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Abstract: Regional sea level rise varies from the global average and is influenced by

climate variability. We studied sea level anomalies in southern Brazil from 1993 to 2022,

finding increasing trend from 1993 to 2022. We used oceanic and atmospheric dynamics

to understand the rapid sea level rise. Positive trends in the Southern Annular Mode

and the South Atlantic Ocean subtropical gyre intensified wind stress curl and Ekman

transport. If global warming continues and the Southern Annular Mode remains in a

positive trend, sea level rise in southern Brazil is likely to persist and increase risks for

the population in this low-lying coastal area.

Key words: South Atlantic Ocean, subtropical gyre, western boundary current, wind stress

curl.

INTRODUCTION

An “exclusive economic zone” (EEZ) is an area
of the ocean in which a coastal nation has
jurisdiction over all resources. This zone extends
200 nautical miles (230 miles) beyond a nation’s
territorial sea (NOAA 2024). In Brazil, around
95% of national oil is extracted in Brazilian
jurisdictional waters, through which 95% of
the country’s foreign trade also passes. This
area, known as the “Blue Amazon,” has unique
ecosystems and marine resources fundamental
to regional economies. The Blue Amazon
nomenclature was due to its similarity with the
Amazon Forest (“Green Amazon”) in terms of
dimensions, abundance of natural resources,
and environmental, scientific, economic, and
strategic importance. Through the Brazilian
Continental Shelf Survey Plan (LEPLAC), Brazil
requested international recognition from the
United Nations for the expansion of Brazilian
jurisdictional waters. Extending the Brazilian

continental shelf has continued for more than
70 years. It has allowed Brazil to expand its
sovereignty, exceeding the limit of 200 miles, as
established in the United Nations Convention on
the Law of the Sea. In this long process, around
770 000 km?, referring to the first submissions,
and 170 000 km? of the current claims located
to the South margin are already recognized
(da Silva 2013), which belongs to the Brazilian
southernmost states, that include Rio Grande do
Sul (RS) (Figure 1).

The Rio Grande do Sul Coastal Plain extends
for 605 km on the Brazilian southern coast
(28°5-35°S, 48°W-54°W) with a population of
582 261 inhabitants (IBGE 2022). Its beaches
are dissipative, characterized predominantly by
the action of waves and coastal currents of the
southeast quadrant, although the most recurrent
are those of the northeast. The dominant wind
of the region comes from the northeast (in the
spring and summer months) and southwest
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Figure 1. X-TRACK altimetry

s

2405-]

27°5

RIO GRANDE
DO SUL STATE

Legend
Track 254
Track 76
Track 152
Track 228
Track 239
39°5 Track 163
Track 61
Maritime Side

36°5—

Exclusive Economic Zone (ZEE)

| [—— Continental Shelf (PC

(in autumn and winter) (Almeida et al. 1997,
1999). The region has unique coastal vegetation
and vast diversity in national environmental
protection reserves. Schossler et al. (2018, 2020)
presented results that prove the influence of
SAM on extreme events in the study area. Global
climate change poses a significant threat to low-
lying coastal areas, making them particularly
vulnerable to its effects.

Although sea level assessments on a global
scale are critical to the future of humanity,
evaluations from regional scales are essential
when considering coastal security issues in
specific locations. The regional scale includes
local changes occurring in areas from tens to
hundreds of kilometers. This scale may differ from
the global average due to solid Earth processes
or variations caused by ocean-atmosphere
coupling (Stammer et al. 2013, Gregory et al.

data and the localization
of the study area are
presented as follows:

(a) The global coverage
of X-TRACK, (b) the
localization of the study
area, and (c) the coast

of the Rio Grande do Sul
state in Brazil with the
distribution of utilized
tracks, and legal boundary
of the exclusive economic
zone and the continental
shelf.

EBCO, Garmin NaturalVue

2019, Hamlington et al. 2020a). In this way,
atmospheric and oceanic circulation shifts can
produce variations in regional sea levels as part
of the dynamic process (Stammer et al. 2013, Han
et al. 2019). Due to these variations, the studies
that evaluate regional scales use the dynamic
sea level (DSL) as an indicator to quantify
changes since DSL is the sea surface high above
the geoid, with the inverse barometer correction
applied (Gregory et al. 2019). The DSL varies on
interannual and decadal timescales, generating
variability in sea level along the shore and
between the coast and deep ocean, changing
the trends (Boening et al. 2012, Han et al. 2019,
Woodworth et al. 2019). Therefore, the coastal
sea level reacts to remote or local changes in
atmospheric and ocean circulations (Church et
al. 2014, Kopp et al. 2015, Carson et al. 2016, Han
et al. 2019). The long-term oscillations in the
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climate system of the Earth, known as climate
modes, represent another important source of
variability for sea level on a regional scale.

Climate modes are a powerful part of
climate variability spatial structure, with the
amplitude represented for an index (Hernandez
et al. 2020). The climate modes affect coastal
sea levels by forcing local winds and by remote
influence from the ocean (Woodworth et al. 2019).
Therefore, unlike long-term sea level changes,
the decadal DSL changes are due to the natural
climate modes and atmospheric-ocean coupling
(Stammer et al. 2013). The leading mode of
extratropical climate variability in the Southern
Hemisphereisthe Southern Annular Mode (SAM),
defined by the pressure gradient between mid
and high latitudes (Thompson & Solomon 2002,
Fogt & Marshall 2020). SAM explains one-third of
the variability in the extratropical atmospheric
circulation in the Southern Hemisphere (Rogers
& van Loon 1982, Kidson 1988, Kidson & Watterson
1999). The positive SAM phase is associated with
intensification of the westerly winds over the
circumpolar ocean (~ 60°S) and attenuation in
subtropical latitudes. Zonally symmetrical SAM
variations also affect the large-scale variability
in oceans. They drive the Ekman transport to
the north in all longitudes from the circumpolar
region to around 30°S latitude (Thompson &
Wallace 2000, Hall & Visbeck 2002). Additionally,
the upwelling around Antarctica is higher due
to mass continuity, leading to a sizeable vertical
tilt of the isopycnals in the Southern Ocean and
an increase in the Antarctic Circumpolar Current
transport.

The trend towards positive SAM over the last
50 years is responsible for the high interannual
variability of zonal and meridional wind tension,
which intensifies ocean circulation in subtropical
and subpolar oceans, thereby strengthening
ocean gyres (Thompson & Solomon 2002, Willis
et al. 2004, Roemmich et al. 2007). Alterations

THE SOUTHERN ANNULAR MODE AND SEA LEVEL

in the atmospheric forcings, like wind stress
and heat fluxes, lead to DSL changes (Lowe
& Gregory 2006, Han et al. 2016, 2019). At the
regional scale, the sea level changes may result
from these variations in forcing factors, such as
trends in wind stress (Cazenave & Moreira 2022).
Wind stress is the horizontal force of the wind on
the sea surface, and the wind stress curl (WSC)
measures its rotation (Munk 1950). The WSC
produces long westward-propagating Rossby
waves, followed by sea level rise throughout
the propagation track, and it is responsible for
large-scale ocean circulation. Pronounced wind
stress over ocean basins causes Ekman transport
anomalies, increasing water accumulation in
the southwest portion (Sverdrup 1947, Stommel
1948). This pumping causes a deepening of
the tropical thermocline, raising the local sea
level (downwelling) and leading to a shallower
thermocline and a lower sea level in the east-
sea portion (upwelling). Since the 1970s, wind
stress has generated pronounced changes in the
subtropical mid-latitude oceanic circulation (Cai
et al. 2005). In this context, the notable changes
in poleward migration of jet streams and west
winds show that all extratropical circulation
is moving in the poleward direction, including
the subtropical edge of the Hadley cell (Fyfe et
al. 1999, Thompson & Solomon 2000, Seidel &
Randel 2007, Yang et al. 2020).

Many studies have shown that these shifts
in atmospheric circulation are due to climate
modes (Fyfe et al. 1999, Thompson et al. 2000).
For example, in its positive phase, SAM favors
the movement of the Hadley Cell poleward
drive by troposphere temperature rise and
tropopause height (Previdi & Liepert 2007, Monn
& Ha 2019). The continued Hadley Cell southward
expansion over the South Atlantic Ocean (SAO)
takes changes to the South Atlantic Subtropical
Anticyclone (SASA). SASA is the main feature
of the atmospheric circulation over the SAO.

An Acad Bras Cienc (2024) 96(Suppl. 2) €20240592 3|16



VENISSE SCHOSSLER et al.

In this turn, when SAM is in a positive phase,
SASA migrates poleward too (Sun et al. 2017,
Reboita et al. 2019). Moreover, the extratropical
atmospheric circulation changes are also
associated with global warming, resulting in a
poleward shift of ocean gyres and alterations
in the marine heat transport, regional sea level,
and coastal circulation (Yang et al. 2020). Over
the past few decades, many research groups
have focused on the effects of these changes
on the different sea level patterns on regional
scales worldwide (Sturges & Hong 1995, Hong
et al. 2000, Han et al. 2010, Merrifield & Maltrud
2011, Yin & Goddard 2013).

Nevertheless, the consequences of changes
in atmospheric circulation in the SAO for coastal
regions of South America still need to be
better understood. This necessity is particularly
relevant due to the high susceptibility of the
area to climatic modes, which profoundly
influence its meteorological patterns (Silvestri
& Vera 2003, Sen Gupta & England 2006,
Schossler et al. 2018, 2020). Our objective is to
evaluate the regional sea level variability on the
Brazilian Southern territorial sea, called Blue
Amazon (Figure 1). Therefore, we also assessed
the possible relations between the regional sea
level variations and changes in atmospheric
circulation over the SAO that can affect this
exclusive economic zone and, consequently,
your population.

DATA AND METHODS

Sea level data

We used the software X-TRACK, designed by
the Laboratoire d’Etudes en Géophysique
et Oceanographie Spatiale (LEGOS 2023) to
overcome the related problems to satellite
sea level altimetric measures in coastal areas
(altimeter range, ionospheric, model dry and
wet tropospheric, solid earth tide height, sea
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state bias, geocentric ocean tide, geocentric pole
ocean tide, dynamic atmospheric corrections).
This software performs a post-processing
algorithm that reexamines sea surface height
altimetry data from the continental margin that
processes the sea level anomalies (SLA) onto
reference tracks with an approximately 6-7 km
interval between each point (1 s). Regional SLA
processing includes a low-pass filter with a 40
km cutoff frequency (see further details in Birol
et al. 2017). The X-TRACK SLA values are obtained
by Jason orbit: Topex-Poseidon, Jasons 1, 2,
and 3. We used the 1993-2022 period from the
X-TRACK Atlantic South America region (Figure
1) obtained from https://www.aviso.altimetry.fr.
To get the annual SLA for the study area, we
use 1073 cycles for each of the six tracks that
cover it. By averaging the points and cycles, we
could obtain the annual SLA to 1993-2022. We
evaluate the serie trend using the straight-line
equation, to determine the rate of increase or
retreat, through the angular coefficient and
its respective significance level (p-value). The
adherence of the time serie to the trend line was
also evaluated using the Pearson correlation
coefficient.

For gridded sea level, we used the Global
Ocean Gridded L4 Sea Surface Heights and
Derived Variables (2023) by Copernicus, with
a spatial resolution of 0.25° x 0.25°, period
1993-2022 (accessed at https://data.marine.
copernicus.eu/viewer/expert?view=dataset&dat
aset=SEALEVEL_GLO_PHY_L4_MY_008_047).

Atmospheric and oceanic data

To evaluate changes in SASA and the winds, we
generate mean sea level pressure (MSLP) and
u/v winds components (10 m), vector, mean and
anomalies fields from

ERA 5 (Copernicus 2023, Hersback et al. 2020)
(https://cds.climate.copernicus.eu/datasets) To
describe the interactions between variations in
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atmospheric circulation and water transport,
we use Ekman transport and WSC data from
the U.S. Navy Fleet Numerical Meteorology and
Oceanography Center — FNMOC (2023), with
the following attributes 360 x 180 (geospatial
distribution), from 6 h pressure (periodicity)
(https://coastwatch.pfeg.noaa.gov/erddap/
wms/erdlasFnWPr_LonPM180/index.html). To
enhance the understanding of how SAM polarity
influences the Southern circulation, we use
the Marshall annual index (2003), which can be
accessed from the following website: https://
climatedataguide.ucar.edu/climate-data/
marshall-southern-annular-mode-sam index-
station-based. Marshall uses SLP records from
six stations (approximately at 65° S and 40° S).
Finally, we analyzed the correlations between
wind and MSLP and between SLA and WSC. Using
Pearson’s correlation, we compared all times
for each grid point between the two variables.
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Negative values indicate an inverse relationship
between the variables and positive values
indicate a direct relationship. The analyzed
climatology is 1993-2022, and the climatology
used for anomalies is 1960-1990.

RESULTS

The analysis reveals intriguing and significant
connections between sea level fluctuations
in the research area and the trend towards a
positive Southern Annular Mode (SAM). We
utilized six tracks covering the territorial sea of
Rio Grande do Sul state to calculate sea level over
a 30-year period (Figure 2a). All tracks exhibit
similar patterns in the initial and final years of
the time series (Figure 2b). However, there are
variations in the sea level anomaly (SLA) values
between 2007 and 2010. Notably, SLA values were
predominantly below average from 1993 to 2001,
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Figure 2. Sea level anomaly time series from 1993 to 2022. Figure (a) demonstrates a positive trend (p-value < 0.05)
in the annual mean of X-TRACK sea level anomaly, (b) compares the annual values of the six X-TRACK tracks with
their mean and, (c) the Copernicus sea level anomaly gridded data map. A solid black line in the map represents
the significant values of sea level anomaly in meters. The yearly rate of change is 0.004 meters.
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with an increase observed from 2001 to 2003,
followed by subsequent fluctuations until 2008.
After this period, there was a consistent rise in
SLA, culminating in the highest point at the end
of the 2009-2022 series, reflecting a positive
trend (R’=0.7552). To validate our findings, we
cross-referenced the Copernicus SLA time series
data (Figure 2c) and, the map illustrates the
Copernicus SLA climatology, revealing higher
sea levels on the north coast compared to the
extreme south of the state. Anomalies vary
from -0.05 to +0.08 meters (0.004 m/year), with
a confidence in the positive elevation trend (p
< 0.05). We calculated the slope of the linear
regression in variable units/time and estimated
the error and significance of these trends (r =
0.57).

The MSLP data for the analyzed period
shows a strengthening of the pressure gradient
between medium and high latitudes (Figure 3).
Analyzing these variations in MSLP and winds can
provide insights into potential oceanographic
variability, such as the development of the
strength of Ekman transport due to the WSC. The
figure 4 shows a a slight expansion westward
an poleward of the SASA compared to previous
climatology (1960-1990). There is an increase in
pressure gradient in South America direction,
which indicates that the westward expansion
of SASA and the positive SAM are contributing
to this change (Figures 4a and b). Figures 3 and
4 show the average SAM index result (14) for
the time series. The expansion of the Hadley
cell is present, although discreet, becoming
more evident when we observe the anomalies.
We observed changes in the low-pressure belt
around the Antarctica. On the outskirts of the
Antarctica continent, the pressure is decreasing.
We observe the strength of the Amundsen Sea
Low and the SASA. Table | shows a positive
correlation between the SAM index and the SLA
across all six tracks. This positive correlation
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Figure 3. The mean sea level pressure (a) and the
anomalies (b) in hectopascal for the 1993-2022 time
series. The anomalies are referred to 1960-1990
climatology.

indicates that when the SAM is positive, the SLA
is also positive.

The intensification of the pressure gradient
between medium and high latitudes indicates
varying atmospheric conditions, such as the
westerlies around Antarctica patterns, related
to climatology 1960-1990 (Figure 5). The
composition of the zonal and meridional fields
shows the strengthening of the westerlies in
high latitudes, mainly between southern South
America and the Antarctic Peninsula and the
Indian and Southern Oceans (Figure 5a). The
progressive strengthening of westerly winds in
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Figure 4. The mean sea
1025 level pressure between the
South Atlantic and Southern
1013 Ocean in two different
periods: (a) the 1960-1990
(1) and (b) 1993-2022 (2)
climatology. Figure (c)
compares the 1020 isobars
990 of the South Atlantic
Subtropical High in these
978  two different periods: green
(1) and red (2)—intervals of
the three hectopascals.
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high latitudes and easterly winds in medium
latitudes is a typical characteristic of the
positive SAM (Thompson & Solomon 2002). The
westerlies flow across the plains of southern
Patagonia, enhancing the Antarctic Circumpolar
Current in your contact with SAO. The easterlies
originated by SASA cross the Southern Brazil,
Uruguayan, and Argentine coastal areas slowly.
The increase in the pressure gradient between
SASA and South America intensifies the winds
on the southeast, northeast, and north Brazilian
coasts. This pattern, added to the meridional
flow increase toward the south over the west
coast and north on the eastern coast of SAO,
shows the strengthening of the SASA and the

Hadley cell poleward expansion. Noteworthy is
the intensification of winds in the equatorial
region of the SAO.

Figure 6 shows the spatial variability
correlations between MSLP, zonal and meridional
winds. A negative correlation between pressure
and zonal wind (Figure 6a) can be seen, mainly
in the center of the SASA and South American
coast (around 15°S and 50°S). As zonal wind
speeds increase, the mean sea level pressure
decreases, and vice versa. In Figure 6b, we can
see the correlation between the north-south
component and MSLP. Our study is significant
because it shows a positive correlation on the
eastern boundary of the SAQ. This process can
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Table I. Correlation between SAM and sea level anomalies across the entire maritime zone and by each six tracks.

Tracks

Rio Grande do Sul State continental shelf
RS61
RS76
RS152
RS163
RS228

RS239

lead to higher velocities in the SASA, resulting in
the negative correlation with zonal winds shown
in Figure 6a.

The WSC increased over the SAO in the
studied period (Figure 7). The increase is a
response to strengthening westerlies at high
latitudes, i.e., the trend towards positive SAM. This
trend also led to the intensification of easterly
winds, which is associated with the expansion
of the Hadley cell towards Antarctica. The WSC
intensifies over the SAO longitudinally, with the
highest values on the west coasts of Africa and
South America. South of the Cape of Good Hope,
we find another place with higher values. In the
Brazil-Malvinas confluence, the area of positive
WSC is a response to geostrophic flow due to
the intensification of the westerlies in the Drake
Passage. The greater WSCand Ekman transportin
the Brazil-Malvinas confluence compels greater
Ekman pumping, causing water transport to the
north, the study area.

With the intensification of the westerlies
and easterlies over the SAO and, consequently,
the increase of the WSC, the Ekman transport
grows towards the subtropical latitudes. The
upwelling region, between 45°S and 60°S,
supplies the downwelling at 30° S, especially in
the study area where we can observe negative
values, zero curl line, and low pumping. The

An Acad Bras Cienc (2024) 96(Suppl. 2)

Spearman Correlation p-value
0.095 0.618
0.045 0.815
0121 0.524
0113 0.553
0.215 0.254
01 0.6
012 0.528

downwelling region on the Brazilian coast
(around 20°S and 40°S) encompasses the
location of the six SLA tracks used in this
research (Figure 7b). The intensification of the
WSC on the western coast of Africa contributes
to the water transport to the coast of Brazil
because it produces a more significant layer of
upwelling. This strengthening is mainly due to
increased meridional component from south to
north. In this way, Figure 8 shows the correlation
between SLA and WSC. It's possible to see that
there are positive and negative correlations
inside the black rectangle area, Blue Amazon of
the Rio Grande do Sul state. It is also essential
to highlight the growing downwelling and low
Ekman pumping around the Antarctic continent
(except in some coastal areas).

DISCUSSION AND CONCLUSIONS

Our study describes the role of the positive
SAM in the sea level elevation on the Brazilian
southern coast from 1993 to 2022. A recent study
found an increasing sea level trend in the same
region. It attributed it to the elevation of the
steric height (halosteric and thermosteric) and
changes in the oceanic mass (Ruiz-Etcheverry &
Saraceno 2020). Here, we focused on analyses
of the influence of the changes in southern
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Figure 5. Wind fields for the period 1993-2022 (m/s-
1). In (a) the composition of the u and v vectors, (b)
and (c) the meridional and zonal wind anomalies,
respectively. Anomalies calculated from the
climatology 1960-1990.

atmospheric circulation, which SAM mainly
controls.

THE SOUTHERN ANNULAR MODE AND SEA LEVEL

The zonal component climatology over our
study period indicates an intensification of the
westerlies around Antarctica between 1993-2022
related to previous climatology, 1960-1990.
The negative SLP anomalies detected over
Antarctica are probably due to the strengthening
of the polar vortex (Marshall 2003). Notoriously,
the positive SAM produces stronger-than-
average westerlies over the mid-high latitudes
(50°S-70°S) and weaker westerlies in the mid-
latitudes (30°5-50°S) (Thompson & Solomon
2002). The positive trend of the SAM creates
a WSC maximum at 45°S and 60°S, and,
consequently, Ekman transport northward (Hall
& Visbeck 2002, Thompson & Solomon 2002).
The meridional wind stress gradient controls
changes in the WSCthat characterize the amount
of ocean water transported by the wind (Munk
1950). According to Cai et al. (2005), maximum
wind stress in the Southern Hemisphere occurs
at 60°S, generating maximum changes in
WSC at 48° S. Our results show that the WSC
maximum over the SAO extended southward,
suggesting that it is a process associated with
the migration of atmospheric and oceanic
circulation poleward (Fyfe et al. 1999, Thompson
& Solomon 2000, Cai et al. 2005, Seidel & Randel
2007, Yang et al. 2020). This process increases
the sea surface height and alongshore currents
over the Patagonian Continental Shelf and part
of Brazil's southernmost coast (Bodnariuk et al.
2021).

Combes et al. (2023) established that
internal ocean variability explains more than
50% of water transport on the southern Brazilian
continental shelf through changes in Ekman
transport associated with the strengthening
of westerly winds. The study area receives
transport offshore (~ 0.05 Sv at 35°S, ~ 01 Sv at
30°S), thereby resulting from tides and winds
with significant contribution of the local wind
forcing on the shelf circulation (NE and SW
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Figure 6. The maps illustrate the relationship between zonal (a) and meridional (b) winds and mean sea level
pressure.

Figure 7. Regional view
of the wind stress curl
(MPa m-1) and Ekman
0.13 transport (Kg m-1 s-1).
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Ekman transport force
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0.20

-0.03

-0.20

3000

2500

2000

1500

B . - .

’
’
r

¥

sl o s 5 5 5 5 - -

1000

R e ]
O

500

.8
\

An Acad Bras Cienc (2024) 96(Suppl. 2) €20240592 10 | 16



VENISSE SCHOSSLER et al.

predominantly), which complements the more
significant forcing exerted by the Brazil Current
(Combes et al. 2023). By the way, the Brazil-
Malvinas Confluence is migrating southward
together with the fronts and gyres related to the
strengthened and southward displacement of
the westerlies (Combes & Matano 2014, Leyba et
al.2019, Qu et al. 2019, Ruiz-Etcheverry & Saraceno
2020, Yang et al. 2020). Combes & Matano (2014)
showed that, during 1993-2008, there was a
generalized weakening of the Southern Ocean
circulation associated with the weakening of the
westerly winds that caused drift to the south of
the Brazil-Malvinas Confluence. This migration
enhanced the annual transport variability of the
Malvinas Current at 40°S and WSC southward
displacement. Our results for the same period
also point to westerly negative anomalies and
weaker WSC (not shown) related to the used
time series (1993-2022). Other studies say that
the variations in position of the Brazil-Malvinas
Confluence are due to controlling factors, like
WSC over the subtropical gyre and the Antarctic
Circumpolar Current transport at the Drake

THE SOUTHERN ANNULAR MODE AND SEA LEVEL

Passage (Matano 1993, Garzoli & Giulivi 1994,
Wainer et al. 2000, Goni & Wainer 2001, Fetter &
Matano 2008, Combes & Matano 2014).

The WSC variation caused by the positive
SAM trend also provokes rotation of the mid-
latitude oceanic circulation and the subtropical
gyres poleward expansion. Past studies have
identified that the most significant migration
occurs on the western boundary of SAQ, in the
latitude band of 44°S and 54°S (Cai et al. 2005).
During positive SAM, the westerlies get more
robust due to a low-pressure system centered at
50°S that empowers the currents and the SASA,
which results in easterly surface wind anomalies
(Thompson & Wallace, 2000). This process
strengthens the subtropical gyre and the Brazil
Current (Schmid & Majumder 2018). Bodnariuk
et al. (2021) find a high correlation between SAM
positive and the alongshore wind anomalies
over the Brazil and Malvinas currents (between
30°S and 55°S). They affirm that the alongshore
wind anomalies induce stronger currents than
usual due to sea surface height adjustment
for offshore Ekman transport. Our results

l1.5

+1.0

+0.5

+-1.0

30W l-1 5

Figure 8. The Figure illustrates the correlation between sea level anomalies and wind stress curl within the study

area, which is outlined by a black box (1993-2022).
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showed that during the study period, the force
exerted by WSC over SAO was predominantly
positive, thereby increasing the downwelling
area between 23°S and 35°S in the western
boundary of SAO. We also recorded a vorticity
intensification over the SAO and the expansion
of the negative WSC in the study area, which, in
turn, elevated the sea level. During the analyzed
period, WSC intensified the downwelling on the
Brazilian southern coast and upwelling on the
African coast.

As part of global circulation, the large-scale
change in the oceanic gyre has the potential to
reshape the circulation of the ocean over the
tropics, close to coastal regions, and also to
change meridional overturning circulation (Lique
& Thomas 2018, Yang et al. 2020). The strength
of the trade winds imposes intensity on the
South Atlantic subtropical gyre that experiences
interannual to decadal variations associated
with pressure variation in the SASA (Venegas et
al. 1997, Sterl & Hazeleger 2003, Grodsky & Carton
2006). Shifting in gyres promotes a pronounced
rise band at sea level over medium latitudes.
This pattern overlaps with the global sea level
average rise, thereby causing an extra threat
to the islands and coastal regions at medium
latitudes (Yin & Goddard, 2013). This mechanism
is the same that can explain the observed sea
level elevation in the study area once it is part of
the South Atlantic subtropical gyre and is under
the influence of SASA and SAM (Sun et al. 2017,
Reboita et al. 2019). All these coupled ocean-
atmosphere activities can vary with the polarity
of the SAM (Thompson & Wallace 2000, Hall &
Visbeck 2002, Thompson & Solomon 2002, Cai et
al. 2005).

During 1993-2022 variations in pressure
fields and winds occurred between high and
medium latitudes due to the positive SAM trend.
These processes increased Ekman transport to
the study area region by WSC intensification,
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which may result in a rising sea level. Internal
variability of regional sea level is one of the
contributing factors to its increase. However,
recent studies have shown that anthropogenic
forcing is an accelerating factor (Hamlington et
al. 2020b). Climate models that use increased
greenhouse gas effects as a variable suggest that
the change observed in oceanic gyres results
from global warming, as the displacement of
atmospheric circulation leads to changes in
gyres and subtropical fronts (Yang et al. 2020).
The rise in global temperature causes changes
in the coupling between atmospheric and
oceanic circulations. Therefore, our results add
to the understanding of the consequences of
greenhouse gas increases in the atmosphere
because they are associated with the positive
trend of the SAM and suggest effects on
regional temperature and sea level in the
middle latitudes of the SAO. The risk to which
the population of the south coast of Brazil is
exposed justifies the monitoring of the causes
and effects of global warming in the oceanic
and atmospheric circulations of the SAQ. The
anthropogenic effects will be a superposition on
the climate variability modes and natural static
sea level patterns, forcing regionally the whole
system. Furthermore, our results indicate the
need to understand how changes in the austral
atmospheric circulation may also be modifying
the DSL of the rest of the Brazilian coast.
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