m and a negative salinity trend between
3,000 and 4,000 m. The WSC exhibits no change over the ZAC and a positive trend at the periphery. The WSC
over the South Atlantic has been shown to contribute to the southward displacement of the STF (Leyba
et al., 2019). The southward migration of the Subtropical Gyre induces a negative EKE trend to the northwest of
the ZAC and a positive trend to the south of 40°S close to the MC. The negative EKE trend could be a factor
leading to the ZAC transport reduction. Anticyclones detaching from the BCO and transporting relatively warm
and salty waters could contribute to the positive trends in salinity and temperature within the ZAC in the first
2,000 m. Indeed, the ZAC gets more permeable to the surrounding mesoscale features as it weakens (positive
trend of EKE at the center of the ZAC).

Climate models project a continuous southward migration of the Subtropical Gyre (e.g., Hewitt et al., 2020)
which will increase temperature and salinity in the Argentine Basin. Associated EKE changes could contribute to
a reduction of the ZAC transport and a multiplication of collapses episodes.
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