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Abstract: This study investigated the spatial patterns of atmospheric circulation 
associated with surface air temperature variability trends between the Antarctic Peninsula 
and South America, during the austral summer (1979-2020).  The first mode shows a 
positive score trend, with warming in northern Antarctic Peninsula and southern South 
America. This mode is mainly associated with the positive/neutral Southern Annular 
Mode and La Niña phases. There is an anomalous low pressure in the Southeast Pacific, 
a strengthening (weakening) of the polar (subtropical) jet and a strengthening and/or 
south/southwest displacement of the South Atlantic Subtropical High, which can prevent 
the passage of transient systems over the continent. In addition, there is a negative 
phase pattern of the South Atlantic Dipole, which contributes to the strengthening of the 
South Atlantic Convergence Zone convective activity. The second mode shows a negative 
score trend, with cooling in the Antarctic Peninsula/southernmost South America and 
warming between 10-40°S over South America. This mode is mainly associated with the 
spatial pattern of Central Pacific El Niño. There is a strengthening of the low-level jet 
and a strengthening of the western branch of the South Atlantic Subtropical High, all of 
which contribute to the suppression of the South Atlantic Convergence Zone.

Key words: Climate, SAM, ENSO, SACZ.

INTRODUCTION
Since the Industrial Revolution, the increase in 
atmospheric concentrations of anthropogenic 
greenhouse gases has led to an increase in the 
global average temperature (Eyring et al. 2021). 
Among the associated consequences, there are 
increases in the intensity, frequency and duration 
of hot extremes, from daily to seasonal scales 
that are modulated by large-scale atmospheric 
circulation, feedbacks between snow/ice-
albedo and soil moisture-evapotranspiration-
temperature, among others (Seneviratne et al. 
2021). The same pattern of increasing extremes 
is observed in South America, especially in 

recent years (Skansi et al. 2013, Ceccherini et al. 
2016, Bitencourt et al. 2020, Regoto et al. 2021).

Extreme weather events significantly 
influence highly productive agricultural regions 
in South America. Polar air masses affect the 
continent´s weather and climate, through the 
abrupt drop in its air temperature (Ricarte et al. 
2015, Lanfredi & Camargo 2018, Carpenedo et al. 
2022), severe frost formations and occasional 
snow, which results in agricultural productivity 
losses (Marengo et al. 1997). These systems 
can trigger not only cold events, but also warm 
events (Rusticucci & Vargas 1995). Rusticucci & 
Vargas (1995) analyzed the synoptic conditions 
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associated with air temperature extremes over 
Argentina. The authors observed that hot extreme 
periods, in summer and winter, occur due to the 
northerly flow associated with the passage of 
cold fronts, the high-low-high pressure pattern 
(with low pressure over South America and high 
pressure over Pacific and South Atlantic oceans), 
or the presence of warm fronts over northern 
Argentina.

The asymmetrical orography of the Antarctic 
continent in relation to the geographic South 
Pole favors Rossby wave formations. These 
modify the structure of the high-level flow 
and modulate the characteristics of transient 
systems, consequently affecting mid and 
low-latitude atmospheric circulation (Pezza 
et al. 2008, Carpenedo et al. 2022). Rossby 
waves originate at the contact zone, between 
cold polar air and relatively warm air at mid-
latitudes, which is modulated by the polar jet 
stream. This undulation promotes exchanges 
between the subtropical and polar air masses 
through extratropical cyclones, migratory 
anticyclones and fronts that form around the 
Antarctic continent (Kidston et al. 2011). These 
systems directly influence the climate variability 
of South America, which, in turn, affect regional 
economies that are highly dependent on 
agricultural output. 

The Southern Annular Mode (SAM) is the 
main mode of climate variability, between mid 
and high southern latitudes (Fogt & Marshall 
2020). This mode is marked by zonally symmetric 
and out-of-phase geopotential height anomalies 
(Marshall 2003), presenting a significant non-
annular component over the Amundsen Sea 
(Thompson & Wallace 2000). The positive phase 
of SAM is characterized by negative (positive) 
geopotential height anomalies in high (mid) 
southern latitudes, which strengthens the 
westerly winds, as well as increases the frequency 
of extratropical cyclones and cold fronts around 

the Antarctic continent. This contributes to 
cooling over Antarctica and warming over the 
Antarctic Peninsula and mid-latitudes (Rudeva 
& Simmonds 2015, Fogt & Marshall 2020). 
On the other hand, opposite conditions are 
observed during the negative phase of SAM, 
favoring the propagation of transient systems 
over southeastern South America, since the 
subtropical jet is strengthened and displaced 
towards the equator (Carvalho et al. 2005, 
Rudeva & Simmonds 2015).

There is evidence of climate teleconnections 
between Antarctica and South America (e.g., 
Aquino 2012, Carpenedo et al. 2013, 2022, 
Parise et al. 2015, 2022, Queiroz et al. 2022), 
suggesting the need to better understand how 
climate variability, at high southern latitudes, is 
related to the lower latitude climate variability. 
This study investigates the spatial patterns of 
southern atmospheric circulation associated 
with surface air temperature variability trends, 
between the Antarctic Peninsula and South 
America, during the austral summer, between 
1979 and 2020. 

MATERIALS AND METHODS
Data
We use monthly atmospheric fields from the 
European Center for Medium-Range Weather 
Forecasts (ECMWF) v5 reanalysis (ERA5) from 
January 1979 to December 2020. ERA5 is the 
fifth generation ECMWF atmospheric reanalysis 
produced by the Copernicus Climate Change 
Service (C3S), in a global grid of 0.25° x 0.25° 
(Hersbach et al. 2019). In this study, we used the 
following variables: 2m air temperature, 850-hPa 
wind, 500-hPa geopotential height and 250-hPa 
zonal wind. 

We also employed monthly global 1° x 1° 
sea surface temperature (SST) from the Met 
Office Hadley Centre’s sea ice and sea surface 
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temperature data set (HadISST1; Rayner et al. 
2003), and the monthly global 2.5° x 2.5° outgoing 
longwave radiation (OLR) from the National 
Oceanic and Atmospheric Administration 
(NOAA) v2.2-1 Climate Data Record (Lee & NOAA 
CDR Program 2011). 

We obtained the monthly precipitation 
time series from the Climate Prediction Center 
(CPC) Global Unified Gauge-Based Analysis of 
Daily Precipitation (NOAA/OAR/ESRL PSL), with a 
global grid of 0.5° x 0.5°. This dataset comprises 
data from more than 30,000 weather stations. 
Data quality control is done by comparing 
this dataset with historical records, satellite 
and radar observations, and numerical model 
predictions.

The SAM and the Oceanic Niño Index (ONI) 
indices came from the CPC/NOAA. The SAM 
index projects daily standardized anomalies by 
the standard deviation of the monthly 700-hPa 
geopotential height index, south of 20°S, over 
the main SAM mode. To determine the polarity of 
the SAM index, values below (above) a standard 
deviation were defined as the negative (positive) 
phase of SAM (Reboita et al. 2009), meaning 
indices ≤ -1.0 (≥ +1.0), and as neutral phase 
values between ±1.0. La Niña (El Niño) events 
are defined as the persistence of quarterly 
anomalies (three-month moving average) of SST, 
for at least five consecutive quarters, at the ≤ 
-0.5°C (≥ +0.5°C) threshold. Climate variability 
studies widely use CPC/NOAA climate indices to 
understand the relations between systems and 
phenomena with a same variability mode (e.g., 
Oliveira et al. 2014, Rehbein et al. 2018, Reboita 
et al. 2021).

Methods
We calculated the Empirical Orthogonal 
Functions (EOF) based on 2m air temperature 
anomalies without detrend (ERA5), between 
January 1979 and December 2020. This study 

focuses on the spatial patterns of air temperature 
with linear trend, making it possible to examine 
changes over time in surface air temperature 
variability, between the Antarctic Peninsula and 
South America and the associated atmospheric 
circulation. To include both the South Pacific 
and South Atlantic sectors, our analysis is set 
within 10°S and 80°S latitudes and 130°W and 
20°E longitudes.

Based on EOF score time series, we 
identified the months with negative (positive) 
scores ≤ -1 (≥ 1), with standard deviation scores 
of ≤ -0.3 (≥ +0.3), hereafter events with negative 
(positive) scores. These events were evaluated in 
the austral summer (December-February), which 
corresponds to the active phase of the South 
American Monsoon System, the continent´s rainy 
season (Rao et al. 1996, Carvalho & Cavalcanti 
2016).

Atmospheric circulation anomalies and 
climate indices SAM and ONI were evaluated 
during events with negative (positive) scores in 
the austral summer. The statistical significance 
of the mean anomalies was obtained using the 
Student t-test, with a significance level of 5% 
(Wilks 2006).

RESULTS
The surface air temperature EOF
Figure 1a shows the energy spectrum of 
the sample covariance matrix expressed in 
percentages of explained variance of the surface 
air temperature EOF, between the Antarctic 
Peninsula and South America, along with the 
approximate 95% confidence. EOF1 explains 
14.5% of the total variance observed (Figure 
1a). In the South Pacific sector, EOF1 shows an 
alternated spatial pattern where two negative 
poles, in low- and high-latitudes, are separated 
by a positive pole over subtropical latitudes 
(~30°S). In the South Atlantic sector, EOF1 shows 
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an out-of-phase zonal pattern, between the low 
and mid-latitudes. This mode also characterizes 
a dipole pattern over the Antarctic Peninsula, 
with negative pole in the west and positive pole 
in the east (Figure 1b). This spatial pattern is 
similar to that observed in SST anomalies during 
the cold phase of ENSO (Cai et al. 2020). The EOF1 
score time series (Figure 1c) shows interannual 
variability with minimums and maximums 
occurring every 2-4 years. The linear trend of 
the EOF1 scores is +0.202 (at the 1% significance 
level), between January 1979 and December 2020. 
Therefore, there is a trend towards positive EOF1 
scores, meaning the spatial pattern of surface 
air temperature, as shown in Figure 1b.

The second mode of surface air temperature 
explains 10.9% of the observed variance (Figure 
1a). The spatial pattern of surface air temperature 
shows negative anomalies from tropical South 

America to the extratropical South Atlantic and 
in the extratropical South Pacific, and positive 
anomalies from the Southeast Pacific to the 
Southwest Atlantic (Figure 1d). The time series 
of EOF2 scores (Figure 1e) shows interannual 
variability with minimums and maximums 
occurring every 1-4 years. The linear trend of 
the EOF2 score time series is -0.202 (at the 1% 
significance level), meaning a negative EOF2 
score trend. This spatial pattern of surface air 
temperature presents the opposite signal to the 
results presented in Figure 1d.

Considering that the negative and positive 
score events presented spatial pattern of 
atmospheric field anomalies in opposite phases, 
hereafter, we chose to only present the positive 
EOF1 and negative EOF2 score events, according 
to the trends observed.

Figure 1. Energy spectrum 
(in percentage) of the 
covariance matrix of 
explained variance of the 
EOF of the air temperature 
at 2 m, between the 
Antarctic Peninsula and 
South America (domain 
between 10°S-80°S and 
130°W-20°E), from 1979 
to 2020 (a); EOF1 spatial 
pattern and time series 
(b, c); and EOF2 scores 
(d, e). Vertical bars 
show approximate 95% 
confidence level, by rule of 
thumb (North et al. 1982). 
Dashed line indicates +1 
(-1) standard deviation (SD) 
of the EOF1 (EOF2) scores. 
Continuous line indicates 
the linear trend of the EOF1 
and EOF2 scores.
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The surface air temperature EOF and ENSO/
SAM phases during summer
During the positive EOF1 score events (Figure 1c) 
we observe a predominance of La Niña events 
(56% of events) during summer (Figure 2a). 
Particularly, 39% of events combine La Niña and 
positive SAM (Figure 2b); followed by the positive 
and neutral phases of the SAM (50% of events 
each; Figure 2a), with 28% of events combined 
(neutral ENSO and SAM; Figure 2b). There is no 
negative phase of the SAM during events with 
positive EOF1 scores in summer.

During the negative EOF2 score events 
(Figure 1e), we found a predominance of neutral 
SAM (75% of events) and neutral ENSO (50% of 
events; Figure 2a). Of these, 40% of events are 
combined (neutral ENSO and SAM; Figure 2b); 
followed by 35% El Niño events, in which 20% 
are combined El Niño and neutral SAM events.

The surface air temperature EOF and 
atmospheric circulation patterns during 
summer
Figure 3 shows the spatial pattern of summer 
atmospheric field anomalies during events 

with positive EOF1 scores of the surface air 
temperature between the Antarctic Peninsula 
and South America. We can observe an 
annular pattern of 500-hPa geopotential height 
anomalies, between subtropical/mid (positive 
anomalies) and high (negative anomalies) 
latitudes of the Southern Hemisphere (Figure 
3a), similar to the spatial pattern of the positive 
SAM phase (Fogt & Marshall 2020).

At low levels, the western branch of the 
South Atlantic anticyclonic circulation (Figure 
3b) transports warm air from subtropical 
latitudes towards the south of South America 
and the south of South Atlantic, contributing 
to the warming pattern observed in the surface 
air temperature EOF1 (Figure 1b). On the other 
hand, over the high latitudes, the western 
branch of a cyclonic circulation, located over the 
Bellingshausen and Amundsen Seas, transports 
cold air over the Antarctic continent towards the 
Southeast Pacific, contributing to the cooling 
pattern observed in the surface air temperature 
EOF1 (Figure 1b). At high levels, we can see a 
strengthening of the polar jet around 60°S and 
a weakening of the subtropical jet to the north 

Figure 2. Number of events (in percentage) of El Niño, La Niña, ENOS neutral (ENSOn), positive (SAM+), negative 
(SAM-), and neutral (SAMn) SAM phases (a); and combined ENSO and SAM events (b), in events with scores equal 
to or greater than 1 EOF1 standard deviation (black bar) and in events with scores equal to or less than 1 EOF2 
standard deviation (grey bar) of the air temperature at 2 m, between the Antarctic Peninsula and South America in 
the austral summer, from 1979 to 2020.
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(Figure 3c). This is consistent with the pattern 
of 500-hPa geopotential height anomalies 
observed in the positive SAM phase (Figure 3a).

The same alternation pattern between 
negative and positive surface air temperature 
anomalies in EOF1 (Figure 1b) can be observed in 
SST (Figure 3d). There are negative SST anomalies 
in the east-central equatorial Pacific, with a 
pattern similar to cold ENSO events. In the South 
Atlantic, the SST anomaly dipole between the 
tropical and extratropical latitudes characterizes 
a negative phase of the South Atlantic Dipole 
(Nnamchi et al. 2011, Bombardi et al. 2014). There 
is anomalous suppressed convection (positive 
OLR anomalies) from the east-central equatorial 
Pacific to northeastern Argentina, Uruguay and 
southern Brazil, and anomalous convection 
(negative OLR anomalies) over northern South 
America towards southeastern Brazil, although 
not statistically significant (Figure 3e). The 
spatial pattern of OLR anomalies over South 
America, presenting negative OLR anomalies 
between the northwest and southeast Brazil 
and positive OLR anomalies over northeastern 
Argentina, Uruguay and southern Brazil, is 
similar to the seesaw pattern associated with 

the strengthening of convective activity in the 
South Atlantic Convergence Zone (SACZ; e.g., 
Muza et al. 2009, Mattingly & Mote 2017). In the 
western South Pacific, between the equator and 
approximately 40°S-120°W, there is a negative 
anomalous convection, which may indicate a 
strengthening of the South Pacific Convergence 
Zone (Vincent 1994).

Figure 4 presents the spatial pattern of 
summer atmospheric field anomalies during 
events with negative EOF2 scores of the surface 
air temperature, between the Antarctic Peninsula 
and South America. We can observe a wave 
train pattern in the 500-hPa geopotential height 
anomalies (Figure 4a), between the tropical 
Pacific/Indonesia region and South America, 
similar to the Pacific-South America pattern 
(PSA; Mo & Higgins 1998, Mo & Paegle 2001).

Between the Amazon region and southern 
Brazil, there are northwesterly 850-hPa winds 
anomalies (Figure 4b), possibly indicating a 
strengthening of the South American low-level 
jet (SALLJ) and a warm air transport from tropical 
latitudes towards southern Brazil, contributing 
to the positive air temperature anomalies of the 
negative EOF2 scores (Figure 1d).

Figure 3. Anomalies composites of the 500-hPa geopotential height (m) (a); 850-hPa wind (m/s) (b); 250-hPa 
zonal wind (m/s) (c); sea surface temperature (°C) (d); and outgoing longwave radiation (W/m²) (e), in the austral 
summer, during the positive scores (equal to or greater than 1 standard deviation) of the EOF1 2m air temperature, 
between the Antarctic Peninsula and South America. Gridded areas are significant at the 5% level.
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At high levels, there is a weakening of the 
polar jet around 60°S, between the South Pacific 
and South Atlantic, and a strengthening of the 
subtropical jet in southern South America (Figure 
4c). Between the west of the Antarctic Peninsula 
and northern South America, a pole-equator 
teleconnection pattern is evident through 250-
hPa zonal wind anomalies, which can act as 
Rossby waveguides (Hoskins & Ambrizzi 1993).

In the ocean there is a similar spatial 
pattern (Figure 4d) of surface air temperature 
of the negative EOF2 scores (Figure 1d), with SST 
positive anomalies in the central equatorial 
Pacific and negative anomalies between the 
southernmost South America and Antarctic 
Peninsula. Anomalous convection occurs in the 
central-west equatorial Pacific and between 
southern Brazil, Uruguay and northeastern 
Argentina (Figure 4e). On the other hand, 
there is an anomalous suppressed convection 
between northern and southeastern Brazil, 
with northwest-southeast orientation. This is 
similar to the seesaw pattern associated with 
the weakening of the SACZ (e.g., Muza et al. 2009, 
Mattingly & Mote 2017).

DISCUSSION AND CONCLUSIONS
This study analyzed the spatial patterns of 
atmospheric circulation associated with trends 
in surface air temperature variability between 
the Antarctic Peninsula and South America 
(domain between 10°S-80°S and 130°W-20°E), 
during the austral summer, from 1979 to 2020.

The main variability mode of surface air 
temperature shows a warming in northern 
Antarctic Peninsula and southern South America, 
with a linear trend of positive EOF1 scores. The 
second mode shows a dipole pattern between 
the Antarctic Peninsula and South America, with 
a linear trend of negative EOF2 scores (cooling 
in the Antarctic Peninsula and southernmost 
South America and warming between 10-40°S 
over South America).

The spatial patterns of surface air 
temperature of both positive EOF1 and negative 
EOF2 scores are directly related to the SST 
anomalies. The likely causes of low frequency 
atmospheric patterns are attributed to the 
energetic and high thermal inertia roles of the 
ocean surface mixed-layer, which couples directly 
with the atmosphere (Holton 2004). Therefore, 

Figure 4. Anomalies composites of the 500-hPa geopotential height (m) (a); 850-hPa wind (m/s) (b); 250-hPa 
zonal wind (m/s) (c); sea surface temperature (°C) (d); and outgoing longwave radiation (W/m²) (e) in the austral 
summer, during the negative scores (equal to or less than 1 standard deviation) of the EOF2 2m air temperature, 
between the Antarctic Peninsula and South America. Gridded areas are significant at the 5% level.
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spatial patterns of SST anomalies, on seasonal 
and interannual timescales, act as a thermal 
forcing to the atmosphere (Hoskins & Karoly 
1981). Anomalous troughs (ridges) at middle 
levels contribute to SST patterns and surface air 
temperature by: (1) weakening (strengthening) 
of downward movements or strengthening 
(weakening) of upward movements, which may 
contribute to cooling (warming) by adiabatic 
expansion (compression); (2) increase (decrease) 
of cloud cover, observed through negative 
(positive) OLR anomalies, allows less (more) 
solar radiation to reach the surface, which may 
contribute to surface cooling (warming); and (3) 
cold (warm) advection by anomalous southerly 
(northerly) winds on the west (east) branch of 
the trough and east (west) of the ridge.

The positive EOF1 scores of surface air 
temperature are mainly associated with the cold 
phase of ENSO and the positive/ neutral phase of 
SAM. Studies show that the relationship between 
ENSO and SAM tends to favor the positive phase 
of SAM during La Niña events (Gong et al. 2010, 
Fogt et al. 2011, Wilson et al. 2016). Atmospheric 
circulation during the cold phase of ENSO 
and the positive phase of SAM is related to an 
anomalous low pressure in the Southeast Pacific, 
a strengthening of the polar jet and a weakening 
of the subtropical jet (Carvalho et al. 2005, 
Oliveira et al. 2014), as observed in this study. 
The intense polar jet disfavors the occurrence 
of atmospheric blockings in the South Pacific 
(Oliveira et al. 2014, Oliveira & Ambrizzi 2017), by 
making it difficult to bifurcate the zonal flow at 
high levels for blocking formations (Rex 1950, 
Dole 1986). Atmospheric blockings are systems 
that are associated with extreme weather events 
in South America (Rodrigues & Woollings 2017, 
Rodrigues et al. 2019).

In the South Atlantic, the high-pressure 
anomaly observed through the positive 
anomalies 500-hPa height and the 850-hPa 

anticyclonic circulation, suggest a strengthening 
of the south/southwest branch and/or a south/
southwest displacement of the South Atlantic 
Subtropical High (SASH). This anomalous 
configuration can prevent the normal passage 
of extratropical cyclones and frontal systems 
over the east coast of South America (Seth et 
al. 2015, Coelho et al. 2016, Gozzo et al. 2022). 
This results in the suppression of convection 
in southern Brazil, Uruguay and northeastern 
Argentina. As the SASH corresponds to the 
descending branch of the Hadley cell, we suggest 
that the Intertropical Convergence Zone (which 
is associated with the ascending branch of this 
cell) also shows a southward displacement, as 
observed through anomalous convection in 
northern South America. These results are in 
agreement with those observed by Carpenedo 
& Ambrizzi (2020), who analyzed the position of 
the SASH in both phases of the SAM.

In addition to the strengthening and/or 
poleward displacement of the SASH, there is a 
dipole of SST anomalies in the South Atlantic 
(negative in the tropics and positive in the 
extratropics), similar to the negative phase of 
the South Atlantic Dipole (Bombardi et al. 2014). 
Bombardi et al. (2014) show that in the negative 
phase of the South Atlantic Dipole, there is an 
increase in cyclogenesis and low track density 
of the cyclones on the southeast coast of Brazil, 
resulting in more precipitation over the eastern 
South America. This is likely associated with the 
strengthening of SACZ.

In the South Pacific, the high-pressure 
anomaly indicates a strengthening of the 
South Pacific Subtropical Anticyclone, which 
contributes to the strengthened South Pacific 
Convergence Zone pattern (OLR negative 
anomalies), commonly observed in the cold 
phase of ENSO (Vincent 1994).

The negative EOF2 scores of surface air 
temperature are mainly related to the neutral 
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ENSO and SAM, and secondly to the warm 
ENSO phase. The SST spatial pattern is similar 
to the Central Pacific El Niño (Capotondi et al. 
2015), with SST anomalies warmer in the Niño 
3.4 and Niño 4 regions. Central Pacific El Niño 
events are associated with a frequency increase 
of extreme rainfall in southern Brazil and a 
frequency decrease between north/northeast 
and southeastern Brazil (Tedeschi et al. 2014), 
which corroborates the results observed in this 
study of increased convection in the south and 
suppression of convection between the north 
and southeast of Brazil. A spatial pattern similar 
to the PSA pattern is observed through 500-
hPa height anomalies, which is the dominant 
mode of low-frequency climate variability 
between the tropical Pacific/Indonesia region 
and South America continent (Mo & Higgins 
1998, Mo & Paegle 2001). This is a pattern more 
directly related to the variability of the ENSO 
phenomenon, generating persistent anomalous 
high (low) pressure centers in the Southeast 
Pacific during El Niño (La Niña) events, 
respectively (Yuan 2004).

The anomalous high pressure in the 
Southeast Pacific contributes to the bifurcation 
of the polar jet, observed through the weakening 
of the 250-hPa zonal wind in this region and 
strengthening to the south. This configuration 
is favorable for the formation of atmospheric 
blockings in the Southeast Pacific (Rex 1950, 
Dole 1986), thus being more frequent in warm 
phase of ENSO (Oliveira et al. 2014). On the other 
hand, the strengthening of the jet between 
southern South America and the Southwest 
Atlantic disfavors the formation of atmospheric 
blockings.

The anomalous high pressure in the tropical 
South Atlantic, more intense along east coast of 
southern and southeastern Brazil, may indicate 
a strengthening of the SASH, especially in its 
western branch. Variations in the position of the 

SASH can contribute to precipitation anomalies 
and even hydrological extremes over Brazil. 
For example, the severe droughts of 2013-2014 
and 2014-2015 in southeastern Brazil and of 
2018 in the state of São Paulo were associated 
with the westward shift of SASH, preventing the 
normal passage of transient systems and, thus, 
contributing to a weakening of SACZ events (Seth 
et al. 2015, Coelho et al. 2016, Gozzo et al. 2022).

The strengthening of the 850-hPa winds 
between the Amazon region and southern Brazil 
indicates a strengthening of SALLJ, favored 
by the warm phase of ENSO (Silva & Ambrizzi 
2006). The SALLJ is responsible for the transport 
of moisture from the Amazon and tropical 
Atlantic towards southern Brazil, favoring the 
development of mesoscale convective systems 
and high precipitation (Marengo et al. 2004, 
Moraes et al. 2020). When SALLJ is strengthened, 
SACZ events are weakened (Marengo et al. 2004).

Therefore, both the strengthening of the 
western branch of SASH and the strengthening 
of SALLJ, in the negative EOF2 scores of surface 
air temperature, result in a suppression spatial 
pattern of SACZ and tropical convective activity 
(Marengo et al. 2004, Muza et al. 2009). This 
presents anomalous suppressed convection 
between the northern and southeastern Brazil, 
and anomalous convection in southern Brazil, 
Uruguay and northeastern Argentina.

South America warmed significantly in 
recent decades, especially in the tropical region 
and adjacent oceans (Carvalho & Jones 2013, 
Barros Soares et al. 2017), accompanied by 
an increase in the frequency and intensity of 
heat waves (Bitencourt et al. 2020, Feron et al. 
2019). These changes can alter the temperature 
gradients between the ocean and the continent, 
affecting regional atmospheric circulation 
patterns and moisture transport. Studies show 
an increasing trend in precipitation and heavy 
precipitation in southeastern South America 
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(Gonzalez et al. 2013, Cerón et al. 2021, Regoto 
et al. 2021), which is associated with an increase 
in moisture transport from the Amazon towards 
the subtropics, via SALLJ (Montini et al. 2019). 
Moisture transport by SALLJ creates the necessary 
conditions for the formation and maintenance of 
persistent mesoscale convective systems with a 
large spatial scale (Salio et al. 2007, Moraes et al. 
2020). Generally, mesoscale convective systems 
are associated with intense precipitation and 
severe meteorological phenomena, such as 
wind gusts, electrical storms, hail, tornadoes, 
among others (Maddox 1983, Viana et al. 2009).

The climate variability of surface air 
temperature, between the Antarctic Peninsula 
and South America, seems to be associated 
with changes in the intensity and/or frequency 
of atmospheric systems operating in South 
America, such as SALLJ, mesoscale convective 
systems, atmospheric blockings, SACZ, SASH, and 
others. In the present study, we evaluated air 
temperature variability related to low frequency 
variability, considering only ENSO and SAM. 
However, other climate variability modes act to 
contribute to these variations, such as Madden-
Julian Oscillation, Indian Ocean Dipole, Pacific 
Decadal Oscillation, Atlantic Multi-decadal 
Oscillation, and others (Chylek et al. 2010, Yoo et 
al. 2012, Nuncio & Yuan 2015, Turner et al. 2020). 
The influence of these atmospheric systems 
(and the related climate variability modes) on 
surface temperature variability are beyond the 
focus of this work and will be addressed in a 
future study.

The previous study by Aquino (2012) 
evaluates the rotated EOF of surface air 
temperature, without detrend, between the 
Antarctic Peninsula and South America (domain 
130.5°W-21°E and 9°S-81°S), from 1979 to 2010. 
The author shows a spatial pattern, with EOF1 
(EOF2) explaining 10.9% (7.5%) of the total 
observed variance, similar to our results in the 

present study in which EOF1 (EOF2) explains 14.5% 
(10.9%) of the variance. However, the EOF1 (EOF2) 
found by Aquino (2012) is similar to the EOF2 
(EOF1) in this study, which suggests a change in 
the dominant spatial pattern, determined for 
recent years (2011-2020). The EOF1 in the present 
study is related to the spatial pattern, especially 
in relation to 500-hPa height and 250-hPa zonal 
wind anomalies, of the positive phase of SAM. 
These observations are consistent with the 
highest positive indices during the 21st century, 
since the last millennium, and with the positive 
polarity trend of the SAM (e.g., Abram et al. 
2014, Fogt & Marshall 2020). This SAM trend is 
associated with the hole in the ozone layer and 
increased concentrations of greenhouse gases 
(Thompson & Solomon 2002, Marshall et al. 
2004, Gillett et al. 2013). With these SAM trends, 
it is possible that the EOF1 air temperature 
spatial pattern (warming in northern Antarctic 
Peninsula, southern South America and the 
Southwest Atlantic) will persist in the coming 
years. Historical air temperature records on the 
Antarctic Peninsula show a warming trend over 
the last 40 years (Meredith et al. 2019, Turner 
et al. 2020, Arias et al. 2021, Carrasco et al. 2021, 
Fox-Kemper et al. 2021, and references therein). 
Although there was a cooling trend in the 
beginning of the 21st century until mid-2010 - 
some studies point to it as part of the “global 
warming hiatus” (Turner et al. 2016, Carrasco et 
al. 2021) - the same was not enough to reverse 
the warming trends observed in the Antarctic 
Peninsula (Carrasco et al. 2021). Understanding 
oceanic and atmospheric processes, associated 
with possible changes in the air temperature 
spatial pattern between the Antarctic Peninsula 
and South America in recent years, is crucial 
to identify the likely drivers of such changes. 
Future studies will answer such questions.

These results add to understanding of how 
climate variability in high southern latitudes are 
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related with tropical and subtropical latitudes 
in the South America, offering a more adequate 
representation for large-scale atmospheric 
general circulation models, thus increasing the 
forecasting abilities for South America.
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