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2017. Previous measurements of the MC strength have been reported only close to the
Brazil-Malvinas Confluence, hindering the interpretation of the flow variability. The
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northward along-isobath flow with an equivalent-barotropic structure. The meridional
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the moorings. Satellite altimetry data, that are highly correlated with 20-day low-pass
filtered in situ velocities (r~0.80), show that the MC variability is affected by the
propagation of sea level anomalies (SLA) along the Patagonian slope with phase
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interaction between eddies and the complex bathymetry at those locations generate
instabilities that enhance the generation of mesoscale structures that propagate in the
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Highlights:

e Up to 18-months of in situ current data were obtained at 44.7°S at different depths within

the Malvinas Current.

e The easternmost and westernmost meridional velocities are not correlated due to the

presence of mesoscale features in the Malvinas Current.

e Alarge oscillation with a periodicity of about 40 days is observed in the meridional velocity

measurements.
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Abstract

We report current meter measurements obtained by four moorings deployed across the Malvinas
Current (MC) at 44.7°S during 18 months between December 2015-June 2017. Previous
measurements of the MC strength have been reported only close to the Brazil-Malvinas
Confluence, hindering the interpretation of the flow variability. The record-length time averaged
velocities and variance ellipses indicate a strong northward along-isobath flow with an equivalent-
barotropic structure. The meridional velocities at the western and eastern moorings are not
correlated and show large amplitude oscillations which are coherent with the passage of mesoscale
features over the moorings. Satellite altimetry data, that are highly correlated with 20-day low-
pass filtered in situ velocities (r~0.80), show that the MC variability is affected by the propagation
of sea level anomalies (SLA) along the Patagonian slope with phase speeds that range between
0.21 £0.04 m st and 0.14 +0.01 m s™. SLAs propagate northward along the slope following
contours of constant potential vorticity and its phase speeds decrease towards the east across the
slope. SLAs that mostly affect the western mooring originate in the northern flank of the North
Scotia Ridge while SLAs that mostly affect the eastern mooring originate along the Malvinas
Escarpment, along the northern edge of the Malvinas Plateau. We suggest that the interaction
between eddies and the complex bathymetry at those locations generate instabilities that enhance
the generation of mesoscale structures that propagate in the flow direction along the western

boundary of the Argentine Basin affecting the variability of the MC velocities.
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1. Introduction

The Malvinas Current (MC) originates as a branch of the Antarctic Circumpolar Current (Peterson
and Whitworth, 1989; Piola and Gordon, 1989) veering northward approximately following the
path of the Subantarctic Front into the western Argentine Basin. Reaching 38°S, the MC causes
the northernmost penetration of subpolar waters in the southern hemisphere. Thus, it contributes
to the meridional heat transport and to regulate the climate on Earth (Garzoli and Matano, 2011).
In situ current measurements have been collected mostly at 40-41°S (Vivier and Provost, 1999a;
1999h; Spadone and Provost, 2009; Ferrari et al., 2017; Paniagua et al., 2018). At that latitude, the
core of the current is observed above the 1000 m isobath (Vivier and Provost, 1999b; Spadone and
Provost, 2009) and its flow might suffer large deflections for several months caused by the
southward excursions of the Brazil Current (Paniagua et al., 2018). Indeed, the encounter between
the MC and the southward flowing Brazil Current makes difficult to quantify the MC variability
at 40-41°S (Ferrari et al., 2017).

Further south, the first direct observations of surface currents over the shelf break were registered
at 45°S by hull-mounted downward-looking ADCP observations in late December 1992 (Saunders
and King, 1995). The ADCP meridional velocity component in the 30-390 m depth interval
presents an energetic northward flow spanning nearly 150 km (Saunders and King, 1995). Valla
and Piola (2015) analyzed 52-days of direct current observations in 2005 from a downward-
looking ADCP moored close to the upper portion of the shelf break at 43.8°S and showed that the
mean flow is strongly steered by the bottom topography. The combined analysis of surface drifters,
satellite-derived geostrophic velocity and the ADCP data from Saunders and King (1995) showed
that the MC flow at 45°S is mainly concentrated in two narrow jets located just onshore of the 200
m and over the 1400 m isobaths (Piola et al., 2013). Surface velocities within the jets exceed 0.5
m s, These jets extend more than 900 km from 47.5°S to 39°S along the Patagonian shelf break
(Piolaetal., 2013). Moreover, recent analyses of repeated hull-mount ADCP observations indicate
that these two high-velocity jets are observed along the entire MC path from the northern Drake
Passage to the Brazil/Malvinas Confluence (Frey et al., submitted). Numerical simulations
partially agree with this observation: Fetter and Matano (2008) and Combes and Matano (2014)

reported the presence of two jets extending from 55°S and merge at approximately 45°S.
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The surface thermal structure between 39° and 44°S and along the western limb of the MC is
characterized by multiple fronts (Franco et al., 2008). Piola et al. (2013) pointed out the association
between the time-averaged SST fronts and high-velocity jets of the MC. They showed that the
location of the two across-shelf SST gradient minima, described for the first time by Franco et al.
(2008), coincide with the two maxima satellite-derived meridional velocities that they found at
45°S. These latter findings motivate a recent study that confirm, using deterministic and
probabilistic tools from nonlinear dynamics, the expectation that the MC behaves as a barrier for
cross-stream transport (Beron-Vera et al., 2020). Consequently, south of 38°S, the MC promotes
low connectivity between shelf waters and open-ocean waters off the shelf (Beron-Vera et al.,
2020).

Furthermore, high chlorophyll-a concentrations observed during the austral spring and summer
over the shelf break (Romero et al., 2006; Saraceno et al., 2005) suggest that the nutrient-rich
subantarctic waters advected by the MC contributes to the large phytoplankton biomass observed
along the shelf break (Acha et al., 2004; Romero et al., 2006). Indeed, the high productivity found
in the shelf break front (Garcia et al., 2008; Lutz et al., 2010) is the main ecological feature that
supports the production of tangible (fisheries) and intangible (recreation, regulation of atmospheric
gases) marine ecosystems services (Martinetto et al., 2020). In particular, physical process along
the shelf break sustain one of the most important fisheries of scallops in the southern hemisphere
(Franco et al., 2017).

Several mechanisms have been proposed to explain the physical mechanism that sustain the
primary productivity over a continental slope: enhanced mixing through tidal interaction with the
continental slope (Rattray, 1960), the interleaving of water masses at the shelf break front
(Fournier et al., 1979), the interaction between shelf-edge wave propagating northward along the
slope and bottom topography (Dickson et al., 1980; Acha et al., 2004; Saraceno et al., 2005), the
interaction of internal waves at the shelf break and wind-induced mixing (Maze et al., 1986), small-
scale eddies propagating along the edge of the Malvinas Current (Podesta et al., 1990), horizontal
divergence of the surface velocity field generated by the effect of bottom friction on the MC along
the Patagonian shelf break (Matano and Palma, 2008; Combes and Matano, 2014) and wind-
induced upwelling (Carranza et al., 2017). Yet, to the best of our knowledge, direct observations
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that may help elucidate which mechanisms contribute most to sustain the primary productivity

observed, have not been reported.

The main objective of this work is to characterize the MC velocities through the analysis of the in
situ measurements collected at 44.7°S between December 2015 and June 2017. Improving the
knowledge of MC dynamics is the first step to better understand the process that sustain the rich
Patagonian shelf break ecosystem in future studies. In situ data analyzed on this work were
obtained in  the framework of the  French-Argentine  CASSIS  project
(www.cima.fcen.uba.ar/malvinascurrent). During 2015-2017, an array of nine mooring was
deployed over a zonal section at 44.7°S across the continental shelf and shelf break (Figure 1a). In
this study we focus on the analyses of the shelf break moorings. In section 2, we describe the data
and methods used. In Section 3 we first present the results obtained through a statistical analysis
of all in situ currents. We then focus on the possible mechanisms that cause the observed variability
by combining the in situ velocity observations with satellite altimetry data. Sections 4 presents a

discussion of the results and section 5 summarizes the conclusions.

2. Data and Methods

2.1. In situ Data

Nine current meter moorings were deployed in a zonal section, spanning the wide continental shelf
and slope of the western margin of the Argentine Basin at 44.7°S (Figure 1). Four moorings were
deployed in the continental shelf and five over the shelf break and upper continental slope,
perpendicularrly to the main direction of the isobaths (Figure 1a), from 1 December 2015 to 9 June
2017. In this study we examined the current meter data obtained across the continental slope
(Figure 1b; Table 1). These moorings were deployed between the 200 and 2600 m isobaths (Figure
1; Table 1). From shallow to deep waters, the array consisted of a surface oceanographic buoy,
one upward looking Acoustic Doppler Current Profiler (ADCP) and three tall-moorings referred
to as M1, M2 and M3 (Figure 1). The oceanographic buoy was moored at 200 m depth and was
equipped with a hull-mounted downward-looking Nortek Continental 190 kHz ADCP with an
accuracy of 1% of the measured value and a resolution of 0.1 cm s. The buoy was detached form
its mooring 22 days after deployment. The upward looking ADCP was deployed at 1000 m depth
but could not be recovered. The three tall-moorings were deployed over the 1320 m, 1945 m and
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2608 m isobaths and comprised eleven Nortek Aquadopp current meters deployed at different
depth (Figure 2). The measurement accuracy of Aquadopp current meters is 1% of the measured
value + 0.5 cm s™1. M1 and M2 were deployed on November 26, 2015 and the oceanographic buoy
and M3 between 13 and 16 May 2016. Hereinafter, instruments installed in the tall-moorings are
labelled Mij where i represents the mooring number and j stands for the position within the
mooring from the upper to the deepest instrument (Figure 2). Current meters moored on the tall-
moorings M1 and M2 recorded data every half hour. Current meters on M3 recorded hourly data.
Different sampling frequencies were adopted to optimize the number of samples, battery
consumption, and memory capacity of each instrument as well as the aimed duration of the

experiment.

The three tall-moorings were recovered between 8 and 10 June 2017. All current meters on M1
produced 528 to 554 days of high-quality data. Current meters on M3 recorded data for 390 days.
Occasionally, the tall-moorings suffered large vertical displacements of up to 120 m that lasted as
much as a few days. These events coincide with the largest MC intensities recorded. One month
after deployment, M2 was accidentally lifted by a fishing vessel, dragged and released about 5 km
east from the original location. As a result, the depth of the final position of M2 was 600 m deeper.
Hereinafter we denote M2, the first 1 month-period of measurements (December 2015) and M2y
the second and longest observation period (January 6, 2016 to June 9, 2017) (Figure 2). Table 2
summarizes data availability and basic statistics measured by the current meters. All data used in

this work are available in Saraceno et al. (2020).
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Figure 1. (a) Study region, moorings position and bathymetry. Color symbols represent the
location of the moorings of the CASSIS project. The 100, 200, 1000, 2000 and 4000 m isobaths
are indicated in black (GEBCO, (IOC, 2003)). (b) Enlarged map showing the location of the
mooring array deployed in the shelf break from December 2015 to June 2017. The oceanographic
buoy, the upward-looking ADCPs and the three tall-moorings are indicated with black and red
diamonds and magenta circles respectively. The yellow crosses indicate the location from which

the altimetry data were extracted to compare in-situ and satellite altimetry data.



O©CO~NOOOTA~AWNPE

178
179
180
181

manuscript submitted to Progress in oceanography



O©CO~NOOOTA~AWNPE

182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

manuscript submitted to Progress in oceanography

2.2. Satellite Data

To examine the regional mesoscale field we used maps of absolute dynamic topography (MADT)
derived from satellite altimetry and associated geostrophic velocities. Both altimeter products were
downloaded from the Copernicus Marine  Environment  Monitoring  Service
(CMEMS, http://marine.copernicus.eu) site for the period 1993-2017. MADT and geostrophic

velocities maps have a daily frequency and a horizontal resolution of 0.25x0.25 degree in a
cartesian regular grid. Geostrophic velocity derived from satellite altimetry can be derived from
gridded data constructed from multiple missions or from along-track mono-mission data. Gridded
data compare better with in situ data than along-track data (Ferrari et al., 2012; Ferrari et al 2017).
The agreement between in situ and satellite-derived velocities increases when a 20-day low-pass

filter is applied to the in situ data (Ferrari et al., 2017).

2.3. Methods

All meridional (v) and zonal (u) velocity components were low-pass filtered with a cut-off period
of 48 hours to remove tidal and inertial variability. Statistical parameters including mean and
standard deviation of all low-pass filtered variables are given in Table 2 and Table 3. Spectra,
confidence limits (CL) and significant peaks of the time series are calculated using the singular
spectrum analysis multitaper method toolkit (Ghil et al., 2002). Two data tapers are used, and
significant peaks have been estimated with the hypothesis of a harmonic process drawn back in a

background red noise.

3 Results
3.1. Variability of the MC from in situ data

3.1.1. Velocity time series

All raw and 48h-low-pass filtered meridional and zonal velocities time series are displayed in the
supplementary material (Figures S1-S9). A description of the low-pass filtered meridional and

zonal velocities time series follows.

Oceanographic buoy
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The meridional (along-isobath) velocity observed at the oceanographic buoy was always positive
and reached maximum values of 68 cm s™ at 20 m depth. The zonal velocity values at 20 m depth
ranged between -13 cm s (onshore) and 10 cm s (Figure S1) suggesting significant cross-shelf
break exchanges, though mean zonal (cross-shelf break) velocities are close to zero in the entire
water column (see supporting information in Figure S1 and Table 3). Similar charactersistics were
reported by Valla and Piola (2015) based on a 52-day current meter time series at approximately

the same location.

M1

The meridional velocity component observed at M1 was positive most of the time at all depths
(Figure 3a and supporting information Figures S2a, S3a and S4a). No meridional reversals were
observed in the shallowest instrument moored at 300 m depth (M11) and only one flow reversal
event was recorded at 760 m depth (M12) in July 2016, and on six occasions at 1042 m depth
(M13). The flow reversals lasted between one and seven days. As in the shelf edge, the meridional
velocity was much larger than the zonal velocity, reaching maximum values of 61.4 cm stat M11
(300 m, Figures 3a and supporting information Figure S2a). In addition, all records at M1 present
large oscillations (up to 50 cm s) in the meridional velocity at all depths (Figure 3a). As will be
shown later, these oscillations appear to be generated by mesoscale structures that interact with the
the bathymetry further south. On the other hand, the zonal components of the currents at M1 show
values ranging between -22 cm st and 24 cm s with mean values close to zero in the entire water

column (Figure 3c, supporting information Figures S2b, S3b and S4b and Table 2).

M2
Meridional velocities at M2, were always northward (positive) down to 1315 m depth. Only two
flow reversals were recorded at 1720 m depth, the deepest current meter deployed at M2, (Figures
S5a, S6a and S7a). The zonal velocity values at M2, fluctuated between -17 cm s and 26 cm s
and the mean zonal velocity was close to zero, as observed at M1 (Figure S5b, S6b and S7b; Table
2).

After M2 was displaced eastward, the whole mooring dropped 600 m, so all observationes were

recorded between 1560 and 2270 m depth. At M2, we observed a different behavior compared to



O©CO~NOOOTA~AWNPE

244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261

manuscript submitted to Progress in oceanography

M2.. The meridional velocity component observed at M22, (1560 m) and M23;, (1865 m) were
positive most of the time, while at M24, (2270 m), the meridional velocity fluctuated around zero
as well as the zonal velocities observed at all depths at this location (Figures S5a, A6a and S7a).
An interesting observation is that the amplitude of the oscillations at M22, M23, and M24, of the
zonal currents increases with depth (Figure S5b, S6b and S7b).

M3

At M3, the easternmost tall-mooring, current velocity was measured at four levels ranging from
500 to 2100 m depth (Figure 2). As observed at M1 and M2,, the meridional velocities were
positive almost of the time except in a few occasions when current reversals were observed. During
the time period analyzed here, the instruments recorded a minimum of one to a maximum of
fourteen meridional flow reversals and the number of reversals increased downward (Figure 3e
and supporting information Figures S8a, S8c, S9a and S9c). Furthermore, large oscillations were
present in the meridional velocity at all depths as observed at M1. The average zonal velocity of
the four current meters is not significantly different from zero (Table 2). The amplitude of the
oscillations of the zonal velocities recorded at M3 are much larger than those observed at M1

(Figure 3g and supporting information Figures S8b, S8d, S9b and S9d).
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Figure 2. Location and vertical distribution of the current meters deployed along 44.7°S between
December 2015 and June 2017. The oceanographic buoy was the only mooring with a surface
buoy that transmitted data on real-time. It was deployed at 200 m depth. The bathymetry displayed
was reconstructed with echo-sounder data obtained during the deployment cruises.
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270  Figure 3. In situ time series of meridional and zonal velocities observed at M1 (a, ¢) and M3 (e,
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indicate the zero value. Spectra ((cm/s)?/cpd) of meridional and zonal currents at (b, d) 300 m
(M11) and at (f, h) 1486 m (M33). The red and blue dashed lines in all the right panels, indicate
90% and 95% confidence levels (CL), respectively. Also, the black vertical dashed lines and the
associated numbers indicate significant periodicities in days. See Figure 2 for spatial location of

the moorings.

3.1.2. Mean velocity and velocity variance ellipses

Time and depth average current velocities are 46.6, 27, 16, 5.1, and 13.8 cm s* at the
oceanographic buoy, M1, M2., M2,, and M3, respectively. The relatively low mean velocity
observed at M2y is due to the fact that all observations are deeper than 1500 m. As the direction of
the mean flow at M1, M2, and M3 is northward, we conclude that the mean flow at this latitude is
strongly constrained by the local bathymetry (Figure 4). At all locations the mean velocities
decrease with depth (Figure 4; Tables 2 and 3), suggesting an equivalent-barotropic structure as
previously reported based on observations at 41°S (e.g. Vivier and Provost, 1999b). Through the
entire water column, the time-averaged velocities observed at M1 are higher in comparison with
the time-averaged velocities observed at the easternmost mooring: the mean values range between
37.3cmstat 300 m (M11) and 16.1 cm st at 1042 m depth (M13) (Figure 4; Table 2). The large
mean values observed at M1 suggest that the MC is stronger at this longitude, in good agreement
with observations made from previous snap-shot observations at 45°S (Saunders and King, 1995;
Piola et al., 2013, Frey et al., 2020). The direction of the major axes of the variance ellipses is
northward, indicating that the largest fluctuations occur in the same direction of the mean flow at
all moorings and depths, except close to the bottom at M24, (1720 m) and at all depths at M2y
(Figure 4). The distinct observations collected at M2, will be described separately below. The
variability of the zonal component is higher at M3 compared with M1 (Figure 4) because M3 is
more exposed to the intense mesoscale activity present in the open ocean (Figure 1). This
observation is in agreement with previous reports of the variability of the zonal component of the
MC at 41°S (e.g. Paniagua et al., 2018).

The direction of the mean flow and the variance ellipses at M2y, (Figure 4) are quite different from

those observed at M1 and M3. The mean flow direction in the upper two instruments (M22, and
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M23;, located at 1560 m and 1865 m depth) is towards the northeast, with means exceeding the
standard deviations. The deepest instrument (M24y at 2270 m depth) shows a nearly zero velocity
mean and a velocity variance ellipse oriented nearly perpendicular to the direction of the mean MC
flow (Figure 4). The bathymetry was recorded by a Kongsberg EA600 12/600 kHz single beam
hydrographic echo sounder on the R/V Puerto Deseado during the deployment cruise over the
moorings (displayed in Figures 2 and 4). The mean velocity vectors and variance ellipses observed
at M23; (1865 m) and M24y (2270 m) (Figure 4) suggests that these observations were collected
within a a hole or a submarine canyon with a southwest-northeast orientation, i.e. parallel to the
mean axis of variance the flow at M24y. The latter results clearly suggests that the flow at M24y, is
strongly controlled by the local bathymetry. Submarine canyons are quite common in the region
(Lastras et al., 2011), despite their location is not reported in the majority of seafloor maps. While
the analysis of the flow into the submarine canyon is certainly very interesting, it is out of the

scope of this work and will not be covered within this article.
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Figure 4. Mean flow and variance ellipses of the time series obtained by the current meters. The
number of days that each instrument measured are indicated. The average orientation of the
isobaths at 44.7°S is indicated by the thick line at the bottom. The black line corresponds to the
topography along the section where the moorings were deployed. The X axis is the distance along
the section in km, the origin being the buoy location.
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3.1.3. Spectral and vertical coherence analysis of the velocity time series measured on the MC

The meridional and zonal velocity time series observed at M1 and M3 show a vertically coherent
flow (Figures 3a, 3c, 3e and 3g). To determine the scales that dominate the time variability of the
flow we estimate the spectra of the meridional and zonal components of the current velocity
registered at M1 and M3. The spectral analysis of all the meridional components measured at M1
and M3 show significant periodicities around 85, 40, 20 and 15 days (Figure 3). In addition, the
spectral estimates of the zonal component at M1and M3 reveals significant peaks in a broad band
of periodicities between 25 and 2 days (Figure 3). The spectra of the zonal velocity at M34 (2100
m) denoted significant periodicities centered at 55 days (not shown).

The vertical coherence between the meridional and the zonal velocity components at M1 shows,
in most cases, that the two components are coherent at 52, 25, 18 and 13 days (Figures S10a and
S10b). The coherence analysis carried out between the meridional and zonal velocities at M31
(500 m), M32 (976 m) and M33 (1486 m) denoted a significant vertical coherence at 38, 19, 13
and 8 days (Figures S10c and S10d). No significant coherence was observed between M34 and the
shallower observations at that location. This suggests that the processes that induce the velocity
variations at 2100 m depth, near the seabed, are uncoupled from those that modulate the velocity

variability at shallower levels.

3.1.4. Principal modes of variability of the MC velocities

To further quantify the variability of the vertical structure of the MC, we computed empirical
orthogonal functions (EOFs) of the time series collected at M1 and M2. The spatial patterns of the
three leading modes and the time series associated with moorings M1 and M3 are displayed in

Figure 5.

The first leading EOF (EOF1) of M1 and M3 explains 69% and 51% of the total variance,
respectively (Figure 5a). The spatial patterns of EOF1 at M1 and at M3 (Figure 5a) and the high
correlations between the time series of respective EOF1 and the meridional velocity at M11 (0.93,
95% CL) and M31 (0.86, 95% CL) (Figures 5b and 5d) clearly characterize this mode as an along-
isobath mode of velocity fluctuations. The spatial pattern of EOF1 at M1 is surface-intensified and
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has a downward counter-clockwise rotation with depth while the spatial mode of EOF1 at M3

shows similar intensities in the vertical and a downward clockwise rotation (Figure 5a).

EOF3 of M1 and EOF2 of M3 explain 9% and 20% of the total variance, respectively (Figure 5a)
and represent variations in the across-isobath velocity at M1 and M3. This is confirmed by the
high correlations (0.78, 95% CL) between the associated time series of these modes and the zonal

velocity component at the shallowest observed level at each location (Figure 5 ¢ and e).
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Figure 5. (a) Spatial pattern of the empirical orthogonal functions (EOFs) of the velocity field of
M1 and M3 tall-moorings; the percentage of total variance explained by mode 1, 2 and 3 of each
EOF is denoted in red, magenta and blue, respectively. EOFs are computed separately for each
mooring. The average orientation of the isobaths is indicated by the thick line at the bottom.
Vertical scale in meters; horizontal scale in kilometres. (b) Time series of EOF1 at M1 (red) and
meridional velocity (cm s™) at M11 (black). (c) Time series of EOF3 at M1 (blue) and zonal
velocity (cm s) at M11 (black). (d) Time series of EOF1 at M3 (red) and meridional velocity (cm
s'1) at M31 (black). (e) Time series of EOF2 at M3 (magenta) and zonal velocity (cm s1) at M31
(black). In the four bottom panels, the correlation between time series is indicated in the top left

corner.

3.1.5. Spectral analysis of the EOFs time series

The spectra of EOF1 at M1 and M3, that characterize the along-isobath (meridional) velocity
variations, show significant periodicities (Figure S11, a-b) similar to those described in section
3.1.4 in the spectral analysis performed for each meridional velocity time series measured at M1
and at M3, respectively (Figures 3b and 3f). In addition, EOF3 which characterizes the zonal
velocity variability at M1showed significant peaks in the same frequency band (Figure S11c) as
all the zonal velocity time series at M1 (Figure 3d). On the other hand, the spectra of EOF2 at M3
displays a significant periodicity centered at 25 days (Figure S11d). The 25-day peak was only
significant in the spectral estimates of the zonal velocity component observed at M31 (300 m
depth) and M32 (1070 m depth) (not shown).The wavelet power spectra of the EOFs time series
indicates that those periodicities occur seldomly (Figures S12 and S13). This suggests that several
processes force the observed oscillations and that those processes are not periodic in time. In the
following section we show that the propagation of SLA are a likely contributor to this velocity

variability pattern.

3.2. On the origin of the MC variability at 44.7°S
In the following section we first compare the 20-day low pass in situ velocities with the geostrophic

velocities computed from satellite gridded altimetry data closest to M1 and M3 locations. We then
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use satellite altimetry data to unveil the origin of the oscillations observed in the in situ velocity

described in Section 3.1.

3.2.1. Comparison between in situ and satellite altimetry velocities

The 20-day low-pass filtered meridional and zonal velocities at 300 m depth at M1 are significantly
correlated with the meridional and zonal velocities derived from gridded satellite altimetry data
closest to the mooring location (0.74 and 0.55, respectively, Figures 6¢ and 7c). At M31 (500 m
depth) the correlations of the meridional and zonal velocities with the altimetry derived velocities
are higher: 0.80 and 0.85 , respectively (Figures 6a and 7a). Therefore, in agreement with previous
studies (Ferrari et al., 2017) satellite altimetry appears to be a good proxy to monitor currents at
periods longer than 20 days. However, some of the largest oscillations present in the low-pass
filtered in situ velocities (e.g. oscillations of up to 50 cm s in less than a week in the meridional

velocities at M11 and at M31; grey line in Figures 6a and 6c) are not captured by altimetry data.

At M1 (M3), the mean meridional velocity obtained from altimetry between December 2015-June
2017 (May 2016-June 2017) is 7 (6) cm s larger than the mean value of the meridional velocity
component observed at the shallowest current meter moored at M11 (M31) around 300 m (500 m)
depth (Tables 3 and 4). This result is expected since the MC flow has a barotropic-equivalent
structure and, therefore, the magnitude of the velocity decreases with depth. On the other hand, the
satellite-derived current velocities do not represent the most superficial currents of the ocean.
Indeed, at the buoy, the comparison between satellite altimetry and in situ velocities recorded by
the downward-looking ADCP at 10 m intervals in the whole water column, shows that the best
match occurs at 120 m depth (Table 3).

3.2.2. Variability of the MC in time and space

Given the signficant correlation between satellite altimetry and in situ velocities, to better
understand the variability observed at the mooring locations we used the MADT and derived
geostrophic velocities to examine the two-dimensional surface flow field. In spite of the proximity
between M1 and M3 (80 km), the correlation between the satellite-derived meridional velocities
is non-significant (r = -0.05 and p-value = 0.26). Furthermore, the mean satellite-derived

meridional component at M1 location is almost twice as large as that observed at M3 (Figure 6b;
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Table 4). On the other hand, a significant, though low correlation is found between satellite-derived
zonal velocities at M1 and M3 (r = 0.33 and p-value = 1 x 10%®). In this case, the mean zonal

velocity at M1 is four times larger than the mean value observed at M3 (Figure 7b; Table 4).

A longitude versus time diagram of satellite-derived meridional velocities across the mooring
section during the study period (Figure 6b) suggests an explanation for the different variability
patterns observed at M1 and M3. The temporal mean of the meridional velocity derived from
satellite altimetry along the section between 62°W and 57°W suggest that the core of the MC (>
40 cm s lies very close (~20 km) to M1 (Figure 6b, left panel). In mid-April 2016, a sharp
decrease in meridional velocities (from 45 cm s™ to less than 30 cm s based on the altimetry data)
was observed throughout the entire section. On the other hand, from August to November 2016,
the MC increased its intensity reaching a maximum of 62.5 cm st in August. In late April 2017,
the core of the MC moved closer to M3 (Figure 6b, right panel). This last event generated a large
increase (decrease) in the meridional velocity over M3 (M1) (Figures 6a and 6c¢). In the following
section we will discuss the possible origin of the variability observed in the meridional velocities
at M1 and M3.

We also analyzed the longitude versus time diagram of the satellite-derived zonal velocities along
the section at 44.7°S and between 62 and 57°W during the study period (Figure 7b). The time mean
zonal velocity is highest (~4.5 cm s™) very close to the shelf break, suggesting a weak net offshore
flow. This is the only portion of the section where the time mean is significantly different from
zero. In addition, the cross-shore velocity standard deviation increases from the edge of the shelf
break to the open ocean (Figure 7b, left panel). Between M1 and M3 the zonal velocities are low
and are negative on several occasions (Figure 7b, right panel).
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Figure 6. (a) In situ time series of the 2 and 20 days low-pass filtered daily resampled meridional
velocity component at M31 are indicated with grey and black lines, respectively. The magenta line
shows the time series of the meridional component of the surface velocity derived from satellite
altimetry near M3. Correlation between the 20-day low pass filtered in situ time series and the
altimeter time series is indicated in the bottom right corner. (b) Right panel: Longitude vs time
plot of the meridional component of the current derived from satellite altimetry along 44.7°S and
between 62 and 57°W. The blue (magenta) line represent the longitude of M1 (M3). Left panel:
mean (red) and standard deviations (grey shading) of the meridional velocity derived from the
altimeter. The topography along the section at 44.7°S and between -62 and -57°W is displayed in
dark grey. (c) As panel (a) for the meridional velocity at M11 (grey and black lines) and altimetry

at that location (blue).
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Figure 7. (a) In situ time series of the 2 and 20 days low-pass filtered daily resampled zonal
velocity component at M31 are indicated with grey and black lines, respectively. The magenta line
shows the time series of the zonal component of the surface velocity derived from satellite
altimetry near M3. Correlation between the 20-day low pass filtered in situ time series and the
altimeter time series is indicated in the bottom right corner. (b) Right panel: Longitude vs time
plot of the meridional component of the current derived from satellite altimetry along 44.7°S and
between 62 and 57°W. The blue (magenta) line represent the longitude of M1 (M3). Left panel:
mean (red) and standard deviations (grey shading) of the zonal velocity derived from the altimeter.
The topography along the section at 44.7°S and between -62 and -57 °W is displayed in dark grey.
(c) As panel (a) for the zonal velocity at M11 (grey and black lines) and altimetry at that location
(blue).
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3.2.3. Relationship between the Malvinas Current and sea level anomaly

Sea level anomaly (SLA) maps show that mesoscale structures pass nearby or in-between the
moorings and have a significant impact on the observed velocity variability. To illustrate this
interaction, a sequence of SLA maps is displayed in Figure 8. On April 29, 2017 an anticyclonic
eddy with an amplitude of 18.2 cm and 85 km mean radius is observed between M1 and M3 (Figure
8a). Hereinafter we refer to this eddy as Matias. The positive SLA at the eddy core induces
anticyclonic circulation. The location of Matias on April 29, 2017, should decrease the strength of
the equatorward flow at M1 and increase it at M3. This is in agreement with the meridional velocity
variations derived from in situ observations (Figures 6a and 6c¢). To determine the origin of Matias
we identified and followed the positive SLA in previous SLA maps (Figure 8b-h). This suggests
that Matias was originated from two distinct positive SLA anomalies located near 53°W over the
Malvinas Plateau in early February 2017 (Figure 8h). These features appear to merge in early
March and subsequently displace westward and northward approximately following the isobath
orientations and eventually reaching the mooring array in late April (Figure 8f-a). The latter
observation suggests that a fraction of the along-isobath velocity variability is due to the
downstream propagation of mesoscale features. To determine at which location along the moorings
the SLA variations had the most significant impact, we computed the correlation between the SLA
along 44.7°S and the meridional velocity at M11 (300 m depth; Figure 9a) and at M31 (500 m
depth; Figure 9b), respectively. Results shows that the variability of the MC observed at M11 and
M31 is dominated by the SLA centered east of each mooring location. The highest correlation
between SLA and the meridional velocity at M11 (M31) was found 30 (40) km east of the mooring
location . In the following, we refer to the locations where we found the highest correlation
between SLA and the meridional velocity at M11 and at M31 as locations A (44.7°S; 59.1°W) and
B (44.7°S; 57.9°W), respectively (Figures 9a and 9b). Figure 9c¢ (9d) shows the time series of the
along-slope velocity observed at M11 (M31) and the SLA time series obtained at A (B) location.
Figure 9a also suggests that the variability of the SLA over the shelf break (~60°W) does not affect
the meridional velocity at M1.
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Figure 8. Distribution of sea level anomaly (SLA) between April 29, 2017 (a) and February 2,
2017 (h). Local maxima of positive SLA on the continental slope are indicated by a white cross.
The 200 and 3000 m isobaths are indicated with black lines (GEBCO, (IOC, 2003)). The position

of the moorings are indicated with black circles.
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3.2.4. Propagation of SLA along the western slope of the Argentine Basin

In the previous section we showed that the variability of the MC observed at M1 and M3 at 44.7°S
is mostly affected by the SLA variability 30 km and 40 km east of the mooring locations
respectively. Here, we show that the main contributor of the SLA variability observed at those
locations (A and B) is due the presence of SLA that propagate northward through the array.
Assuming that the MC flows mainly along constant planetary potential vorticity (PV) contours
(e.g. Saraceno et al., 2004) we examined the SLA variability from December 2015 to June 2017
along the contours of constant PV that correspond to A and B locations (Figure 10). The PV
contour selected is -2.9x108 m? st for A and -5.2x10® m? s for B locations. The PV contours
selected correspond roughly to the 1950 m and 3500 m isobaths at 44.7°S (Figure 10a). These PV
contous run approximately parallel to each other along the western margin of the Argentine Basin,
but sharply diverge south of 49°S, with the -2.9x10® m™ st PV extending southward and westward
and the -5.2x10® m™ s PV running eastward along the northern flank of the Malvinas Plateau.
The slanted pattern of SLA anomalies along these paths (Figure 10b and 10c) are indicative that
those anomalies are propagating along the contours selected. So far the results show that the
propagation of SLA along the selected PV contours contribute to the meridional velocity
fluctuations observed at 44.7°S. We suggest that the SLA could be associated with the presence of

mesoscale structures (or eddies) that propagate along the Patagonian slope.

Furthermore, Figures 10b and 10c show that the SLA arriving at 44.7°S originates at different
locations. Figure 10b shows that most of the SLA that propagate along the PV from W1 to W2
(Figure 10a) originate in the northern flank of the North Scotia Ridge, at about (53.5°S, 56°W)
and, occasionally, at about 50°S and 53°W (Figures 10a and 10b). On the other hand, Figure 10c
shows that the majority of the SLA that propagate along the PV from E1 to E2 can be tracked up
t0 49.6°S and 47.2°W and occasionally up to 49.3°S and 39.6°W, suggesting that the origin of these
SLA is along the Malvinas Escarpment, in the northern flank of the Malvinas Plateau. After
passing through the array, SLAs continue travelling northward along the slope until they dissipate
about around 40°S (Figure 10). The large amplitude of SLA observed north of 40°S is indicative

of the alternating impact of subtropical and subantarctic waters, characteristic of the encounter of
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the Brazil and Malvinas Currents at the Confluence. These larger amplitude SLA fluctuations may

mask the northward propagation of SLA beyond the Confluence.

The mean phase speed propagation of the SLA was determined by the slope of slanted SLA pattern
displayed in Figures 10b and 10c. From 50°S to 40°S, the SBTW that propagate along the PV
contours from W1 to W2 are slightly faster (mean phase speeds = 0.17 + 0.02 m s) than those
that propagate along the PV from E1 to E2 (mean phase speeds = 0.14 +0.01 m s). We also
observed that the SLA that propagate between W1 and E1 taked ~2.5 months to reach the location
of the moorings from 50°S, (Figure 10). A similar time took Matias to reach 44.7°S from 50°S
(Figures 8a-f).



O©CO~NOOOTA~AWNPE

569
570

571
572
573
574

manuscript submitted to Progress in oceanography

35°Spm 1000

900

(P
40°S <30

700
45°
4 600

500
50°

400

56°W 48°W 40°W

=
N

Distance (km)

=
=

E2

Distance (km)

12/15 01/16 02/16 03/16 04/16 05/16 06/16 07/16 08/16 09/16 10/16 11/16 12/16 01/17 02/17 03/17 04/17 05/17 06/17
Time (Month/Year)

Figure 10. (2) Mean eddy kinetic energy (EKE) (cm? s?) derived from satellite-derived SLA
between December 2015 and July 2017. Yellow contours indicate the 200, 1000, 3000 and 5000
m isobaths (GEBCO, (IOC, 2003)). The location of the North Scotia Ridge, Drake Passage,
Malvinas Plateau, Zapiola Rise and Burdwood Bank (BB) are indicated. Magenta lines correspond
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to contours of constant potential vorticity (PV) that passed over the maxima correlation points
indicated in Figure 9. The five white stars located on the PV from E1 to E2 indicate distances from
E1. From the 1% to the 5" star, the distances from E1 are: 110, 400, 690, 1100 and 1580 m. The
green circles indicate the location of the moorings. (b) Distance vs time plot of SLA along the
constant PV line from W1 to W2 indicated in panel (a). The magenta line indicates the latitude of
the mooring’s location. The y-axis shows the distance from south to north (in km). (c) As in (b)
but for the constant potential vorticity line from E1 to E2 in panel (a). The five magenta dashed

lines denote the distances from “E1” indicated by stars in panel (a).
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To further explore the SLA along the western slope of the Argentine Basin, we tracked the SLA
variability along five additional PV contours that correspond to the 550, 1100, 1400, 2450 and
2750 m isobaths at 44.7°S (Figure S14 and S15 a-g). Results show that there are SLA that
propagate northward along all the selected PV contours and that their phase speeds decrease in the
offshore direction from 0.21 + 0.04 m s to 0.14 + 0.01 m s** (Figure S15 b-g). On the other hand,
the vertical lines observed in the Hovmoéller diagram of the SLA along the PV contour of -20 108
m™ s (500 m isobath at 47°S, Figure S15a) are associated with the propagation of fast SLA which
are only observed along the upper portion of the slope. The propagation speed of these fast SLA

cannot be resolved with the available altimetry data.

Finally, taking advantage of the availability of the satellite altimetry data, we extended the analysis
of the SLA along the PV contours from 1993 to 2017. We find a pattern similar to the one obtained
during the December 2015 - July 2017 period: SLA propagating northward along the slope (Figure
S16). A spectral analysis of the 24 years SLA time series extracted at A and B locations (Figures
9a and 9b) show significant peaks at a near-annual time scale and between 25 and 140 days at both
locations (Figure 11).
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Figure 11. Spectra (m?/cpd) of the SLA time series at the intersection of 44.7°S with the constant
PV =-5210%m?s?(a) and PV =-2.9 108 m* s (b). Vertical dashed lines and numbers indicate

significant periodicities in days.
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4 Discussion

The MC has been studied from observations during the past 30 years around 41°S. At that latitude,
the proximity of the Brazil-Malvinas Confluence severely impacts the time variability of the MC
(Ferrari et al., 2017). The observations described here, collected at 44.7°S, provide the first
evaluation of the MC variability away from the complexity introduced by the Confluence.

Mean velocities at M1, M2, and M3 suggest that the MC has an equivalent-barotropic structure
and flows parallel to the isobaths along the continental shelf break at 44.7°S, in good agreement
with previous estimates based on hydrographic (Piola and Gordon, 1989) and current meter
observations further north (Vivier and Provost, 1999a; Ferrari et al., 2017; Paniagua et al., 2018).
In a few occasions, the equatorward surface velocities of the MC decreased up to a 30% relative
to their time averaged means (Figure 6c¢). The largest decreases in meridional velocity occur when
eddies interact with the MC, strongly modifying the velocity structure of the MC. Similar events

were reported by Artana et al., (2016) at these latitudes.

The analysis of the SLA revealed (i) that the MC variability at M1 and M3 locations is partially
due to the presence of SLAs that propagate northward along the continental slope and (ii) the
regions from where the SLAs originate. From West to East, the phase speed of the SLA decrease
from 0.21 £0.04 m s t0 0.14 + 0.01 m s. A decrease in phase speed can be associated with a
decrease in the bottom slope (Gill, 1982). In our region it is difficult to estimate the bottom slope,
given the complexity of the bathymetry (Figure 2). Yet, without considering the small canyons it
is right to assume that the bottom slope decreases eastwards and therefore provides a possible
explanation for the decrease in the phase speed observed according to Gill (1982 . Fu (2006), used
the generic term “eddies” to represent the various forms of mesoscale SLAS and estimated similar
phase speeds (~0.12 m s1) for the propagation of eddies along the Patagonian slope between 50°S
to 45°S. Our results sugges that the passage of such SLAs affect the MC meridional velocities at
44.7°S. The propagation of SLAs that we are observing are much slower than the coastally trapped
waves that have been reported along the Patagonian shelf break and that have been associated with
Kelvin waves propagating from the equatorial Pacific (Clarke and Ahmed, 1999; Vivier et al.,
2001; Cravatte et al., 2003; Artana et al., 2016; Combes and Matano, 2019).
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We showed that the MC is affected by SLA, such eddies and filaments, that propagate along the
continental slope. The interaction between western boundary currents and propagating mesoscales
features has been documentes also in other places. For example, in the North Atlantic,
the variability of the deep western boundary current (DWBC) is also affected by meanders and
eddies (Bil6 and John, 2020) that are probably generated by westward propagating Rossby wave-
like perturbations (Meinen and Garzoli, 2014; Bil6 and John’s, 2020).

A significant 25-day periodicity is revealed by the spectra of the zonal velocity at M3 (EOF2 of
M3, Figure S11d). Based on the the analysis of SLA variability, Fu et al. (2001) reportered the
existence of topographic Rossby waves with a period close to 25 days that propagate around the
Zapiola Rise, a sedimentary elevation about 1200 m in height, centered at 43°W-45°S (Figure 10a).
Fu (2007) provided further evidence of the interaction between the large 25-day waves and the
energetic mesoscale variability in the Argentine basin. These observations suggest that the 25-day
peak that characterizes the zonal currents at M3 may be due to the barotropic topographic Rossby
waves described by Fu et al. (2001) that reach the east side of the MC, close to M3 location (Figure
10a).

SLA variations that modulate the intensity of the MC at 44.7°S can be tracked upstream to the
northern flank of the North Scotia Ridge at about 53.5°S and 56°W and to the northern flank of the
Malvinas Plateau, along the Malvinas Escarpment (Figure 10). These regions coincide with local
maxima of eddy kinetic energy in the Southwestern Atlantic (Figure 10a). Several studies suggest
that these regions of large eddy kinetic energy are associated with the interaction of the flow with
the complex bottom topography (Fu, 2006; Fetter and Matano, 2008; Saraceno and Provost, 2012;
Artana et al., 2016; Mason et al., 2017). Our analyses suggest that these regions are likely sources
of SLAs that propagate in forms of mesoscale structures (or eddies) along the Patagonian slope
and modulate the strength of the MC. The estimated propagation velocity and origin of the SLAS

derived in this study are in agreement with recent analyses of a numerical model (Poli et al., 2020).
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5 Summary of conclusions

18-months of in situ current observations over the western slope of the Argentine Basin at 44.7°S
show mean northward velocities up to 37 = 9.7 cm s at 300 m depth. The in situ meridional
velocities observed 80 km apart are not correlated due the presence of mesoscale features within
the Malvinas Current. The flow is vertically coherent up to 1500 m depth both in M1 and M3. The
20-day low pass filtered in situ and satellite-derived meridional velocities are significantly
correlated (~0.8), suggesting that the latter is a good proxy to monitor currents variations at time
scales longer than 20 days. The variations in the intensity of the Malvinas Current at 44.7°S are
modulated by variations in sea-level anomaly that originate in the northern flank of the North
Scotia Ridge (53.5°S, 56°W) and along the Malvinas Escarpment (~50°S, 47.2-39.6°W). The
anomalies propagate northward closely following lines of constant potential vorticity. The SLA
reaching the onshore flank of the Malvinas Current along the upper slope originate mostly from
the northern flank of the North Scotia Ridge, while those arriving at the offshore flank originate
along the northern edge of the Malvinas Plateau near 40°W. The SLA that propagate along the
offshore flank are slower than those that propagate along the onshore flank of the MC.
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Tables

Table 1. Mooring Locations.

Mooring name Latitude (°S) Longitude ("W)  Bottom depth (m)  Deployment date  Recovery date

Buoy -44.7 -59.9 200 5/16/2016 6/7/2016
M1 -44.7 -59.6 1320 11/26/2015 6/8/2017
M2 -44.7 -59.1 1945 11/26/2016 6/9/2017
M3 -44.7 -58.6 2608 5/14/2016 6/10/2017

Table 2. Statistics of current meters measurements over the continental Patagonian shelf break
between December 2015 and June 2017. Mij denotes current meters at moorings M1, M2, and M3,
i being the mooring number and j standing for the level from the surface (see Figure 2). Here, ©
is the angle in degrees of mean velocity direction relative to the geographical north, V (cm s1) is
the magnitude of the time-average velocity and v (cm s™) and u (cm s?) are the velocity
components, ¢ is the standard deviation and unless otherwise specified, mean values are indicated.

All statistic values are reported with an accuracy of 1 cm s™.

Mooring M1l M12 M13 M22a M23a M24a M22b M23b M24b M31 M32 M33 M34

Depth (m) 300 760 1042 1016 1315 1720 1560 1865 2270 500 976 1486 2100

Days 552 528 554 31 31 31 520 520 520 390 390 390 390
Vmax 61 47 39 33 23 24 35 52 43 46 37 30 19
\Y 37 28 16 24 16 9 11 4 1 20 15 12 8

o 0 0 3 -5 6 0 14 31 -23 -1 -1 5 7

u 0 0 -1 -2 2 0 3 2 0 0 0 1 1
cu 3 4 3 3 3 5 4 7 10 5 4 4 3

v 37 27 16 24 16 9 10 4 0 20 15 12 8
ov 10 7 7 5 5 7 4 3 5 7 6 6 5
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Table 3. Statistics of ADCP observations at the oceanographic buoy between May 16 and June 7,
2016 (see location in Figure 1 and Table 1). Ci denotes ADCP measurements, i denotes the level
measured from the surface. Here, © is the mean velocity direction (relative to the geographical
north), V (cm s1) is the magnitude of the time-average velocity and v (cm s™) and u (cm s?) are
the velocity components, o is the standard deviation and unless otherwise specified, mean values

are indicated.

Mooring Depth (m) V max \Y o u ou % Y
C1 10 66 54 0 -1 6 51 7
Cc2 20 71 55 -1 -1 5 53 8
C3 30 70 55 -1 -1 5 52 8
C4 40 68 53 -1 -1 4 51 8
C5 50 70 54 -2 -2 4 51 8
C6 60 70 56 -3 -4 6 53 8
Cc7 70 66 51 0 0 4 48 7
C8 80 64 48 -2 -2 4 46 7
C9 90 61 43 -3 -2 4 40 7

C10 100 61 46 -2 -2 3 44 7
Cl1 110 60 46 -1 -1 3 44 7
C12 120 59 45 -1 -1 3 43 7
C13 130 57 44 -1 -1 3 42 7
C14 140 55 41 -1 -1 3 39 6
C15 150 57 41 -25 0 4 39 7
Cl6 160 57 40 23 1 4 38 6
C17 170 55 39 1 1 4 36 6
C18 180 55 38 -2 1 4 35 7
C19 190 35 23 -41 2 3 21 5
C20 200 14 8 -15 -1 1 7 3
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927  Table 4. Statistics of satellite derived velocities at the points closest to M1 and M3 (see locations

928 inFigure 1 and Table 1). Here, O is the mean velocity direction (relative to the true north), V (cm

O©CO~NOOOTA~AWNPE

929

s'1) is the magnitude of the time-average velocity, o is the standard deviation and v (cm s™) and u

930  (cm s?) are the velocity components.
931
M1 M3

Days 552 390
Vmax (cm s%) 55 42
V (cms?) 44 26
o 5 2
u(cms?) 4 1
ou (cms?) 2 4
v (cms?) 44 26
ov (cms?) 6 6

932

933

934
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Figure S1. In situ time series of meridional (a) and zonal (b) velocities recorded by the

oceanographic buoy at different depths.
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M1, 300 m). Light-gray lines correspond to raw data while black bold lines correspond

to 48 h low-pass filtered data. Horizontal red lines correspond to the zero value. See
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Figure S3. In situ time series of meridional (a) and zonal (b) velocities at M12 (mooring
M1, 760 m). Light-gray lines correspond to raw data while black bold lines correspond
to 48 h low-pass filtered data. Horizontal red lines correspond to the zero value. See

Figure 2 for spatial location of the mooring.
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Figure S4. In situ time series of meridional (a) and zonal (b) velocities at M13
(instruments at 1042 m on mooring M1). Light-gray lines correspond to raw data while
black bold lines correspond to 48 h low-pass filtered data. Horizontal red lines correspond

to the zero value. See Figure 2 for spatial location of the mooring.
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Figure S5. In situ time series of meridional (a) and zonal (b) velocities at M22a
(instruments at 1016 m on mooring M2) and at M22b (instruments at 1560 m on mooring
M2). Light-gray lines correspond to raw data while bold lines correspond to 48 h low-
pass filtered data. Horizontal red lines correspond to the zero value. See Figure 2 for

spatial location of the mooring.
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Figure S6. In situ time series of meridional (a) and zonal (b) velocities at M23a
(instruments at 1315 m on mooring M2) and at M23b (instruments at 1865 m on mooring
M2). Light-gray lines correspond to raw data while bold lines correspond to 48 h low-
pass filtered data. Horizontal red lines correspond to the zero value. See Figure 2 for

spatial location of the mooring.
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Figure S7. In situ time series of meridional (a) and zonal (b) velocities at M24a
(instruments at 1720 m on mooring M2) and at M24b (instruments at 2270 m on mooring
M2). Light-gray lines correspond to raw data while bold lines correspond to 48 h low-
pass filtered data. Horizontal red lines correspond to the zero value. See Figure 2 for

spatial location of the mooring.
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Figure S8. In situ time series of meridional (a) and zonal (b) velocities at M31 (mooring
M3, 500 m) and at M32 (c and d; mooring M3, 976 m). Light-gray lines correspond to
raw data while black bold lines correspond to 48 h low-pass filtered data. Horizontal red

lines correspond to the zero value. See Figure 2 for spatial location of the mooring.
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Figure S9. In situ time series meridional (a) and zonal (b) velocities at M33 (mooring
M3, 1486 m) and at M34 (c and d; mooring M3, 2100 m). Light-gray lines correspond to
raw data while black bold lines correspond to 48 h low-pass filtered data. Horizontal red

lines correspond to the zero value. See Figure 2 for spatial location of the mooring.

10



©CO~NOOOTA~AWNPE

v -M11 (300 m) vs v- M12

09} 52

(760 m)

Phase
e
th
[

I N I TN TR
T

<
N

'o

I Y |

10

- M11 (300 m) vs u - M12 (760 m)
1

T T T T T

=

' 09|52 b

Phase
N T SIS
T

I ) I |

10

v - M31 (500 m) vs v - M32 (976 m)
1

T T T T T T T T T T T T T

Phase

T
1
o
~
LI I I B I B
=

T
E 1 |
oo
(=T R )
T

.

r H
+ |
F H
+ h

h
§:;§

E e
E1 1 '¢

s sl

107

u - M31 (500 m) vs u - M32 (976 m)
T 1

T T
oo ¥

R N L U CRI R
T
1
o
)
=

<
o

1 0

10

19 1
0.8 ~ —
07

4
3
2
9
1= 1 206
5
0f 4 Eos
=
-1 (]
2
3
4
1

Phase

S o
[
T

1
i
1
i
)

T P T B
-1

-2

0 0

10 10° 102 107! 10
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Figure S12. Wavelet power spectrum of (a) EOF1 and (b) EOF3 of M1 standardized time
series. The thick black contour designates the 5% significance level against red noise and
the cone of influence where edge effects might distort the picture is shown as lighter

shade.
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Figure S14. Dotted lines show the PV contours chosen to track the SLA variability.
Magenta PV contours correspond from west to east with the following values: -20 108 m-
1s1,-10108mts?, -8108mt st -4.6 108 mt st and -4 108 mt s, The yellow dotted
lines denote the -3 108 m? s and -5.2 108 m™ st PV contours, selected over the locations
of maximum correlation between the along-slope velocities at M11 and M31 and the SLA

across the MC at 44.7°S. The black dots indicate the location of the mooring arrays.
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Figure S16. (a) Distance vs time plot of SLA obtained over the potential vorticity contour
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Figure 10a.

17



©CO~NOOOTA~AWNPE

18

[Formatted: English (United States)




