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Abstract

Direct current observations and satellite altimekaya over the northern portion of the Argentine
continental shelf are used to produce an 11-mamty hourly time series and a 25-year long
daily time series of along-shore volume transpespectively. At time scales longer than 20
days, the temporal variability of the in situ trpog is significantly correlated with the transport
inferred from satellite altimetry (r = 0.74). Theean in situ along-shore transport is 2.65 + 0.07
Sv (1 Sv = 16m® s?) to the northeast and presents large variabilityh a peak-to-peak range of
16 Sv. The extended satellite transport presemtahibty at multiple time scales. The annual
cycle is the dominant signal, with a maximum dutting austral autumn and a minimum during
the austral spring. The interannual component®tténsport is significantly correlated (r = -
0.5) with the Southern Annular Mode (SAM). SAM-ircdd along-shore wind stress anomalies
over the region modulate the cross-shore pressackant that, in turn, modulates the along-
shore transport variability. This mechanism holde at synoptic scales, highlighting the
dominant role of the wind on the along-shore transiSatellite altimetry measurements also
indicate that the cross-shore pressure gradiertrgead by the variability of the Malvinas
Current affects the along-shore transport onhhenduter 30 km of the continental shelf.

Plain Language Summary

The Argentine continental shelf is a vast regiomofe than one million fwhose circulation
has been mostly studied through hydrographic dadenamerical simulations. Here, we present
the first estimate of the along-shore transport dlve northern Argentine continental shelf based
on direct velocity measurements. Transport is etsoputed using bottom pressure and coastal
tide gauge observations, and satellite altimetitg.d&/e produced an 11-month long hourly time
series and a 25-year long daily time series of@gimore transport. Results show that the
satellite transport represents accurately thetinteansport at time scales longer than 20 days.
The in situ transport has a mean value of 2.6 @ m® s* to the northeast and large
variability, with a range of 16 Sv. Satellite trpost is dominated by the annual cycle, with a
maximum during the austral autumn and a minimunmnduthe austral spring. Its interannual
component is related to the Southern Annular M&#\M), responsible for along-shore wind

anomalies that modulate the transport variabifigtellite altimetry data also indicates that the
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Malvinas Current affects the along-shore transpoly in the outer 30 km of the continental
shelf.

1 Introduction

Though continental shelves host large primary pctdily and contribute significantly to
the carbon balance of the global ocean, in manpmneghe dynamics of the shelf circulation and
its temporal variability are still poorly understbdrhe Argentine Continental Shelf (ACS) hosts
one of the most productive ecosystems of the warkhn and abundant fishing resources of
commercial relevance (Auad & Martos, 1998; Achalet2004; Romero et al., 2006; Alvarez-
Colombo et al., 2011), whose life cycles are maaldoy physical processes. The
environmental variability modulates the primaryguotion which, in turn, is transferred to
higher trophic levels (Bakun, 1996). Therefore, iayed understanding of the regional
circulation variability and its drivers are essahto better understand the dynamics of the shelf
circulation and its possible impact on the spedisgibution. Given the dynamical constraints
imposed by the bottom topography, the cross-shegisports are small compared to the along-
shelf transports (e.g. Brink, 2016). Thus, the gishelf volume transport is the most basic
metric of the shelf circulation. This manuscripegents the first estimate of the along-shore
transport over the ACS based on direct current oreasents, bottom pressure and coastal tide

gauge observations, and satellite altimetry data.

The ACS is located in the Southwest Atlantic Ocleeatween 55°S and 35°S, between the
coast and the 200 m isobath. Computing transpant thws broad region is a complex task, the
shelf circulation is subject to a large tidal aryde in the southernmost region, strong variable
winds (Palmaet al., 2008), and a complex bathymetry. The scarce eumibdirect velocity
observations available over this wide continentalfsprevents the accurate determination of the
along-shore volume transport. Therefore, so far ciiculation has been largely inferred from
hydrographic data (Guerrero and Piola 1997; PinthRivas, 1997), mass and heat conservation
arguments (e.g. Rivas, 1994), and from numericalehsimulations (Palma et al., 2008;
Combes & Matano, 2018). These studies showedhbatitculation over the ACS is
characterized by a North-Northeastward flow of suaectic water modified by continental
discharge and low-salinity water from the Pacifice@n that arrives to the ACS through the

Magellan Strait (Piola et al., 2000; Brun et aQ2@). Recent analyses of direct current

This article is protected by copyright. All rights reserved.



observations near 39°S showed that, once thedigahl is removed, the along-shore wind stress
largely accounts for the variability of the alorfuypse circulation for periods ranging between 7
and 15 days (Lago et al., 2019). Lago et al. (2@1€) showed that the along-shore circulation is
largely barotropic and uniform in the cross-sharedalion. Models suggested that the circulation
over the shelf is influenced by local wind stresd also by the barotropic pressure gradients
generated by the intense, northward flowing MalsiGairrent along its offshore boundary
(Palma et al., 2008; Matano et al., 2010).

In this work, we compute the along-shore volumagpmrt using in situ data, and extend
the transport time series with satellite altimetaga. Satellite altimetry products provide useful
information to explore the time variability of tkeean circulation over wide regions but are
generally more reliable in the open ocean. Howeling the past decade substantial progress
has been made correcting Sea Surface Height (S8} én coastal and shelf regions
(Vignudelli et al., 2011). In particular, over tA€S, several studies have relied on satellite
altimetry to characterize the seasonal and interalnime scales and spatial patterns of the
geostrophic circulation (Saraceno et al., 2014jt5é&t al., 2015; Ruiz-Etcheverry et al, 2016;
Lago et al., 2017). For example, Strub et al. (2@t Ruiz-Etcheverry et al. (2016) showed
that altimetry can resolve the circulation at seastime scales. These studies found that
geostrophic currents inferred from satellite altipelata flow equatorward with a slight
seasonality, with stronger variations in the insieelf, and mean values increasing towards the
shelf break. Saraceno et al. (2014) showed thatetity data display the expected seasonality of
the extension of the Rio de la Plata plume aloedthuguay and southern Brazil coasts, while
Lago et al. (2017) showed that along-track sagedlitimetry is accurate within 12 cm up to 2 km
from the coast as long as an adequate proceduepitocess the radar signal is applied. Lago et
al., (2017) used ALES retracking (Passaro et @lLl4? and the tidal model that best represented

tides in their coastal region of study, within th€S.

The main objective of this study is to compute andlyze the temporal variability of the
along-shore volume transport over the ACS baseahahil-month record of direct current
observations and near-bottom pressure measuremedtg|so 25 years of daily satellite
altimetry data. The in situ data were collectechwithe French-Argentine CASSIS project
(http://www.cima.fcen.uba.ar/malvinascurrentjemhich consisted on two mooring arrays

deployed along two sections of the ACS, spanniagfthe coast up to the 200 m isobath. To the
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best of our knowledge, the velocity measurementaioéd within the CASSIS project are the
longest records obtained so far in the ACS andetbes, offer a unique opportunity to improve
our understanding of the regional circulation. Tdwation of the CASSIS moorings used in this
study are displayed in Figure 1. Given the baratropture and the cross-shelf coherency of the
along-shore flow reported by Lago el al. (2019¢, #lvailable data may be used to provide a
robust estimate of the volume transport over theinental shelf.. The following sections of the
paper present the data sets considered and thedsatked for the analysis (Section 2), the

results and discussions (Section 3) and main ceiwla (Section 4).
2 Data and Methods
2.1 In situ data

In situ data used in this work were collected bgéhmoorings deployed within the
CASSIS project. Moorings Al and A2 consist of rem@ble frames that were deployed at the
bottom during 11 months (December 2014 — Novemb&bPover a cross-shelf section of the
ACS near 39°S under track #26 of Jason 2 sataltiteeter (Figures 1 and 2). Mooring A1 was
located 60 km from the coast, at 70 m depth, andrimg A2, 154 km from the coast, at 90 m
depth. Each mooring was equipped with an upwar#ihgp300 KHz Acoustic Doppler Current
Profiler (ADCP) along with temperature (T), saln{B) and pressure (P) sensors. All
instruments were configured to record hourly datb(e 1). ADCPs provided zonal and
meridional currents at 4 m vertical bins, the fsleam was 6 m above the sea bottom and we
used data up to 10 m from the sea surface for Alugrto 12 m for A2 to avoid surface
contamination of the velocity measurements, masily to air bubbles. T, S and P sensors were
installed 0.6 m above the sea bottom. Further gesmr and an analysis of these data can be
found in Lago et al. (2019) and are publicly avalda(Saraceno et al., 2019). The third mooring
was an oceanographic buoy that operated durin@y® wear the shelf break and that measured
velocities with a downward-looking 190 kHz ADCP oeding hourly velocity data over 10 m
bins (Table 1). Buoy measurements are reportecdmagua et al. (2018) and are available in
Saraceno et al. (2017). We also use hourly sedesasurements from 17 December 2014 to 21
November 2015 from the coastal tidal gauge (TGatied at Mar del Plata (Table 1, Figures 1
and 2) that is part of the NOAA network Global $e&el Observing System (GLOSS). TG data
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were kindly provided by the Servicio de Hidrogrdflaval (SHN). To remove the tidal signal
present in all the in situ measurements (Lago.eR@ll9), we applied a low-pass filter with a

cut-off period of 48 h.
2.2 Satellite altimetry data

Altimetry data are essential for long-term analysiethe oceanic conditions as they
provide reliable SSH measurements since 1993. dpr@cessing of the radar signal and the
application of different corrections allowed the wd satellite SSH over coastal regions (e.qg.
Birol et al., 2017; Vignudelli et al., 2011; Cipioll et al., 2017). Coastal altimetry data has been
thoroughly validated in the ACS and have proverkefiresent accurately seasonal and longer
period oscillations (Lago et al., 2017; Ruiz-Etobey et al., 2016; Ruiz-Etcheverry et al., 2015;
Strub et al., 2015; Saraceno et al., 2008). Nohetheno comparison was carried out so far
between geostrophic velocities derived from sagedlitimetry and direct velocity observations
in the ACS. Here, we evaluate two altimetry-derivetbcity products by comparing them with
the in situ velocity measurements. The good agreebetween these data (Section 3.2) allows
us to estimate the transport using velocities reféfrom satellite altimetry and hence obtain a

25-year time series of the along-shore transpe#d (sethodology in Section 2.4).

The two satellite altimetry datasets considerecaaggdded multi-satellite product and
the along-track data collected over track #26 eflhson 2 satellite mission. The along-track
data is a 1 Hz product, which results in one SSseokation every 6 - 7 km along the track. The
ALES along-track data has a temporal resolutioh®@flays and is distributed by the Deutsches
Geodatisches Forschungsinstitut Technische Uniéegilinchen Center (TUM,
https://openadb.dgfi.tum.de/@nThe gridded satellite product merges severallgatmissions
that are interpolated to a homogeneous grid. Tateare produced by the Archiving,
Validation and Interpretation of Satellite Ocearagjic (AVISO) and distributed by the
Copernicus Marine and Environment Monitoring See\iCMEMS,
https://www.marine.copernicus.eu). The gridded pobdhas a 1/4° x 1/4° spatial resolution and a
daily temporal resolution. It is important to ndi@t the gridded product merges different
satellite missions whose temporal resolution isld¥s or more. The effective spatial and

temporal resolution of the gridded product has eEstimated as 280 km and 28 days (Ballarotta
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et al., 2019). In Section 3.3 we show that the ésglcorrelation between the in situ velocities
and the satellite-derived geostrophic velocitiestie gridded product is attained when the
former is low-pass filtered with a cut-off perioizD days, in good agreement with results
obtained further offshore, within the MC (Ferrarag, 2017).We worked with the gridded data
between 1 January 1993 through 31 December 20¥7cdimparison of the two satellite-derived
surface velocities described above with the ind#ta described in Section 2.1 is presented in
Section 3.3.

2.3 Reanalysis data

We use sea level pressure (SLP) data for the catipatof geostrophic velocities from
in situ P measurements and wind stress data tgzntie variability of the estimated transport
time series. SLP and wind stress were obtained theniERA-Interim reanalysis, which consists
of a 40 years global analysis of atmospheric fieldd is based on an assimilation system
included in a numerical model. ERA-Interim is prodd by the European Center of Middle-
range Weather Forecast (ECMWF, https://www.ecmwf)inNVe consider daily SLP and wind
stress data with a 3/4° x 3/4° spatial resolutigerijsford et al., 2009). The choice of this data
set is based on a comparison of different wind pctglwith in situ wind measurements obtained

at the oceanographic buoy deployed at the shedikifieago et al., 2019, Figure 1).
2.4 Methodology

To compute the along-shore transport, we selecltireg-shore velocities that pass
across the vertical section that extends from dastcto the 200 m isobath following track #26 of
J2 satellite mission (Figure 2). Three methodsapmdied to estimate the transport: two methods

are based on in situ data and the third one, @llisadata.

Hereinafter, the transport estimate based on AD€lécities is referred to as direct
transport; the transport estimate based on gedstroplocities inferred from the TG SSH and
bottom pressure time series at A1 and A2 is refieioeas indirect transport; and the transport

estimate based on geostrophic velocities derivaet Satellite altimetry data is referred to as

This article is protected by copyright. All rights reserved.



satellite transport. In the following, we first deibe the velocity time series and then we explain

the methods applied to compute the volume transport
2.4.1 In situ direct velocities

We use the barotropic component of the direct vglaseasurements in all locations.
The barotropic component is estimated as the atdierage of the velocity measurements. We
do not consider the upper 30 m of the water columthis calculation to exclude the
ageostrophic velocities within the surface EkmametaThe along-shore Ekman transport along
the analyzed section has a mean value of 0.042%Vvland represents 0.3% of the total

transport estimated from the direct method, conpurteSection 2.4.4.

The barotropic component of the direct velocitieglains 84% of the total variance at
Al and A2 (Lago et 8l12019) and 66% of the total variance at the ocgiaphic buoy.
Although the buoy produced only a 42 day time sefee extend it to the 11-month record
length obtained at A1 and A2 thanks to the fact tiva along-shore barotropic components of
the buoy and of A2 are significantly correlateds(@t a 95% confidence level, Figure S1). To
this end, we first compute the best linear fit begtw the along-shore velocity at the buoy and at
A2 and then extend the buoy time series to the afitmperiod based on the A2 record. The
data available at the buoy correspond to summes,20fken the water column is stratified. To
determine if the relationship between the alongsivelocity at A1 and A2 varied as a function
of the seasonal changes in the vertical stratiboatve computed the correlations in summer and
winter and found a non-significant difference (Oi8Bummer and 0.9 in winter). Though this
result suggests that the seasonal stratificatiahdharacterizes the continental shelf from Al to
the buoy (Lago et al., 2019) does not affect threetation between the barotropic component at
Al and A2, additional observations in the outelfstie necessary to improve the reliability of
the along-shore transport over the shelf.

2.4.2 In situ geostrophic velocity
We compute the along shore geostrophic velocitypmrent from in situ data following
equation 1:

g assH

’u:
f oy

(1)
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Whereu represents the along-shore geostrophic veldcisythe Coriolis parametey,the
acceleration of gravityy denotes the cross-shore direction and SSH issthswface height.

SSH is available at the TG and is computed fronbtiteom pressure measurements at A1 and
A2. To obtain the SSH at A1 and A2 we assume tliedsgatic balance, correct the bottom P
with the sea-level pressure from ERA-Interim regsial and use a seasonal estimate of the
density, as in Lago et al. (2019). We then obtaim mid-point estimates of geostrophic velocity
using the three SSH time series and equation (B from the SSH gradient between TG and Al
(Vga) and the other from the SSH gradient between AllAéh (V). Each of these time series
represents the averaged flow between each pagdfdservations (Figure 2b). As Vand

V@gp are relative geostrophic velocities, it is necesgaadd a reference velocity to obtain an
absolute geostrophic velocity: we add the time ayed barotropic velocity of Al to ¥@nd the
average barotropic velocity of A1 and A2 topV/Adding a reference velocity to the relative
geostrophic velocity inferred from SSH gradientsaduces 2 problems (Meinen et al., 2010): i)
the presence of an ageostrophic component in tloeities used as a reference; ii) the fact that
the relative geostrophic velocities represent arage between the two sites where pressure was
observed, while the direct velocity observatioresrapresentative of a single point. Fortunately,
in this region these two problems are minor becaysiee main ageostrophic component is
within the Ekman layer, which is not included i thstimate of the reference velocity; and ii)
Vga and Vg are highly correlated to the barotropic velocis¢®\1 and A2, respectively (Lago

et al., 2019). Therefore, the direct velocitiesra@esentative of a wider extension and not only
of the point of measurement. As will be shown latiee excellent agreement between the direct
and indirect velocity variability, which are fullpdependent, suggests that our indirect method

works remarkably well.
2.4.3 Satellite geostrophic velocities

The selected along-track data provides SSH measmtsrevery 7 km that are usually
smoothed along the track to improve the signaldisenratio (Strub et al., 1997). We tested cut-
off wavelengths from 30 km to 100 km before compgitihe geostrophic velocities following
equation 1. The best agreement with the barotiomadu velocities was obtained with a 30 km
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low-pass filter. For the gridded product, we firgerpolated the gridded SSH to the along-track

section and then computed the along-shore absgéaistrophic velocity from equation 1.
2.4.4 Direct transport

The barotropic component of the along-shore vejdodm the ADCPs and the extended
velocity time series of the oceanographic buoy diesd above are used to estimate the direct
transport. Given that there is a cross-shore homatein the along-shore velocities, the
estimated transport is not sensitive to the chofdbe areas over which each velocity is
integrated. The three areas considered are shofaigume 2a. The direct transport over the
whole section results from the addition of the $gzort estimates along the three areas

considered.
2.4.5 Indirect transport

The indirect transport estimate is based on theuyn method explained in Meinen &
Watts (2000), in which geostrophic velocities aggedmined from hydrographic data as
explained earlier. The geostrophic velocities coesed are Vg for Areal 2, and Mg for
Area2_2 (Figure 2b). The total indirect shelf tqams$ results from the addition of the transport
calculated over these two sub-areas. A weaknasssiapproach is the extrapolation ofpMg
the shelf-break due to the lack of a bottom presserorder at the location of the buoy. To
compute the error associated with this method veethus bottom pressure recorders intrinsic
error (0.4 cm) and the one associated to the T\@aatdel Plata (1 cm). Propagating those

instrumental errors, we obtain a transport errotticc method of 0.07 Sv.
2.4.6 Satellite transport

As will be shown later in Section 3.2, the sateltjfeostrophic velocity derived from the
gridded SSH product compares better with the in\@locities than the velocity inferred from
the along-track SSH product. Hence, we use thelgddatellite velocities to compute the
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satellite transport. Since altimetry data are add since 1993, the satellite transport time serie

is computed from January 1993 to December 2017.
3 Results and discussion
3.1 In situ volume transport: large variabilityluced by local wind stress

The time series of the in situ transport computéd the direct and indirect methods are
displayed in Figure 3. Both transport time seriespnt similar variability and reach the highest
correlation at lag 0 (0.95, 95% CL). It is impottém note that, apart from the mean values, these
time series are fully independent. Their agreemnsestrong evidence of the robustness of the
assumptions implied in the formulation of the iedirmethod. Moreover, the similarity between
the two in situ transport estimates clearly shdves the variability of the along-shore transport
can be determined from a few bottom pressure recs@hd the Mar del Plata TG, without the
need of a denser sampling array of moorings.

The mean value of the in situ transport is 2.65dB8¥he direct method and 2.21 Sv for
the indirect method. Although the absolute geos$tiopelocities are determined to match the
observed vertically averaged velocities and thal tateas considered for both methods are the
same, the indirect and direct transports differalise the sub-areas used are different and also
because of the extrapolation of Mg the shelf-break in the indirect method. Thése t
averages of the along-shore transports are neeidg &s large as the 1.3 Sv estimated by Forbes
and Garraffo (1988) based on the density and welds and the 0.9 Sv estimated by Palma et
al. (2008) through a section close to 40°S basetrmmerical simulation; and is in somewhat
better agreement with the more recent 1.7 Sv etohiay Combes & Matano (2018), also based

on a numerical model.

Mean values are small compared to the large véitiabbserved in Figure 3: the peak-
to-peak range oscillates between -5 Sv (southwedi\d August 2015) and 11 Sv
(northeastward, 22 June 2015). Figure 3 also shiostghe along-shore volume transport is
positive (northeastward) most of the time and tegjative values (southwestward flow
reversals) are less frequent (7% of the 11-momntg lecord). The reversal events are evenly
distributed throughout the year, have a short trdtypically less than 2 days) and can reach
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up to -5 Sv. Only on two occasions the flow revisrsasted more than 2 days: in late April 2015
(4 days duration) and in May 2015 (6 days duratiSuojch reversals may play a significant role
in the distribution of planktonic species (Auad andrtos, 2012).

A spectral analysis of the in situ transport timaes (Figure S2) shows energetic
fluctuations centered between 2 and 5 days, whighgest a link with synoptic-scale wind
fluctuations. Indeed, the variability of the alosigere currents is strongly modulated by the
cross-shore pressure gradient generated by thg-almre component of the wind stress (Lago
et al., 2019). The strong shelf transport respomsdong-shore winds is readily apparent over
the inner and mid-shelf (Figure 4). The correlatioefficient between wind stress and transport
fluctuations is larger in the inner shelf (0.7, tig 4 a) than further offshore (0.6, Figure 4 b and
c). This suggests that the cross-shore pressudéegtacaused by the along-shore wind stress
decays as the distance from the coast increasesghsbe expected from Ekman dynamics (e.qg.
Simpson & Sharples, 2012). Conversely, other maeg as the influence of the MC variability,
may have a stronger impact on the strength ofltvegashore circulation in the outer shelf. This

possibility will be discussed in Section 3.5.

3.2 To what extent satellite derived velocitiesyrha used to estimate volume transport
over the ACS?

In this section we evaluate to what extent sagedlitimetry derived velocities may be
used to estimate the volume transport in the regr@hhence extend the transport time series to
the full period of available satellite altimetrytddi.e. from 1993). The results described in the
previous section suggest that the vertically avedlaajong-shore currents in the ACS are in
approximate geostrophic balance. Furthermore, leagd. (2019) showed that the velocity
variance is only weakly dependent of depth andtti@barotropic component represents nearly
90% of the total variance. Therefore, we compatellga-derived velocities with the barotropic
component of the along-shore in situ velocitiegifé S3). Two satellite products are evaluated:
the along-track Jason 2 and the multi-satellitdadgd data described in Section 2. The
comparison is carried out only for the dates wHznaldng-track data is available, that is every
10 days. Results show that the correlation coeffits are higher for the gridded product than for

the along-track data (Figure S3), and that onlycthreelation coefficients of the gridded product
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with in situ data are significant (95% CL). Thisué suggests that the velocity derived from the
gridded product provides a more realistic repregent of the circulation. The in situ velocity
measurements show similar variability and the d@miroscillations coincide with
meteorologically forced motions (7 to 15 days).sTindicates that the higher temporal resolution
of the gridded altimetry product, that results frdma combination of different satellite missions,
provides more useful information to accurately esent the observed circulation than the higher

spatial resolution of the along-track product.

The best comparison between directly observed atedlite derived geostrophic
velocities is found when a low-pass filter of 2¢/slés applied to the datA. similar conclusion
was obtained at the shelf break over the samditatdtimetry track (Ferrari et al., 2017). Table
2 presents the correlation coefficient and the RM@Bveen in situ and gridded velocities for
the complete period with a time span of 1 day. Resthow that the lowest RMSD values and
highest correlation coefficients are found as tiséadce from the coast increases. From these
results, we conclude that there is a reasonablyg ggoeement between the along-shore
components of the in situ and satellite velocitigerred from the gridded SSH product,
particularly in the mid-shelf region. In what folls, we estimate the along-shore transport using

the geostrophic velocities provided by the griddatkllite product as explained in section 2.2.
3.3 Satellite transport: mean and seasonal véitiabi

The satellite velocity is inferred from the SSHpqmuted as the Sea Level Anomaly
(SLA) plus the Mean Dynamic Topography (MDT). THere, inaccuracies in the MDT can
lead to inaccuracies in the velocity, and consetiyieran lead to inaccuracies in the satellite-
derived transport. The gridded maps of SSH prodigetiVISO that we considered so far use
the MDT computed by Rio et al. (2011). To testeftbr results can be obtained with a different
MDT, we recomputed the satellite-derived geostropeiocity using three different MDTSs:
Maximenko MDT (Maximenko et al., 2009), the DTU MJAndersen et al., 2015) and
CNES2018 MDT, produced by Collecte LocalizationeBae (CLS) and available at
https://www.aviso.altimetry.frThe comparison of the absolute geostrophic vedscinferred
from satellite SSH with the in situ measurementsasthat, at Al, the best match is obtained
with the DTU MDT, while at A2, the best match igabed with Maximenko’s MDT (Table
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S1). We then computed the along-shore satellitegltransport using the four selected MDTs:
the mean satellite transport along the sectiotosec to the mean in situ direct transport when
using CNES2018 MDT (Figure S4 and Table S2). itngortant to note that the mean value
using CNES2018 MDT is similar to the mean valuagd$Rio et al. (2011), they differ in only
0.14 Sv. In the following, the analysis of the ajeshore component of the satellite transport is
carried out using CNES2018 MDT for the period frd@93 to 2017 (Figure 5b). In 2015 this
satellite-derived transport is in good agreemeittt wie 20-day lowpass filtered in situ transport
(Figure 5a): the correlation coefficient betweethboansports is 0.74 (95% CL) and the RMSD
is 0.6 Sv. The mean and standard deviation ofdtdle transport are 2.42 Sv and 0.64 Sv,
while the mean and standard deviation of the diracisport are higher: 2.65 Sv and 0.77 Sv.
The difference between in situ and satellite meamsports (0.23 Sv) cannot be attributed only
to the instrumental error (0.07 Sv, see SectioM& .argue that the difference is related to
inaccuracies in the MDT. The extended transpore theries ranges between 0.4 and 5.5 Sv, with
a record-length mean value and standard deviatioites to those obtained during 2015 with
satellite data: 2.42 Sv and 0.64 $we 20-day filtering required to best match thsito and
satellite derived transports implies a substan@idliction of the peak-to-peak transport
variability (e.g. Figure8 and 5). Consequently, no transport reversalagparent in the filtered

in situ and satellite data in 2015 (Figure 5a),indhe entire satellite record (Figure

5b). However, low transport events in the filtedada, such as the ~1 Sv in mid-May 2015
(Figure 5a) are clearly associated with transperérsals as suggested by the -4 Sv in the non-
filtered in-situ transport (Figure 3). Thus, minimahe satellite derived transport (Figure 5b) are
likely associated with transport reversals of re&y short duration, as the ones observed during
2015. This is in agreement with recent reports twhasport reversal event in October 2013
detected by hydrographic and lowered ADCP obsematobtained near 37°S (Berden et al.,
2020). This event was produced by persistent nastieely winds and is also readily apparent as
a minimum (0.5 Sv) in our satellite time seriegy(ffe 5b). As pointed out in Auad & Martos
(2012), Lago et al. (2019), and Berden et al. (20@@se reversal events might

have strong biological consequences, since theynflmence the distribution of planktonic

species.

A spectral analysis of the extended satellite paristime series shows that the

variability is dominated by the annual cycle amdatiower extent, by oscillations of periodicities
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that spread between 12 days and 2 months (Figuk¥épnssociate the intra-seasonal
oscillations to atmospheric variability (see Settdl). To further explore the annual cycle, we
compute the monthly-mean climatology of the satgetliansport (Figure 7a). The climatology
presents a maximum in austral autumn (~3.0 Sv inl)Agond a minimum in austral spring (~1.8
Sv in October) that differs from the along-shoradvstress climatology (Figure 7b). Combes &
Matano (2018) observed maxima and minima for timeesanonths, however their maximum
monthly transport is 2.2 Sv. Not surprisingly, trensport climatology obtained is also in good
agreement with the annual cycle of the satellité Slstributions (Ruiz-Etcheverry et al., 2016).
The climatological SLA maps show a cross-shoreigradhat corresponds to a positive along-
shore transport throughout the year whose amplitudephase with our transport estimate
(Ruiz-Etcheverry et al., 2016). This agreement inipghexpected, since both seasonal cycle
estimates are based on satellite altimetry date-Richeverry et al. (2016) also showed that the
cross-shore SLA gradient is due to the fact tHasecto the coast, the steric height is maximum
in April and minimum in October, corresponding resfively to a stronger and weaker

northeastward transport.

Finally, it is worth noting that the monthly-meaatellite transport estimate during 2015
differs from the long-term climatology computedrfrgatellite data (Figure 7aJhe monthly
satellite transport exceeds the climatological @glus one standard deviation in September
2015 and is lower than the climatological value unsione standard deviation in July 2015
(Figure 7a). These transport anomalies are consigigh anomalously intense along-shore wind
stress over the region (Figure 7b). Thus, we atigakthe interannual variability of the seasonal
component of the along-shore transport is modulbyechanges in the intensity of the along-
shore wind stress. In the following section weliartexplore the interannual component of the
satellite transport time series.

3.4 Satellite transport: interannual variability

To further investigate the nature of the interahmaaability of the satellite transport we
first subtract the seasonal cycle from the tottsgport time series. The seasonal cycle is
computed trough harmonic analysis of the transjpoe series. Then, we applied a low-pass

filter with a cut-off period of 18 months to thesigual time series and compared it with two
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climate indexes: the Southern Annular Mode (SAMjex and the Southern Oscillation Index
(SOI) as provided by the National Oceanic and Aphesic Administration (NOAA,
https://www.esrl.noaa.ggvThe SAM index is representative of the circunapalverage of

zonal atmospheric pressure difference between 668310°S (Marshall, 2003) and is the
leading mode of variability in the southern hemesghatmospheric circulation on monthly and
interannual timescales. The interannual along-straresport is inversely correlated (-0.5, 95%
CL) with the SAM index (Figure 8) and directly celated to the interannual along-shore
component of the wind stress (0.5, 95% CL; Figuse Between 37°S and 40°S, when the SAM
is in its positive phase, it induces a weakeninthefsouthwesterly winds; while when the SAM
is in its negative phase, it induces a strengtheafrthe southwesterly winds. These wind
anomalies produce a cross-shore pressure gradiertbc&changes in the SSH that modulates the
intensity of the along-shore transport. A simileguanent to explain the interannual variability of
the transport was provided over the southern podiche Patagonia continental shelf (Combes
and Matano, 2018; Guihou et al., 2020). We alsduatred the transport response to the SOI.
The SOl index is related to El Nifio and is estirdats the pressure difference between Tabhiti
and Darwin, Australia. The interannual along-shoaasport does not show a significant
correlation with the SOI index (not shown). Sevetadies showed that the influence of the SOI
in the Southwestern Atlantic is mostly noticealpléhe region affected by the Rio de la Plata
river (Piola et al., 2005; Piola et al., 2008; $are et al., 2014).

To characterize the interannual component of theulgtion, we compute the Empirical
Orthogonal Function (EOF; Preisendorfer, 1998) rnsanfehe interannual SLA over the ACS
between 37.5°S and 40°S, from the coast up toGferRisobath. The interannual component of
the SLA was computed following the same methodokexyained above for the interannual
transport estimate. The first EOF mode explain6%2of the SLA variance (Figure S6) and
presents very low SLA gradients. Therefore, ittugfice on the circulation is negligible. An
analysis of the possible forcing of this leadingd®as presented at the end of this subsection.
Here, we analyze the signal of the interannual 8bfassociated with the first mode. This
residual is computed by subtracting the reconstaif the leading mode to the interannual
time series. A new EOF analysis of the interani®ia residual (Figure 9) shows that the three
leading modes account for 79% of the variance.fireeand third modes together explain 65%

of the total variance. Their patterns (Figure 9d @) present a cross-shore SLA gradient and
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are therefore related to the along-shore circutatiosdeed, the sum of these modes is
significantly correlated with the interannual shtietransport (0.76, 95% CL) and, not
surprisingly, is significantly and negatively cdated to the SAM index (-0.5, 95% CL). The
first mode explains 55.3% of the total variance dagicts a cross-shore SLA gradient. When
this gradient is positive, the SLA is higher towsathe coast and, consequently, the transport
associated is towards the NE. This mode preseatsttbngest cross-shore gradients (0.65 cm /
100 km). The second mode (13.9% of the varianc@ystalong-shore SLA gradients that
generate a cross-shore circulation. Although tha §tadients of this mode are relatively weak
(0.24 cm / 100 km), the associated circulation migive a key role in the exchange of water
masses, nutrients, heat and salt between the twadta and the outer shelf. Finally, the third
mode explains 9.7% of the variance and represeoss-shore gradients of 0.40 cm / 100 km.
The spatial pattern corresponding to the third mm@sents a region with negative cross-shore
gradient anomaly between the coast and Al andidvaogradient between Al and the shelf
break. This result suggests a circulation anomeliydth opposite velocity anomalies between

the coast and A1l and between Al and the shelf break

The first EOF mode of the interannual SLA depiasyMdow SLA gradients and hence
has a low impact in the local circulation. Howevegxplains, by far, the largest percentage of
variance of the interannual SLA variability. We shexplore the physical processes responsible
for the observed spatial pattern. At interannual @acadal timescales, it is known that SLAs are
mainly modulated by the steric effect and the nthssiges (Nerem et al., 2006). The steric
effect accounts for changes in the salinity andoemature that impact on the SLA, while ocean
mass changes induce changes in the Earth’s gffeeliywhich is accurately measured since
2003 by the Gravity Recovery and Climate Experil{@RACE) satellite mission. Previous
studies show that, in this region, the steric ¢fteminates the seasonal SLA changes (Ruiz-
Etcheverry et al., 2016), but has no implicatianthie interannual component of the SLA
(Combes & Matano, 2019). The first mode of therat@ual SLA is correlated (0.5, 95% CL)
with the first mode of the ocean mass changes medfly GRACE during the period 2003-
2016 (Figure S7). Therefore, we conclude that taesithanges have a strong impact on the
variability of the interannual SLA. A different apassible complementary explanation of this
mode was provided by Combes & Matano (2019): tHegioed a similar pattern for the first

EOF mode of the interannual SLA over a wider regibthe Patagonian shelf and attributed it to
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the remote influence of the wind stress from offsheputhern Chile. They also argued that the
propagation of SSH anomalies from the EquatorialfRaOcean might modulate the SSH at
these timescales. Despite of the possible oriditiseofirst interannual SLA mode, we recall that
it has no impact on the regional shelf circulation.

3.5 Relationship between the MC and the alongtstagisport variability

Previous studies based on numerical simulationgesighat the northeastward flow over
the ACS between 38°S and 41°S is partly driverhieyltarotropic pressure gradients associated
with variations in the strength of the MC (Palmalet 2008; Matano et al., 2010). In this section
we explore the possible relationship between thetM@sport (Artana et al., 2018) and the
satellite derived along-shore continental sheligport described above (Figure 10). The
correlation coefficients resulting from this comgan are significant at the 95% CL only within
30 km from the shelf break, suggesting that theiM@act is limited to a relatively narrow strip
close the shelf break (Figure 10). The analysihefcoherence between the MC transport and
the shelf transport (Figure S8) shows similar nsstihe MC and the along-shore transport are
coherent only in the outer 30 km of the continestalf for periods higher than 4 months. Palma
et al. (2008) analyzed the continental shelf cattah based on numerical model outputs. They
concluded that the MC variability affects the AG&uwlation in the middle and outer shelf.
However, in this study we observe that the infleeatthe MC variability over the along-shore
circulation is restricted to the outer 30 km of #nelf. The difference observed might be due
inaccuracies in the satellite data and/or in tifiedint parameterizations that the model assumes

(Palma et al., 2008). Further studies are necessayplain the differences observed.
4 Conclusions

The present work reports the first estimate ofalomg-shore volume transport based on direct
velocity observations in the northern portion af #rgentine continental shelf. The cross-shelf
section considered to compute the transport isrunaek #26 of the Jason-2 satellite mission
and extends between the coast and the 200 m isdatiy this section, two bottom-mounted
moorings and an oceanographic buoy were deploy®delea December 2014 and November
2015. To compute the transport these data were io@ohlwith sea level anomalies from satellite

altimetry and a coastal tide gauge. The volumesprart was computed using three different
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methods: a direct method based on the direct wglobiservations, an indirect method based on
geostrophic velocities inferred from bottom pressoibservations, and a satellite method based
on geostrophic velocities derived from satellittna¢try data. The indirect and the satellite
derived methods are only able to capture the gauisic flow associated with cross-shore sea
level gradients. However, the in situ (direct amdirect) transports present similar variability,
suggesting that the barotropic component of thesprart can be successfully determined from a
few bottom pressure measurements, without the okadienser horizontal sampling array. The
cross-shore coherence of the along-shore flowigngbrtion of the shelf is also suggested,
though less reliably, from satellite altimetry obh&gions (7 km resolution, Strub et al., 2015)
and high-resolution models (5 km resolution, Paéihal., 2008). Therefore, we argue that the
number of instruments available is enough to oldaiaccurate measure of the along-shore
transport. The mean in situ transport is 2.65 S«atds the northeast, which is larger than
reported in previous studies, computed at otheations: 1.3 Sv (Forbes & Garraffo, 1988), 0.9
Sv (Palma et al., 2008) and 1.7 Sv (Combes & Mata@d8). We are working in a
complementary manuscript comparing in situ dath ditferent model outputs. The in situ
transport estimates present large variability, witheak-to-peak range of 16 Sv, and several
events of (southwestward) transport reversalsngstifew days. The transport resulting from the
satellite method accurately reproduces the intsgtusport variability. The best fit between
satellite derived and in situ transports (meareddhce 0.24 Sv) is obtained when using
CENS2018 MDT.

The variability of the de-tided in situ transpa@tdominated by oscillations with periods between
2 and 5 days, a range typical of the atmospheriabidity in this region. The along-shore wind
stress induces a cross-shore Ekman transport whicinn sets up a cross-shore pressure
gradient that modulates the geostrophic along-stiansport. This mechanism explains the high
correlation (r ~ 0.7) between the along-shore i s@nsport and the along-shore wind stress at
the synoptic scale, but also between the 25-ydalligatransport and the wind stress at
interannual scales. The interannual componenteo&ltbng-shore transport correlates
significatively with the Southern Annular Mode, whidominates the interannual wind stress
variability in the region. During the positive pleasf the SAM, the along-shore southwesterly
winds are weaker, leading to a decrease of théeastward shelf transport. This suggests that

the response of the shelf transport to wind vametiresembles that of southern Patagonia
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reported by recent studies. The 25-year satethiesport is dominated by the annual cycle,
which ranges between 1 and 4 Sv and is maximunmgltine austral autumn and minimum in
the austral spring. In situ monthly data shows thauly (September) 2015 the along-shore
transport was substantially smaller (larger) thendlimatological transport, in agreement with
weaker (stronger) than usual southwesterly winds.al§o show that the satellite along-shore
transport is significantly correlated to the Mal&#nCurrent transport only in a 30 km wide band
along the shelf break. The leading mode of theamieual variability of SLA distribution is
largely correlated to ocean mass changes. Yetidbaciated spatial pattern does not present
significant gradients and therefore does not impadie circulation variability. Once the
leading mode is filtered out from the interannuASthe remaining three leading modes exhibit
SLA gradients associated with variations of thengtshore circulation (mode 1, 55.3%, and
mode 3, 9.7% explained variance) and of the crbesescirculation (mode 2, 13.9% explained
variance). Despite the second and third mode axplaelatively small percentage of variance,
the patterns displayed might have important consecgs in both the circulation and ecosystem

of the region.

Overall, we show that the geostrophic along-shotane transport can be estimated with few in
situ deployments and that the barotropic transgatbminated by the along-shore wind stress at
the atmospheric synoptic and interannual time scalée also show that it is possible to monitor

the transport, at time-scales longer that 20-daith, satellite altimetry data.
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Figure 1. Location of the moorings (black dots): A1 and A2 Bottom-mounted upward-
looking ADCPs, TG is the tide gauge located in MalrPlata and oceanographic buoy. See
Section 2 for further details. White lines are sthtis from the General Bathymetric Chart of the
Ocean (GEBCO, 2003) combined with the bathymetrgsueements from Servicio de
Hidrografia Naval (SHN, Argentina), with the thitke indicating the 200 m isobath. The red
line indicates Jason-2 track #26 and the blacknaare schematic representations of the
Malvinas (MC) and Brazil (BC) Currents. The backgrd colors show the Reynolds SST
climatology between 1993 and 20Mitps://podaac-tools.jpl.nasa.gov

Table 1. In situ period of measurement (days), depth atdbation of the moorings (m) and

mean and std of the along-shore and cross-shaoeitye(cm s) for each instrument.

Figure 2. Schematic cross-shelf section along the moorimgy IAreas used for the direct (a) and
indirect (b) transport estimate methods based @itinobservations. A1 and A2 indicate the
location of the upward-looking ADCPs; The locatmfithe oceanographic buoy, TG and Al and
A2 moorings are indicated by red dots. X1 and X#ldate the mid-points between the pressure
measurements used to estimate the geostrophidtuetdoetween TG and Al and between Al
and A2, respectively.

Figure 3. Along-shore direct (blue) and indirect (red) tram$gestimates (in Sv) using in situ
observations. The transport is calculated acrasseition of the continental shelf between the
coast and the 200 m isobath under Jason 2 trackSg#5text for explanation on the
methodology (Section 2). The gray shading reprasthet standard deviation.

Figure 4. Along-shore direct transport (black) and alongrsheind stress (magenta),

representative of Areal 1 (a), Area2_1 (b) and 2régc) as indicated in Figure 2a.

Table 2. Correlation coefficient and RMSE (cri)sbetween the in situ along-shore velocities at
specified locations (X1, Al, X2, A2) and the alostgpre velocities from the AVISO L4 multi-
satellite gridded product. In situ time series weke-pass filtered with different a cut-off period
of 20 days. All correlation coefficients are sigeaint at a 95% CL.

Figure5. (a) Along-shore direct transport estimate forgleod of in situ observations
(magenta) and satellite transport from velocitrgsrired from AVISO L4 gridded SSH
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computed using CNES2018 MDT (black). A low-pasfiwith a cut-off period of 20 days was
applied to the in situ time series. (b) Along-shimessport time series derived from satellite
altimetry data for the period 1993-2017 (black) e@apped is the transport from in situ
measurements during the period December 2014 tefber 2015 (magenta).

Figure 6. Power density spectrum [Ssay] in logarithmic scale of the along-shore ditgel
transport based on the 25-year satellite altimetcgrd. The dashed line is the null continuum

and the dot lines are the 95% confidence levels.

Figure 7: (a) Monthly climatology (black) and standard deiaat(grey shading) of the along-
shore satellite transport for the period 1993-20h& monthly mean of the satellite along-shore
transport in 2015 is shown in magenta. (b) Monthtiyatology (black) and standard deviation
(grey shading) of the ERA-Interim along-shore watigess for the period 1993-2017. The
monthly mean of the ERA-Interim wind stress for 204 shown in magenta.

Figure 8. Interannual component of the along-shore satéthtesport (black) and the
interannual component of the SAM index (magentafeNhat the SAM index scale (right axes)
is reversed. The correlation coefficient between3AM index and the along-shore satellite
transport is -0.5.

Figure 9: First (a), second (b) and third (c) EOF modes [ofithe interannual SLA residual and
(d, e, f) their corresponding time series. The @etage of variance explained by each mode is

indicated above panels a-c.

Figure 10. Correlation coefficient between the satellite dedi along-shore component of the
MC transport and the along-shore transport aloegN@S based on the 1993-2017 altimetry

data. Dashed lines indicate the 95% confidencd.leve
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Depth (m) Duration

Along-shore vel (cm s7') Cross-shore vel (cm 57)

Start End (days)
mean std mean std
TG 121712014 11/21/2015 ] 340 - - - -
A1 121712014 111812015 70 337 8.4 15.8 -0.4 36
A2 121712014 111712015 80 336 133 12.3 249 35
Buoy 12/21/2014 01/31/2015 200 42 16.5 4.8 6.2 38
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Corr Coeff RMSE (cm s)

X1 0.4 9
A1 0.7 5
X2 0.8 4
A2 0.7 3
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