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Introduction

The coastal marine regions are expected to be the most vulnerable to the effects of
climate change, such as variations in sea level, extreme events, and temperature
changes, among others (IPCC 2014). Coastal ecosystems are already affected by the
combination of these factors and by the adverse effects of human activities
(Oppenheimer et al. 2019). The physical changes observed in the region that extends
from the Médanos point (36.9°S) to Tierra del Fuego (55°S) and includes the waters
from the coastline to the continental shelf-break are described in this chapter, with
particular emphasis in the coastal area. The Patagonian shelf (Fig. 1) can be divided
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Fig.1 (a)Bathymetry (GEBCO 2020); black thick and thin lines are the 200 m and 50 m isobaths;
gray line with white arrows represents the northward Malvinas current; black arrows represent the
mean surface circulation over the shelf adapted from Piola et al. (2018); (b) Surface salinity from
World Ocean Atlas, data collected between 1955 and 2017; (¢) mean MODIS Aqua SST (degree
Celsius) for the period 2002-2020; (d) mean MODIS Aqua Chl a concentration (mg m~?) for the
period 2002-2020. BB Bahia Blanca estuary, ER El Rincén, SMG San Matias gulf, VP Valdés
peninsula, CR Comodoro Rivadavia, SJG San Jorge gulf, CDB Dos Bahias cape, CTP Tres Puntas
cape, MC Malvinas current, SPS southern Patagonian shelf, and 7F Tierra del Fuego
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in three regions from the coast to the open ocean: we define here the inner shelf as
the portion of the sea that goes from the coastline up to the 50 m isobath, including
all the gulfs and channels; the outer shelf is considered as the 40 km fringe closest
to the shelf-break and the middle shelf as the region included between the inner and
the outer shelf regions. The inner shelf is characterized by distinct morphological,
climatic, and oceanographic features. With more than 3000 km of coasts, the region
encompasses four distinct subregions: Buenos Aires shelf, North Patagonian gulfs,
San Jorge gulf, and the Southern Patagonian shelf (SPS). The SPS includes the
Beagle channel and the Magellan strait. The chapter is organized as follows: data
and methods are presented followed by the description of the middle and outer con-
tinental shelf, along with the analysis of the observed trends of sea surface tempera-
ture, chlorophyll a (hereafter Chl a), and sea level height. The four subregions are
then described individually, followed by highlights of the more relevant results
presented.

Data and Methods

To compute long-term physical changes in the ocean, long-term time series of
observations are needed. In the Argentine continental shelf, the longest in situ
records correspond to sea level observation made by tide gauges (Lanfredi et al.
1998; Santamaria-Aguilar et al. 2017). With data recorded since 1906, the Mar del
Plata tide gauge is one of the longest time series of sea level in the world. Yet, apart
from the tide gauges’ measurements, no long (>10 years) time series are available
in the continental shelf, as is mostly the case in the rest of the ocean. On the other
hand, satellite altimetry missions offer reliable data of the surface of the ocean that,
in some cases, can be longer than 20 years. In particular satellite altimetry repre-
sents very accurately sea surface height (SSH) in the region of study (Saraceno et al.
2010; Ruiz Etcheverry et al. 2015, 2016; Strub et al. 2015). Here we compute and
analyze sea surface temperature (SST) and Chl a concentration for years 2002-2020
and of SSH for years 1993-2020.

In Situ Data

The mean sea surface salinity is retrieved from the World Ocean Atlas (Boyer et al.
2013). This atlas has been constructed with quality controlled in situ observations
between 1955 and 2017.
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Satellite Data

SST and Chl a were obtained from the Oceancolor website (https://oceancolor.gsfc.
nasa.gov/, NASA 2018). We used the complete mission (June 2002—May 2020) of
monthly maps with 4 km spatial resolution of the two variables. Monthly compos-
ites attenuate the instantaneous images but help decrease almost completely the
absence of data due to cloudiness. SSH was obtained from Marine Copernicus web-
site (https://resources.marine.copernicus.eu/). We used monthly values of mapped
delayed time composites of multiple satellite altimetry missions (product number
008_047) for the period January 1993-December 2020. The spatial resolution of the
SSH maps is % of degree.

Numerical Model Output

The output simulations were performed using a numerical model called the Regional
Ocean Modelling System (ROMS, Shchepetkin and McWilliams 2005). In the ver-
tical, the primitive equations are discretized over variable topography using stretched
terrain-following coordinates. In the horizontal, the primitive equations are evalu-
ated using orthogonal curvilinear coordinates on a staggered Arakawa C-grid. For
the vertical mixing parameterization, we selected the scheme developed by Mellor
and Yamada (1982). The bathymetry is based on digitized nautical charts. The com-
putational grid has three open boundaries (south, west, and north) where we imposed
tidal amplitudes and phases of principal constituents of the region interpolated from
a global tidal model (TPXO6, Egbert et al. 1994). We used here two different con-
figurations: one for the north Patagonian gulf region and another for San Jorge gulf
domain. For more details in model setup simulations (grid, forcings, open boundar-
ies, etc.), see Tonini and Palma (2017) for the north Patagonian gulfs region and
Palma et al. (2020) for San Jorge gulf domain. The rate of tidal energy dissipation
was computed as in Tonini and Palma (2017) from the bottom currents field using a
bottom drag coefficient of 0.003.

Data Processing

To compute SST and SSH trends, the best fit (in the least square sense) of the sum
of annual and semiannual harmonic was subtracted to the original time series at
each pixel. Filtering the seasonal cycle from Chl a time series is more difficult, as
large intra-seasonal and intra-annual variability is present in this variable in the
Patagonian shelf (Saraceno et al. 2005). Yet, every year the largest values are
observed in the austral spring season (Saraceno et al. 2005; Romero et al. 2006;
Andreo et al. 2016). We therefore averaged the monthly values of October,
November, and December for every year and computed the trend of the resulting


https://oceancolor.gsfc.nasa.gov/
https://oceancolor.gsfc.nasa.gov/
https://resources.marine.copernicus.eu/

Physical Changes in the Patagonian Shelf 47

S5T trend (*C decade’

55

44°5

0.3

TEW ewW sTwW

Fig. 2 (a) SST trend (°C decade™"); (b) austral spring Chl a trend (mg m~ decade™); (¢) SSH
trend (mm yr~'). Both in SST and SSH, the seasonal cycle has been removed. White pixels corre-
spond to nonsignificant (95% confidence level) values

time series at every pixel. The three trend maps obtained are displayed in Fig. 2.
Nonsignificant values within the 95% confidence level according to the Student
t-test are masked.

Middle and Outer Patagonian Shelf

Baseline

The middle and outer shelf is a wide plateau subject to intense westerly winds and
high tidal variability. The outer shelf is bounded offshore by the cold, nutrient-rich,
and relatively freshwaters coming from the Antarctic Circumpolar Current. The
cold waters flow northward along the Patagonian slope, advected by the Malvinas
Current (MC) to about 38°S, where the MC encounters the southward flowing
Brazil current and diverges eastward. Both currents form the so-called Brazil/
Malvinas Confluence region, through which most of the shelf waters are exported
offshore (Franco et al. 2018). The MC is an important barrier for shelf waters
(Beron-Vera et al. 2020), though significant intrusions along the shelf-break are
observed (Piola et al. 2010). The bathymetry (Fig. 1a) shows that the continental
shelf is limited by the 200 m isobath and has a very slow gradient from the coast to
the shelf-break.

Continental shelf waters are characterized by relatively freshwaters as compared
to the adjacent offshore waters (Fig. 1b). The two main sources of freshened waters
are Pacific Ocean-diluted waters and estuarine waters from Rio de la Plata. The
former enters the Argentinian continental shelf through the Le Maire strait, the
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southern Patagonian shelf-break and the Magellan strait (Guihou et al. 2020), and
produces a particular signature in surface salinity as shelf waters are advected north-
ward by the Patagonian current (Brandhorst et al. 1971). The dilution of the Pacific
waters occurs mainly because of the excess of precipitation over the western flank
of the southern Andes and due to the seasonal melting of glaciers in southern
Patagonia. The second main source of freshwater, the Rio de la Plata, drains an aver-
age of 22,000 m? s7! at about 34.5°S through the widest estuary in southern South
America. Most of the Rio de la Plata outflow is advected northward to the Uruguay
and southern Brazilian shelves forced by the dominant winds (Piola et al. 2005;
Saraceno et al. 2014). Southwesterly winds can advect Rio de la Plata freshwaters
southward up to 38°S along the coast of the Buenos Aires province, particularly in
austral summer (Piola et al. 2018). The combined discharge from all rivers along the
Patagonian coast are an order of magnitude lower than the Rio de la Plata input of
freshwaters and have been reported to have only a local influence, as is discussed
below. The unique distinctive source of waters saltier than the mid-shelf waters is
the San Matias gulf (SMG) (Fig. 1b). As detailed in the North Patagonian Gulfs
Section, SMG has a closed circulation in austral summer which, together with the
fact that net evaporation is larger than precipitation during that season, makes the
SMG an important source of saltier water. Saltier water produced in the SMG exits
the gulf through the northern portion of the mouth and is advected toward the north
over the continental shelf, mainly during austral autumn (Lucas et al. 2005; Tonini
et al. 2013).

The mean SST (Fig. 1c) shows that the largest values are located close to the
coast, along the Buenos Aires and Rio Negro provinces and that a marked negative
gradient toward the South is only interrupted by the signature of the MC. Indeed, the
MC advects the cold sub-Antarctic waters up to about 40°S and clearly affects the
SST along its path (Saraceno et al. 2004).

Finally, mean Chl a (Fig. 1d) shows that the largest values are observed along the
upper portion of the Patagonian slope and adjacent outer shelf region as well as all
along the coast. Chl a concentrations along the coast (Fig. 1d) might be associated
with the stimulation of phytoplankton growth by the inflow of riverine nutrients but
are also very likely biased by dissolved organic matter of terrestrial origin and
resuspension caused by tidal mixing (see Villafafie et al. this volume).

The large values along the shelf-break and in the outermost portion of the conti-
nental shelf are sustained by the upwelling of the nutrient-rich MC waters over the
upper portion of the slope. The mechanism responsible for such upwelling has not
been proven yet, but several hypotheses based on observational evidence and
numerical models have been proposed. The main hypotheses are the divergence of
the MC (Matano and Palma 2008), the divergence produced by wind stress curl
(Saraceno et al. 2005; Carranza et al. 2017) and the passage of coastal-trapped
waves (Acha et al. 2004; Saraceno et al. 2005; Poli et al. 2020). In the mid-shelf, the
largest Chl a concentrations are associated with tidal fronts (Acha et al. 2004;
Romero et al. 2006).
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Observed and Expected Changes

Figure 2a shows that SST marks a significant positive trend (up to 0.04 °C per year)
north of ~50°S, while negative values (up to —0.02 °C per year) are observed south
of 50°S. Similar results were observed in Leyba et al. (2019) using Reynolds et al.
(2007) SST data for the period 1982-2015. Leyba et al. (2019) also highlighted that
the SST trend in the region is strongly linked to trends in heat fluxes. The negative
SST trend observed in the southern portion of the region is associated with the posi-
tive trend observed in the dominant westerly winds within those latitudes (Marshall
2003). Stronger westerlies favor the entrance of colder offshore waters via a larger
Ekman transport. The spring Chl « linear trend observed in Fig. 2b shows values as
large as 2 mg m~3 over a 10-year period in the outer portion of the continental shelf
between 50 and 40°S. Marrari et al. (2017) produced a 20-year (1997-2017) time
series merging SeaWiFS and MODIS Aqua data and analyzed the total Chl a trend
around South America. They found an order of magnitude smaller values as com-
pared to what is shown in Fig. 2b. However, results are not comparable because (i)
we considered only austral spring months and Marrari et al. (2017) used all-year-
round months and (ii) the period considered in the two studies is not the same. The
mechanisms that might explain the large Chl a trends observed should be investigated.

The linear trend in SSH (Fig. 2c) ranges between 2 and 5 mm yr~' (95% confi-
dence level) in good agreement with Ruiz Etcheverry et al. (2016). In the northern
region, the positive linear trends are associated with local changes in the density
field caused by advective effects in response to a southward displacement of the
South Atlantic High (Ruiz Etcheverry et al. 2016).

The continental shelf circulation is also affected by important interannual vari-
ability that mostly has its origin in the variability of the wind. In continental shelves,
the alongshore component of both wind and ocean currents is the dominant one
(Gill 1982). Using in situ and satellite altimetry as well as the time series of the SSH
obtained from the tide gauge at Mar del Plata, Lago et al. (2021) showed that the
alongshore component of the interannual variability of the transport in the northern
portion of the shelf (at about 38°S) is significantly correlated with the Southern
Annular Mode (SAM). This happens thanks to the geostrophic adjustment that
occurs when the wind is parallel to the coast (Gill 1982). The same conclusion, i.e.,
that SAM explains a large portion of the interannual variability of the currents in the
Patagonian shelf, was obtained using regional numerical models in the southern
portion of the shelf by Combes and Matano (2018) and Guihou et al. (2020) and,
using a global reanalysis model, by Bodnariuk et al. (2021a, b).

Findings reported here are in agreement with the increase in water temperature
and sea level reported in the framework of the latest Intergovernmental Panel on
Climate Change (IPCC) report for the southwestern Atlantic (Bindoff et al. 2013).
The statistical confidence is quantified as low, moderate, or high in the IPCC report.
The water temperature increase and sea level have a moderate confidence in the
region (Bindoff et al. 2013). A decrease in dissolved oxygen concentration (low
confidence) and in pH, increasing ocean acidification (high confidence), are also
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predicted (Bindoff et al. 2013). In the Southern Hemisphere, the SAM influences
the zonal asymmetry in the westerly winds and generates convergent and divergent
transport in the Antarctic Circumpolar Current. In turn, the wind-driven currents in
the Antarctic Circumpolar Current contribute to the regional asymmetry of decadal
sea level variations during most of the twentieth century (IPCC 2014; Thompson
and Mitchum 2014). Net regional sea level changes were estimated by the [PCC
(2014) from a combination of the various contributions to sea level change (dynamic
sea level, atmospheric loading, glacier mass changes, and ice sheet surface mass
balance) derived from CMIPS5 climate model outputs either directly or through
downscaling techniques (Perrette et al. 2013; Kopp et al. 2014; Slangen et al. 2014;
Bilbao et al. 2015; Carson et al. 2016). The contributions from groundwater deple-
tion, reservoir storage, and dynamic ice sheet mass changes were not simulated by
coupled climate models over the twentieth century and were estimated from obser-
vations. The sum of all contributions, including the glacio-isostatic adjustment con-
tribution, provided a modelled estimate of the twentieth century net regional sea
level changes that shows, for the Patagonian region, an increase that ranges between
100 and 200 mm in relative sea level (IPCC 2014).

Inner Shelf

Buenos Aires Coastal Waters
Baseline

The coastline of the Buenos Aires province is very extensive: it goes from the Rasa
point (36.3°S), the exterior southern limit of the Rio de la Plata estuary, to the mouth
of the Negro river (41°S). The coastline can be divided in a northern and southern
section, being Bahia Blanca (Fig. 3) the division point. In the northern section, there
are a large number of beaches that are used for tourist and recreational purposes
during the summer season and a series of cliffs that are being affected by erosion.
The ports of Quequén and Mar del Plata are also in the northern region, the latter
with serious sediment deposition problems. The southern section is known as El
Rincén area and includes the Anegada bay (Fig. 3). El Rincén area is of great impor-
tance for the Patagonian Sea due to the exchange of water masses that occur in it and
with the surrounding coastal areas. Inlets, marshes, tidal flats, and different types of
beaches can be identified throughout the El Rincén region that is also strongly influ-
enced by the continental discharge of the Colorado and Negro rivers. South of
Anegada bay, the coast presents sandy beaches with little slope. The whole region
is socially and economically important (see Narvarte et al. this volume). El Rincén
area is a rich region for fishery production (Rodrigues et al. 2013; Jaureguizar et al.
2016), and the estuary of Bahia Blanca contains one of the most important industrial
ports in Argentina. In both areas very large wetlands rich in flora and fauna must be
protected and conserved to preserve the natural ecosystem that sustains fisheries and
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Fig. 3 Bathymetry (GEBCO 2020) for the Buenos Aires coastal waters; black thick and thin lines
are the 200 and 50 m isobaths; geographical locations indicated are BACS Buenos Aires coastal
shore, M Mar del Plata, Q Quequén, BB Bahia Blanca, ER El Rincén, AB Anegada bay, SB San
Blas bay, SBL Segunda Barranca lighthouse, EC El Céndor, and LL La Loberia (Bermeja point)

recreational activities and provides intangible well-being to the society. Yet, large
changes, both of anthropogenic and natural origins, are registered in the region.

The circulation in the region is dominated by the alongshore component of the
wind and by the tides (Palma et al. 2004; Lago et al. 2019, 2021). The largest
changes in ocean circulation in this region are associated with atmospheric circula-
tion which is dominated by the presence of the semipermanent South Atlantic anti-
cyclone, centered approximately at 30°S. The tidal regime is predominantly
semidiurnal, and the mean range increases along the coast, from 1.7 m at San Blas
bay to 3 m at El Céndor (SHN 2018).

One of the physical phenomena that most affects the coasts are waves. Worner
etal. (2019) reported that at the south of Bahia Blanca estuary, the waves that propa-
gate from the southwest, west, northwest, north, and from the northeast are signifi-
cantly more frequent than the waves coming from the south and southeast. The
mean wave heights increase southward, from 0.72 m at Anegada bay to 1.26 m at
Segunda Barranca lighthouse, and decrease south westward, reaching 0.48 m in
front of La Loberia (Bermeja point). This would provide a higher percentage of
southward and south-westward longshore currents.

The waters in the El Rincén area can be divided in two: (i) the coastal ones influ-
enced by the river discharge and (ii) the waters influenced by the advection of shelf
waters coming from the south and from the SMG (Guerrero 1998; Lucas et al.
2005). The estuarine system is formed by the Negro and Colorado rivers that dis-
charge, on average, 950 m*s~! and 150 m?*s~!, respectively, (BDHI 2020; COIRCO
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2020) and have a seasonal variability (Lucas et al. 2005). The El Rincén estuarine
system varies its area between 10,000 km? during the austral autumn-winter period
and about 15,000 km? during austral spring-summer (Lucas et al. 2005). Lucas et al.
(2005) indicate that the river discharge produces a low-salinity area strongly affected
by the water masses that come from the SMG with high salinity, which generates a
strong salinity gradient with low values near the coast. The surface fields show a
maximum salinity gradient following the 40-50 m isobath (Lucas et al. 2005). The
circulation of the EI Rincén water masses presents an anticyclonic gyre during
spring and summer and is more constrained to inshore areas during winter.

Reiter et al. (2019) explored the seasonal variability of temperature and salinity
in the El Rincoén area. During the austral winter, temperatures near the surface range
from 8 to 10 °C in the coastal region and between 6 and 8 °C in the middle shelf.
Near the bottom, winter waters along the coast are warmer (12 °C), while surface
and bottom temperatures are similar (6 to 8 °C) in the middle shelf, indicating the
importance of the vertical mixing process there. Winter salinity field shows mini-
mum values (lower than 33) near the coast due to the larger discharge of freshwaters
from the Negro and Colorado rivers. Winter salinity maps show a marked gradient
toward the East, up to the 40-50 m isobath, where salinity is 34 due to the influence
of the SMG water plume (Guerrero et al. 1997; Lucas et al. 2005). Further east,
winter salinity decreases to 33.5. In spring, surface temperature increases up to
16 °C near the coast; river discharge is maximum, affecting the salinity field near
the coast; and the salty waters from the SMG spread along the coastal strip up to the
40-50 m isobath. During summer, temperature in the El Rincén area is distributed
homogeneously in the vertical, with large values (20 °C) from the coast up to the
50 m isobath, where a well-marked gradient is observed. The influence of the SMG
high-salinity (34) waters is also observed in summer. Finally, in autumn, tempera-
ture decreases to 14—16 °C near the coast, the SMG water plume is clearly visible
(with larger temperatures), and the vertical homogeneity and the horizontal gradient
observed in summer remain. Salinity reaches the maximum values in the Bahia
Blanca estuary region (up to 35) and minima (32) in the Anegada bay.

Observed Changes

Satellite altimetry results for the 1997-2017 period (Fig. 2¢) suggest that the SSH
trend goes from 3 mm yr~' in El Rincén region up to 4.5 mm yr~! in Bahia Blanca
estuary, and between 3 and 4 mm yr~! to the north of that site. The IPCC (2014)
determined that the interaction of sea-level rise and changes in precipitation will
have a more severe impact on shallow estuaries (<10 m) than on deep basin estuar-
ies (>10 m) (Hallett et al. 2018; Elliott et al. 2019).

The IPCC Fifth Assessment Report confirms that the ocean is getting progres-
sively warmer, with parallel changes in ocean chemistry such as in acidification and
oxygen loss (Rhein et al. 2013). In the northern Patagonian region, the increase of
the SST can be confirmed by the MODIS observations (Fig. 2a) with a positive
trend of 0.2 °C decade™! for the coastal region of El Rinc6n (up to 40-50 m isobath)
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and a positive trend of 0.4 °C decade™! toward the east. On the other hand, bottom
temperatures do not show a significant trend at El Rincén for the period 1980-2016
(Elisio et al. 2020). Temperatures at El Rincén also show an irregular oscillation
with periodicities between 3 and 7 years that could be in part due to the biennial and
intra-decadal periodicities related to the high (2—4 years) and low (5-7 years) fre-
quency components of the El Nifio-southern oscillation variability (Guerrero 1998;
Penland et al. 2013; Reiter et al. 2019; Elisio et al. 2020).

Finally, Pérez et al. (2017) found significant positive trends in wind waves near
Mar del Plata, reaching maximum values of 16 mm per decade. Trends in the sig-
nificant wave height were statistically different from zero only for the east and
northeast directions. Negative trends (significantly different from zero, with 95%
confidence) were obtained for waves coming from the southwest (Pérez et al. 2017).
Echevarria et al. (2019) observed that the alongshore wave energy flux from Bahia
Blanca estuary to Mar del Plata is related to the natural erosive and constructive
processes detected.

North Patagonian Gulfs
Baseline

This section analyses the circulation of the North Patagonian gulfs, a region of the
Argentinean Sea that is located between 40 and 43°S and includes the SMG, Nuevo
gulf (NG), San José gulf (SJOG), and the Valdés peninsula (Fig. 4). The region
constitutes one of the most important marine ecosystems in the Argentine Sea. Both
the reservoir of coastal flora and fauna and the fishing resources (commercial and
artisanal) have captured the attention and financial support of international organi-
zations linked to the conservation and care of the environment. Also, the region has
long been recognized for the high productivity and biodiversity of the ecosystem
(Acha et al. 2004).

As in the rest of the continental shelf, in situ observations are scarce. In particu-
lar, current records are few and of short duration (Framifian et al. 1991; Rivas 1997,
Moreira et al. 2009; Saraceno et al. 2020) and mostly show that the region is domi-
nated by high-frequency, inertial fluctuations and tides. The shortness of the time
series is inadequate to reveal the mean circulation. For this reason, the average cir-
culation in the area is mainly inferred from hydrographic data, biological indicators,
and numerical models.

The geometry of the mouths of the three gulfs hampers the renewal of the waters
inside of them. Therefore, waters within the gulfs are largely influenced by the local
atmospheric forcing (Rivas 1990). While the surface heat flux changes direction
throughout the year, the freshwater flow is always toward the atmosphere, since
evaporation exceeds precipitation (Scasso and Piola 1988). These characteristics of
the atmospheric flow and the limited renewal of its waters produce a greater annual
thermal amplitude and relative maxima of salinity within the gulfs (Lucas et al.
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Fig. 4 Summer main features of North Patagonian gulfs. Background colors represent the tidal
energy dissipation of the principal tidal constituent M2 [W m™2]. The solid gray line indicates
schematic locations of the thermal fronts (SMF San Matias front, and VF Valdés front), and the
black solid line represents the main gyres into the gulfs. SAO San Antonio Oeste, SMG San Matias
gulf, SJOG San José gulf, NG Nuevo gulf, and VP Valdés peninsula. (Adapted from Tonini and
Palma 2017)

2005; Tonini et al. 2013). As noted in the previous section, the drainage of the rela-
tively saline waters of the SMG through the north of the mouth invades the El
Rincén estuary sector during winter (Lucas et al. 2005; Tonini et al. 2013). The
main entrance of colder and less saline waters is through the southern sector of the
mouth of the SMG (Rivas and Beier 1990).

The whole region is characterized by intense westerly winds and significant sur-
face heat and freshwater fluxes (Scasso and Piola 1988), as well as a great amplitude
of tides (Palma et al. 2004). Tides reach more than 9 m of maximum amplitude
range inside SMG, at San Antonio Oeste (Fig. 4), 8 m in SJOG, 6 m in the NG, and
over the Punta Norte-Valdés peninsula (SHN 2018). The bottom topography and the
complex coastline are such that there is a phase shift of nearly a half period on both
sides of the 7-km-long isthmus that separates NG from SJOG. This peculiarity,
together with the large amplitude of the tides, has promoted the interest for the gen-
eration of tidal energy (Palma 2002). The interaction of the large tidal currents with
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Fig. S Main features of San Jorge gulf. Background colors represent the tidal energy dissipation
of the principal tidal constituent M2 [W m™2]. The solid gray lines indicate schematic locations of
the thermal fronts, and the black solid lines represent the main summer circulation. CDB Dos
Bahias cape, CR Comodoro Rivadavia, and CTP Tres Puntas cape. (Adapted from Palma

et al. 2020)

the complex irregular bottom topography produces in the region one of the highest
energy dissipation rates of the South Atlantic ocean (Fig. 5; Palma et al. 2004). The
latest numerical simulations in the region (Tonini and Palma 2017) improved its
accuracy, thanks to several in situ measurements: a 22-month time series of bottom
pressure measurements that was obtained close to the northern coast of the SMG
(Lago et al. 2017) and other four coastal stations where current-meter measure-
ments were obtained (Moreira et al. 2011). The authors showed that the total area-
integrated energy tidal dissipation attains 27.9 GW. This result is larger than the one
calculated by Moreira et al. (2011) and is in close correspondence with the 28 GW
computed by Palma et al. (2004). The value represents ~24% of the total energy
dissipated in the Southwestern Atlantic shelf (Palma et al. 2004). The vertical
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mixing induced by the tidal energy in combination with the increased heat fluxes in
spring and summer allows the homogenization of the water column in shallow areas
and the occurrence of thermal fronts that separate these well-mixed waters from the
stratified waters. Indeed, one of the most important frontal zones of the Argentine
shelf is the Valdés front (VF, Fig. 4), located near Valdés peninsula in a SW-NE
direction (Fig. 4) (Glorioso 1987; Romero et al. 2006). Also, near the mouth of the
SMG, a thermal front (SMF, Fig. 4) delimits the internal circulation of the gulf from
external waters (Gagliardini and Rivas 2004; Tonini et al. 2013; Pisoni et al. 2015).
Associated with the dynamics of these frontal systems, there is a high rate of pri-
mary and secondary productivities that constitute key ocean structures to under-
stand the feeding, reproduction, and migratory patterns of local populations of birds
and mammals, as well as important fishing resources (Sabatini and Martos 2002;
Acha et al. 2004).

The latest advances in the dynamical knowledge of the region were provided
from numerical simulations (Tonini et al. 2013; Tonini and Palma 2017). One of the
main results is that tidal forcing, stratification, and winds significantly contribute to
the overall subtidal residual circulation of the region. The model shows that the
nonlinear interaction between the oscillating tide and bottom topography leads to
the formation of several robust residual circulation patterns, basin gyres, bathymet-
ric vortices, and coastline quadrupoles, which are formed by recirculating eddies at
the mouths of SJOG and NG. The results of the numerical simulations also show
inside SMG that the overall summer circulation pattern is dominated by a strong
cyclonic gyre (composed by two recirculating sub-gyres) (Fig. 4). As a result of this
closed circulation, the gulf is almost isolated from the shelf during summer. The
location and direction of circulation of the gyres of the SMG were advanced by
means of an analysis of hydrographic data by Piola and Scasso (1988) and partially
confirmed by direct measurements in a station near the north gyre by Framifian et al.
(1991). Although the velocities provided by the numerical model (ROMS, Tonini
et al. 2013) show the correct temporal direction and intensification, they are some-
what lower than the measurements (~15 cm s™' on average) and require a greater
number of long-term direct measurements (currents) to allow calibration and vali-
date the results. The summer circulation pattern was validated for the first time by
the trajectory of five drifters deployed in the northern sector of the SMG (Saraceno
et al. 2020). The drifters also showed the presence of small-scale features that are
not observed with the climatological forced models. In particular, a strong filament
that detaches from the western coast and advects coastal waters to the middle of the
gulf was observed with both the drifters and high-resolution satellite color images
(Saraceno et al. 2020). Within the coastal jet, nontidal currents can be as large as
21 cm s~!. Similar velocities have been observed closer to the coast with current-
meter measurements (Moreira et al. 2009).

The numerical model results of the same authors also show that in winter, when
the stratification is eroded and the northern sub-gyre spins down and gradually
shrinks in size, the western sector of the gulf is occupied by an anticyclonic gyre.
The wind forcing strengthens both the cyclonic and anticyclonic circulation during
fall-winter.
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In the NG the dynamics is similar to the one observed in the SMG. However, in
the NG there is only 1 year-round cyclonic gyre (Fig. 4) that intensifies in summer
and is reduced in spatial extension in winter, with the appearance of a weak anticy-
clonic gyre in the western coast. The cyclonic gyre of NG was observed remotely
from optical and thermal channels of the Landsat-TM (Gagliardini 2011), and in
both gulfs (NG and SMG), vertical profiles show a dome shape of the isopycnals in
the center of the gulfs, indicative of a cyclonic circulation (Pisoni 2012; Tonini
et al. 2013).

The SJOG (Fig. 4) has a very different seasonal behavior. In summer, it can be
separated in two domains with different dynamics and thermal characteristics: the
western domain is more affected by strong tidal currents than the eastern domain.
As a consequence, waters are warmer on the surface, and vertical stratification is set
up in the eastern domain during summer. In winter, the entire gulf is vertically
homogeneous (Esteves et al. 1986). Using satellite remote sensing data, Amoroso
and Gagliardini (2010) observed vortices and jets in the western domain of the
SJOG and in the south of the SMG. These patterns are generated by the exchange of
waters between the SJOG and SMG and are clearly visible also in high-resolution
numerical simulations (Tonini and Palma 2017).

Observed Changes

Satellite altimetry measurements show a trend of the SSH of up to 4.6 mm yr™' in
the northwest coast of SMG and of about 3 mm yr~' in NG (Fig. 2; Ruiz Etcheverry
et al. 2016). Values at San Antonio Oeste are among the largest in the entire
Argentine shelf. Yet, given the large tidal amplitude in this region (see above) and
the vicinity of the coast that affects satellite altimetry measurements, results should
be interpreted with care.

Given the southward migration of the semipermanent South Atlantic high-
pressure system (Barros et al. 2008; Bldzquez et al. 2012), a higher frequency of
northerly winds can be expected over this region of the Patagonian coast. This sce-
nario could favor the occurrence of coastal upwelling events described in Pisoni
et al. (2014). On the other hand, a decrease in the mixed-layer depth (5 m per
decade) was estimated by a global numerical model in the SMG and NG according
to Franco et al. (2018) between 2003 and 2017. This change should have strongly
affected the summer circulation, the transport of the main gyres, and the local eco-
system. Yet, evidence of such changes based on observations have not been
reported so far.

Despite the absence of published works related to the climatic effects on the
circulation and dynamics of the north Patagonian gulfs, numerical models could be
one of the keys to explore possible future scenarios at low cost based on the trending
physical variables shown by satellite or studies in other regions of the world. The
region of the north Patagonian gulfs remains largely an unexplored region, espe-
cially in terms of in situ observations. The studies carried out lack precision due to
the scarce direct measurement of physical variables. With the help of tools such as
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numerical models and satellite images, large spatial and temporal gaps are covered
that help to understand the dynamics of the region and thus predict future changes.

San Jorge Gulf
Baseline

San Jorge gulf (SJG) constitutes a complex ecosystem that provides a variety of
important services to the regional economy, as oil (Sylwan 2001), fisheries
(Glembocki et al. 2015; Temperoni et al. 2018), and tourism (St-Onge and Ferreyra
2018). At the same time, the gulf constitutes one of the regions with the greatest
biodiversity of the Patagonian shelf (see chapters by Galvan et al. this volume and
Crespo this volume).

The SJG is the largest gulf of the Patagonian coast of Argentina. With an exten-
sion of nearly 40,000 km?, it is located between Dos Bahias and Tres Puntas capes
(Fig. 5). The center of the basin is deeper than 100 m. The gulf mouth extends for
approximately 250 km, with shallower depths at the southern end (Fig. 5).

There are no rivers that flow into the gulf, and evaporation exceeds precipitation
in the whole area (ECMWF ERA-40 Atlas, https://sites.ecmwf.int/era/40-atlas/
docs/section_B/parameter_emp.html). The Patagonian region is influenced by mid-
latitude westerlies, which are strongest in the latitude of this gulf (Labraga 1994).
Tides are semidiurnal, with a mean amplitude of 4.18 m in Comodoro Rivadavia
(the main city on the gulf coast, Fig. 5) and a maximum of 6.09 m (SHN 2018). The
bottom friction produced by the interaction of the tidal currents and shallow banks
located near Tres Puntas cape produces one of the largest tidal dissipation areas of
the Patagonian shelf (Palma et al. 2004; Moreira et al. 2011).

SJG waters are a mixture of waters of subantarctic origin, modified by air-sea
heat fluxes and low-salinity waters from the South, advected by the Patagonian cur-
rent (Brandhorst et al. 1971; Palma and Matano 2012). During summer, the pycno-
cline reaches 40-50 m depths, deepening to exceed 60 m in autumn (Cucchi-Colleoni
and Carreto 2001). Intrusions of low-salinity waters from the Patagonia current at
intermediate depths have been reported in autumn (Krock et al. 2015) and summer
(Carbajal et al. 2018).

The vertical structure is homogeneous in winter and stratified during summer in
much of the gulf (Torres et al. 2018). The summer pycnocline, approximately
matching the depth of the euphotic zone, separates surface nutrient-poor, oxygen-
rich waters from deeper nutrient-rich, oxygen-poor waters (Torres et al. 2018). In
the north and south of the gulf mouth, the water column remains vertically homoge-
neous even in summer due to tidal mixing with high dissipation rates (Fig. 5; Palma
et al. 2004), favoring the generation of tidal fronts (Acha et al. 2004; Rivas and
Pisoni 2010; Glembocki et al. 2015; Carbajal et al. 2018; Flores-Melo et al. 2018).
Carbajal et al. (2018) have found variations in the position of the tidal front of
approximately 8 km near spring tide and 4 km prior to neap tide, although baroclinic
instabilities can significantly modify the shape and position of the front (Carbajal
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et al. 2018; Flores-Melo et al. 2018). Furthermore, the authors have found great
variability in Chl a concentrations between both tidal phases, suggesting a greater
intrusion of subsurface waters during neap tide.

As current velocity data are scarce within the SJG, up-to-date knowledge on gulf
dynamics is based mainly on the outputs of numerical simulations. Recently,
Matano and Palma (2018) and Palma et al. (2020) described the seasonal circulation
in SJG. During summer, an inner portion of the Patagonian current enters the SJIG,
generating a loop that merges with an intense cyclonic coastal current (Fig. 5). The
loop and the coastal current enclose a recirculating cyclonic gyre in the southern
basin. In the northern sector, a weak and elongated anticyclonic coastal gyre is
developed, while the interior circulation is composed of a slow anticyclonic gyre
bounded in the west by the coastal current and by a broad northward flowing current
in the east. These two currents encounter before exiting the SJG as an intense jet
through its northern edge (Dos Bahias cape). From late fall to early winter, the
Patagonian current moves offshore, thus reducing its penetration into the gulf.
During winter, the cyclonic coastal current and the southern gyre weaken, and anti-
cyclonic patterns are developed in the southern region. Furthermore, the southeast
anticyclonic gyre expands, blocking a large portion of the mouth, thus shifting the
inflow of Patagonian shelf waters to the north. Increasing stratification during spring
leads to an intensification and expansion of the cyclonic circulation, and, by the end
of December, the summer circulation pattern is fully developed. Superimposed on
these seasonal circulation patterns, there is an anticyclonic gyre over the southern
bank that persists year-round. The largest exchange with the shelf occurs in sum-
mer, mainly at the surface and at intermediate layers and confined to the northern
region. Then, waters are replaced with waters mostly coming from the Patagonian
current (Palma et al. 2020).

There are very few measurements of currents in the gulf. Mean velocities from
three drifting buoys deployed near Comodoro Rivadavia city ranged between 0.27
and 0.38 m s~!, with maxima of +1.50 m.s~! inside the SJG (Esteves et al. 2012).
During November 2017, reversal velocities near 0.4 m s™' associated to tidal cur-
rents were registered in the northern region close to the mouth, with maxima that
exceeded 1 m s7! (Pisoni et al. 2020). In March 2020, maximum velocities of
approximately 0.5 m s~' were detected in a shallow region (< 30 m) in the
north of SJG.

Observed Changes

As well as tidal mixing, coastal upwelling is also a mechanism that favors the ascent
of nutrients from deeper layers. Although westerly winds on the east coast of
Patagonia are not favorable to upwelling (Matano et al. 2010), given the semicircu-
lar shape of the SJG, favorable conditions can be generated on the southern coast of
the gulf (Tonini et al. 2006; Pisoni et al. 2020). It is expected that an increase in the
intensity of the westerlies (Thompson et al. 2011) will have an impact on the coastal
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upwelling (see however Pessacg et al. this volume). In addition, another mechanism
for input of nutrients into the sea is due to the contribution of dust transported by the
atmosphere. In the Patagonian shelf, dust contribution to primary productivity is a
subject of active research: Johnson et al. (2011) concluded that atmospheric fluxes
of mineral dust from Patagonia are not likely to be the major source of bioavailable
iron to ocean regions characterized by high primary productivity; similarly, a recent
study that combined a long record of in situ terrestrial dust, satellite data of Chl a
and currents suggested that dust from Tierra del Fuego is not a source of nutrients
for the Chl a blooms observed (Cosentino et al. 2020). On the other hand, Paparazzo
et al. (2018) observed a bloom after a dust event in the NG coastal area. In a context
of intensification of the westerly winds, dust storms could favor the fertilization of
the ocean if its role as a fertilizer is confirmed in the area.

A positive trend in SST of about 0.3 °C per decade is shown in Fig. 2a. Recently,
Leyba et al. (2019) found a significant positive trend in SST during winter over
much of SJG, not being significant in summer. On the other hand, the sea level
anomaly trend found within SJG is one of the smallest ones along the Patagonian
coast (Fig. 2¢; Ruiz Etcheverry et al. 2016).

Finally, Marrari et al. (2016) found an increase of 2% per year of Chl a concen-
tration within the SJG since 1997. This positive trend is mainly located in the coastal
regions (depth < 50 m) west and south of the GSJ (Fig. 2b; Marrari et al. 2016).

The Southern Patagonia Shelf, Beagle Channel,
and Magellan Strait

Baseline

The properties and dynamics of the water masses present in the southern Patagonian
shelf (SPS) and associated channels and straits south of 47°S are largely influenced
by the inflow of diluted subantarctic waters coming from the Pacific ocean. This
connection is provided by the eastward outflow of the Magellan strait (Brun et al.
2020) and the Cape Horn current (Strub et al. 2019), a branch of the West Wind
Drift that flows poleward along the Pacific coast of South America from 40°S. Upon
encountering Cape Horn, the waters transported by the Cape Horn current are
advected northeastward by another branch of the Antarctic Circumpolar current and
enter the SPS through the Le Maire strait and the passage east of Isla de los Estados
(Guihou et al. 2020; see Fig. 6 for geographical locations).

The precipitation regime in the Magallanes-Tierra del Fuego region exhibits a
distinct longitudinal gradient, with a sharp discontinuity marked by the Andes
mountain range. Humidity from the Pacific ocean is pushed by the prevailing west-
erlies, which produces high precipitation rates by orographic control on the western
side of the Andes. On the contrary, dry winds and relatively low precipitations are a
common feature east of the cordillera. Together with direct rainfall, seasonal
(spring-summer) inputs from snow and ice melting also contribute to freshwater
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Fig. 6 Bathymetric chart (depth in meters) of the southern Patagonian shelf. CH, LMS, and IE
correspond to Cape Horn, Le Maire strait, and Isla de los Estados, respectively

inputs. The precipitation/runoff excess on the Pacific side results in a significant
dilution of subantarctic waters in the southeastern Pacific, a signal that, helped by
the regional circulation, propagates to the Patagonian shelf and can be traced as far
north as SJG (Acha et al. 2004) or even the SMG according to Palma and Matano
(2012). The northeastward flow of waters of Pacific origin has been estimated as
0.88 Sv at 51°S by Guihou et al. (2020).

The west coast of the Andes presents a complex morphology inherited from the
combined action of tectonic movements and successive glaciations during the
Quaternary (Rabassa and Clapperton 1990; Rabassa 2008; see Isla and Isla this
volume). These cycles have carved a vast network of fjords, channels, and archi-
pelagos extending from 42°S to Cape Horn (56°S). Some of these erosive marks,
namely, the Magellan strait and the Beagle channel, have evolved into uninterrupted
conduits that put in contact the Pacific and Atlantic oceans and thus must be consid-
ered together with the inflow across Cape Horn in the total transport of water and —
mainly — properties into the Atlantic Patagonian shelf.

In its equatorward transit, the flow of waters of Pacific origin is supposed to also
entrain part of the Beagle channel outflow before entering the SPS. Further north,
the plume of relatively freshened waters is further diluted upon encountering the
mouth of the Magellan strait at 52°S. Even though the flow through the Le Maire
strait and the shelf-break dominates the volume transport into the SPS (Guihou et al.
2020), the outflow of the Magellan strait at 52°S is considered as the most signifi-
cant contributor to the freshening of the SPS waters (e.g., Palma and Matano 2012).
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The circulation in the SPS is complex due to its abrupt bathymetry, but the net
transport is directed to the north and northeast, as a tongue of freshened waters
mixed by winds and tides (Palma et al. 2008; Palma and Matano 2012). This body
of freshened water, called the Magellan plume, progresses northward along the SPS
controlled by the combined effects of the wind, tides, and western boundary cur-
rents (Palma et al. 2004; Palma and Matano 2012). Around the Magellan strait, the
combination of strong tidal mixing and low-salinity coastal plumes generates fron-
tal systems which show a semi-annual cycle changing their orientation from sum-
mer to winter (Rivas and Pisoni 2010).

The dominant winds interact with the morphology of the Grande bight at 52°S,
resulting in a counterclockwise gyre at its southern part (Glorioso and Flather 1995;
Palma et al. 2008). Cool and freshened northward flowing waters that originate in
the Cape Horn current and the Magellan strait encounter that anticyclonic gyre of
warm waters, forming a conspicuous front that extends northeastward from Grande
bight. Flow divergence results in upwelling motions that may sustain the high pri-
mary and secondary biological production observed in the Grande bight and its
surroundings (Schloss et al. 2007; Sabatini et al. 2016).

The Magellan Strait

The strait stretches for almost 600 km along a tortuous path, starting in the Pacific
coast and opening to the Patagonian shelf at 52.5°S. The width and depth of the
strait vary dramatically along its course, with depths >1,000 m at the Pacific entrance
and only 70 m at the Atlantic mouth. Tidal amplitudes are also contrasting, from
1.2 m in the west to more than 7 m at its eastern limit (Panella et al. 1991; Fierro
2008). The net flow is, like in the rest of the region, eastward (e.g., Panella et al.
1991), implying a transfer to the Patagonian shelf of the freshened waters that infill
the Magellan strait. Subantarctic waters enter the strait from the west and are pro-
gressively modified by continental inputs. At the Atlantic exit, modified subantarc-
tic waters (Sievers and Silva 2008) with salinities 31-32 are injected into the
SPS. Recently, Brun et al. (2020) estimated a net transport from the Pacific to the
Atlantic along the Magellan strait of the order of 50,000 m* s~!.

The Beagle Channel

Together with the interoceanic gateway that the Magellan strait represents, another
uninterrupted though tortuous passage at latitude 55°S connects the Pacific ocean
with the eastern coasts of South America: the Beagle channel. This 300-km-long
conduit displays a very variable bathymetry, comprising small basins and bays with
depths up to 400 m intervened by narrow and shallow sills 10-20 m deep. These
features, combined with important freshwater inputs, have led some authors to sug-
gest that the channel displays a fjord-like circulation (Isla et al. 1999). The mean
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surface flow is eastward, that is, from the Pacific to the Atlantic ocean (Balestrini
et al. 1998), while more complex flow patterns are observed inside bays (Flores-
Melo et al. 2020). In areas deeper than 50 m, the Beagle channel displays a seasonal
cycle of vertical stratification, mainly controlled by freshwater inputs during spring
and summer. In winter, reduced runoff and air-sea heat losses trigger the complete
mixing of the water column by convection (Flores-Melo et al. 2020). The combina-
tion of seasonal stratification, sluggish flow, relatively high residence times (Cucco
et al. 2019), and relevant inputs of organic matter from both natural and anthropo-
genic sources (Gil et al. 2011) result in the depletion of oxygen concentrations near
the bottom at some sectors of the channel. This condition is particularly notable near
the city of Ushuaia (Martin et al. 2016; Flores-Melo et al. 2020).

Tides in the channel are meso-microtidal with a range of amplitudes 0.67-2.18 m
(D’Onofrio et al. 2016), contrasting with amplitudes up to 10 m in the northern sec-
tor of the SPS.

Observed Changes and Possible Consequences

Projections by IPCC (2014) signal high-latitude environments as those to be more
likely affected by large climatic changes in the near future. The transport at the
southernmost tip of South America is governed by a net transfer of water from the
coastal Pacific to the Atlantic Patagonian shelf. Such transport is mediated by the
prevailing westerlies and buoyancy forces. South of 50°S, winds impinging on the
Pacific coast and associated precipitations have been increasing during the last
decades according to Garreaud et al. (2013). Such changes can be associated with
the observed positive trend of the SAM, which in turn has been associated with
anthropogenic forcing (Marshall et al. 2006). The positive SAM trend reported by
Marshall et al. (2006) would also lead to significant changes in the water mass char-
acteristics (lower salinity) of the SPS (Guihou et al. 2020).

In fact, glacier retreat is being observed in the large ice fields of southern
Patagonia (Bown et al. 2019) and is well documented in the eastern limit of the
glacier distribution (Strelin and Iturraspe 2007).

An increase in freshwater inputs would result in an intensification of the Cape
Horn current, implying larger water transports and increased dilution in the
Patagonian shelf. In particular, in environments like the Beagle channel where tides
are not strong enough to mix the water column, the strength of vertical stratification
should increase in response to an eventual rise of runoff and water temperature,
leading to a potential increase of frequency and intensity of hypoxic events.

Final Remarks

In this chapter we reviewed the main forcings that drive the ocean circulation in the
Patagonian shelf with focus in the coastal regions. We also computed trends of satel-
lite variables: SST, SSH, and Chl a. A significant positive trend (up to 0.04 °C per
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year) north of ~50°S and negative values (up to —0.02 °C per year) south of 50°S
are observed. The negative SST trend observed in the southern portion of the region
is associated with the positive trend observed in the dominant westerly winds within
those latitudes. The spring Chl a linear trend observed shows values as large as
2 mg m~ over a 10-year period in the outer portion of the continental shelf between
50 and 40°S. The linear trend in SSH ranges between 2 and 5 mm yr~! (95% confi-
dence level) in good agreement with previous results. In the northern region, the
positive linear trends are associated with local changes in the density field caused by
advective effects in response to a southward displacement of the South Atlantic
High. Recent studies show that the SAM is one of the main players that might
explain a portion of the interannual variability observed in the Patagonian shelf.
Findings reported here are in agreement with the main results and predictions
reported in the IPCC report for the southwestern Atlantic (IPCC 2014). A decrease
in dissolved oxygen concentration and in pH (increasing ocean acidification) are
also predicted (Bindoff et al. 2013).

In the northern Patagonian gulfs, the southward migration of the semipermanent
South Atlantic High pressure system will induce a higher frequency of northerly
winds. This scenario could favor the occurrence of coastal upwelling events
and a decrease in the mixed-layer depth of up to 5 m per decade, as estimated by a
global numerical model in the SMG and NG between 2003 and 2017
(Franco et al. 2018).

In SJG, more favorable upwelling conditions can be generated on the southern
coast of the gulf as the result of an increase in the intensity of the westerlies
that is expected as part of the climate change for these latitudes (Thompson
et al. 2011).

In the southern Patagonia shelf, the increase of winds in the Pacific coast and
associated precipitation can be associated with the observed positive trend of the
SAM and affect the net transfer of water from the coastal Pacific to the Atlantic
Patagonian shelf and therefore significant changes in the water mass characteristics
(lower salinity) of the southern Patagonia shelf.

Accurate long time series of multiple physicochemical parameters is the limiting
factor to produce the necessary knowledge to be able to adapt to and mitigate the
climate change that the region is facing. Such measurements are difficult and expen-
sive to obtain. Yet, they can make the difference to have the chance to preserve the
Patagonian Sea as a healthy and productive ecosystem.
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