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Abstract: Global climate change is expected to increasingly affect climate-sensitive 
sectors of society, such as the economy and environment, with signifi cant impacts on 
water, energy, agriculture and fi sheries. This is the case in South America, whose economy 
is highly dependent on the agricultural sector. Here, we analyzed the sensitivity of South 
American climate to positive extremes of Antarctic sea ice (ASI) extent and volume at 
continental and regional scales. Sensitivity ensemble experiments were conducted 
with the GFDL-CM2.1 model and compared with the ERA-Interim reanalysis dataset. 
The results have shown signifi cant impacts on the seasonal regime of precipitation, 
air temperature and humidity in South America, such as a gradual establishment of 
the South Atlantic Convergence Zone, the formation of the Upper Tropospheric Cyclonic 
Vortex, the strengthening of Bolivian High and the presence of a low level cyclonic 
circulation anomaly over the South Atlantic Subtropical High region which contributed, 
for instance, to increased precipitation over the Southeastern Brazil. A northward shift 
of the Intertropical Convergence Zone was initially also a response pattern to the 
increased ASI. Moreover, the greatest variance of the climatic signal generated from the 
disturbances applied on the high southern latitudes has occurred in the interseasonal 
timescale (110–120 days), especially over the Brazilian Amazon and the Southeastern 
Brazil regions.

Key words: Southern Hemisphere Sea Ice, Antarctica-Tropics Teleconnection, South 
American continent, Climate Change.

INTRODUCTION
Over the last three decades (since 1978), satellite 
records have shown a small but significant 
increase in both area and volume of the 
Antarctic sea ice (ASI), with the two last records 
high in September 2013 (19.77 × 106  km2) and 
October 2014 (20.11 × 106 km2) (Cavalieri et al. 
1999, Turner & Overland 2009, Holland & Kwok 
2012, NOAA/NCDC 2014, Turner et al. 2015). This 
has been considered a climate paradox in the 
face of current global warming (e.g., Zhang 2007). 
Several mechanisms have been suggested for 
the increasing ASI, including ice shelf melting 
(Bintanja et al. 2013, Swart & Fyfe 2013), ozone 

depletion (Thompson & Solomon 2002, Turner 
et al. 2009, Goosse et al. 2009, Sigmond & Fyfe 
2010, Polvani et al. 2011, Bitz & Polvani 2012), 
changes on climate variability modes such as 
the Southern Annular Mode (SAM, Thompson & 
Solomon 2002, Gillett et al. 2006, Thompson et 
al. 2011), the El Niño–Southern Oscillation (ENSO, 
Stammerjohn et al. 2008), the Interdecadal 
Pacifi c Oscillation (Meehl et al. 2016) and the 
Amundsen Sea Low (Turner et al. 2009, Meehl 
et al. 2016). None of these has yet yielded 
a consensus view of why this long-term ASI 
increase occurred. In the meantime, while the 
unexpected, decades-long overall increases 
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in ASI are still being puzzled out, the sea ice 
extent has taken a dramatic turn from relatively 
gradual increases to rapid decreases. The 
gradual increase in ASI extents reversed in the 
year of 2014, with subsequent rates of decline 
in the 2014–2017 period, far exceeding the decay 
rates experienced in the Arctic (Parkinson 2019). 
In 2017, the rapid decreases reduced the ASI 
extents to their lowest values in the 40-y record 
of satellite observations, presenting both a new 
yearly (2017) and monthly (February) record low. 

The sea ice cover plays a fundamental role 
in the Earth’s energy balance given its high 
reflectivity (albedo), its low thermal conductivity 
(insulating effect) and its heat and mass 
exchanges with the ocean and atmosphere 
(Budd et al. 1989). However, the impact of ASI 
changes on the southern atmosphere is not 
confined to the lower troposphere, where ocean 
fluxes heat it, but also extend to medium and 
high levels of the troposphere (e.g., Cunningham 
& Bonatti 2011, Raphael et al. 2011, Parise et 
al. 2015). In addition, the variability of ASI 
modulates the Equator-to-Pole temperature 
gradients, changing the southern heat transport 
and consequently the local, regional and global 
climate (Carpenedo et al. 2013, Parise et al. 2015, 
Carpenedo & Ambrizzi 2016).

Significant atmospheric disturbances, such 
as circulation anomalies induce the genesis of 
wave trains that propagate in the troposphere 
and transport such disturbances to remote 
areas, generating anomaly fields along their 
trajectory. Recurrent and persistent anomalous 
atmospheric patterns on the time scales from 
weeks to years when associated with anomalies 
generated in remote areas are defined as the 
preferred modes of low frequency variability or 
teleconnections (Cavalcanti & Ambrizzi 2009, 
Grimm & Ambrizzi 2009).

The sensitivity and memory of the Southern 
Hemisphere’s coupled climate system to 

increasing ASI was analyzed in Parise et al. (2015). 
They considered the persistence time of the 
ASI maxima under current climatic conditions 
when analyzing the Southern Hemisphere 
climate response. According to these authors, 
the disturbance of ASI maxima has resulted 
in a cold and fresh melting water on the 
surface of the Southern Ocean, which starts to 
represent the memory of the ocean under a 
sudden anomaly applied on the ASI field. The 
authors found that the mechanism responsible 
for restoring the climatic equilibrium state is 
triggered by a dual timescale mechanism, which 
is initiated by the sea ice isolation effect and 
the resulting melting freshwater pulse (the rapid 
response) and restored by the heat stored in 
the subsurface layers of the Southern Ocean, 
as the sea ice-resulting fresh and cold surface 
water is advected to the lower latitudes (the 
slow response). 

Global climate change is expected to 
significantly affect economic sectors that are 
highly sensitive to climate, such as agriculture, 
water, energy and fisheries (Mendelsohn et al. 
2006), as is the case in South America, whose 
economy is highly dependent on the agriculture 
sector. The tremendous territorial extension of 
South America covering an extensive latitudinal 
range and its various forms of topographic 
relief allow the formation, development and 
action of different atmospheric systems that 
characterize accentuated climate heterogeneity 
to this continent. Cold frontal systems, cyclones 
and anticyclones coming from Antarctica move 
preferentially to the east-northeast, with a large 
contribution of the air masses of Western and 
Eastern Antarctic Peninsula (Jones & Simmonds 
1993, Sinclair 1994, Simmonds et al. 2003, 
Carpenedo 2012, Turner et al. 2020).

Based on the same numerical experiments 
performed by Parise (2014), whose details are 
the next section, this study aimed to investigate 
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the sensitivity of the South American climate to 
positive extremes of ASI, in area and volume, 
at continental and regional scales. The Pole-
Equator teleconnection mechanisms associated 
with the high latitude climatic signal are also 
evaluated.

NUMERICAL SIMULATIONS 
AND CLIMATE DATA
We analyzed the changes found over the South 
America continent in response to ASI maxima 
looking at the seasonality of main atmospheric 
systems acting in each season, with the focus 
on the region with the highest biases in 
precipitation, air temperature, humidity and 
winds. 

The climate data used in this study 
originated from two ensemble simulations 
carried out with the National Oceanic and 
Atmospheric Administration/Geophysical Fluid 
Dynamics Laboratory (NOAA/GFDL) Coupled 
Model (CM2.1 version). This model was also used 
in the generation of a set of experiments on 
climate change for the Fourth Assessment Report 
(AR4) of the Intergovernmental Panel on Climate 
Change (IPCC), published in 2007. The CM2.1 model 
has four components (atmosphere, continent, 
ocean and sea ice) that interact with each other 
through the Flexible Modeling System (Delworth 
et al. 2006). The numerical experiments used 
here were configured to explore the potential 
impacts of increasing melting water fluxes from 
the ASI on the dynamics of the Southern Ocean, 
as already shown by Parise et al. (2015), and 
also to understand how this signal propagates 
meridionally and finally, modulates the South 
American climate. The simulations were carried 
out for a period of 10 years (from July 2020 to 
June 2030) under two different conditions of ASI, 
a climatological condition hereafter named as 
layerctl experiment and a positive maximum 

condition hereafter named as layermax 
experiment (Table I). 

The initial conditions for the layerctl were 
generated from restarts files for the months of 
July, August and September (the two months 
preceding and the month that presents, 
climatologically, the largest sea ice cover in the 
Southern Hemisphere) of a coupled simulation 
integrated for 10 years (totaling 30 members). 
The maximum concentration of ASI, in turn, 
was calculated from the Met Office Hadley 
Center (HadISST1) data set (1870–2008) (Rayner 
et al. 2003), while the maximum thickness was 
calculated from a monthly climatology provided 
by the GFDL (1979–1996) (Taylor et al. 2000). Both 
conditions (area and volume) represented the 
maximum value of sea ice in the time series 
for each major point, regardless of when it 
occurred in time. Both ensemble simulations 
were initialized from a 30-year spin-up model 
round (1990–2020) (Table I). More details about 
configuration and performance of the sensitivity 
experiments used in the present study can be 
seen in Parise (2014) and Parise et al. (2015). In 
this study, only the first 4 years (2020–2024) of 
model integration were evaluated because they 
represent the period with the largest positive 
ASI differences (Parise et al. 2015) (Table I). 

The southern troposphere wind dataset 
used to validate the CM2.1 model simulations 
are derived from the European Center for 
Medium-Range Weather Forecasts (ECMWF) ERA-
Interim Reanalysis (Dee et al. 2011), from 1979 
to present. For precipitation comparisons, the 
Global Precipitation Climatology Project (GPCP) 
monthly precipitation dataset (Adler et al. 2003) 
is used, which combines observations and 
satellite precipitation data into 2.5° in longitude 
and 2.5° in latitude global grid. Here, only the 
last 4 years available to date (2017–2020) were 
compared to the first 4 years of the control’s 
ensemble experiments (Table I). 
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METHODS
The South American climate analysis was 
carried out through the identification of the 
main atmospheric systems that determine the 
heterogeneity of the precipitation regime in 
this continent in each season of the year. The 
results of the layerctl ensemble simulation were 
discussed with what is known in the literature 
in terms of atmospheric systems acting at low 
and high levels of the troposphere through 
comparisons with the ERA-Interim reanalysis 
data. The impacts on the South American 
climate resulting from the increase in ASI were 
analyzed seasonally (SON, DJF, MAM and JJA) and 
for each year of model simulation (t1, t2, t3, and 
t4), in order to determine not only the degree 
of sensitivity but also the response time of this 
continent.

However, studies of weather and climate 
conditions and their local and remote agents 
must consider the large latitudinal extent 
and the various forms of the South American 
topography, which allows the development and 

performance of several atmospheric systems, 
reflecting in a climate heterogeneity (space-
time) and a very regionalized precipitation 
regime. Thus, the climate analysis of changes 
over South America resulting from the increased 
ASI was performed spatially, in the domain of 
the continent, and spectrally, through time 
series for six regions (R1 to R6) with distinct 
climate regime (Ratisbona 1976, Pezzi & Kayano 
2008), namely: Northwestern South America 
(R1), Brazilian Amazon (R2), Northeast Brazil (R3), 
South Northeast Brazil (R4), Southeastern Brazil 
(R5) and Southern Brazil (R6) (Figure 1). 

The spatial and seasonal variability was 
assessed regionally based on atmospheric 
fields of air temperature (°C) and specific 
humidity (kgwater/kgair) at 850 hPa, accumulated 
precipitation rate (mm season-1) and associated 
circulation at 850 hPa and 200 hPa. The validation 
(Supplementary Material - Figures S1-S4) of the 
control experiment over the South America 
continent was made through the interpolation 
of the model data to the ERA-Interim grid. The 

Table I. Schematic table with basic information on the sensitivity experiments performed with the CM2.1 model 
and used in this study, as a complement to that presented by Parise et al. (2015).

layerctl layermax

Horizontal and vertical resolution of 
the atmospheric component

2.5° in longitude and 2° in latitude, with 24 vertical hybrid sigma-
pressure levels 

Model spin-up
a short (1 year) uncoupled simulation, with only the ocean and sea ice 

models, followed by a long (30 years) fully coupled integration, from 1990 
to 2020

Initial conditions for ASI 
concentration (%)

a control model integration of 10 
years forward from the spinup, 

where the restarts conditions for 
each July–August–September (JAS) 

were used

Met Office Hadley Center dataset, 
from 1870 to 2008 (Rayner et al. 

2003)

Initial conditions for ASI thickness 
(m)

GFDL monthly climatology from 
1979 to 1996 (Taylor et al. 2000)

Running-period (Parise 2014) 10 years, from July 2020 to June 2030

Running-period analyzed in the 
presente study

the first 4 years, from July 2020 to June 2024, as it represents the positive 
ASI phase (Parise et al. 2015)
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timescales (or periodicities) of the climatic 
signal generated from the ASI anomalies were 
extracted from each of the six regions with 
heterogeneous climate regime (R1 to R6) through 
the spectral analysis of wavelet transform (Pezzi 
& Kayano 2008, Veleda et al. 2012).

RESULTS
Sensitivity of South American climate to 
Antarctic sea ice extremes
The main impacts from positive ASI extremes on 
the climate of South America are here analyzed 
through the changes in the 925 hPa atmospheric 
temperature (°C) and specific humidity, the 
accumulated precipitation rate (mm season-1) 
and the associated wind (ms-1) at lower (925 

hPa) and upper (200 hPa) levels. This part of 
the study focuses on the seasonal variability 
of the layerctl ensemble integration with the 
analysis performed separately for each year of 
integration (t1, t2, t3 and t4) in order to avoid loss 
of information arising from the 4-year average. 
The major changes are highlighted below, not 
necessarily in the temporal order (from t1 to 
t4) but according to the year with the largest 
impacts.

Spring
The impact of the ASI extremes on the South 
American climate during the spring (SON) 
are shown in Figure 2. In the fourth year 
(t4), enhanced precipitation (80 mm, which 
represents ~8% more) is found in an orientated 

Figure 1. Area of the six 
regions with heterogeneous 
climate in Sotuh America 
analyzed in this study: R1 – 
Northwest of South America, 
R2: Brazilian Amazon, R3: 
North of Northeast Brazil, R4: 
South of Northeast Brazil, 
R5: Southeast Brazil and R6: 
South Brazil. As suggested in 
Pezzi & Kayano (2008).
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northwest-southeast  convect ive band 
originating from the Amazon basin (Equator/
Peru) extending towards Southeastern Brazil 
(Figure 2h). This characterizes a South Atlantic 
Convergence Zone (SACZ) circulation pattern 
(Pezzi et al. 2022). The SACZ and convective activity 

in the Amazon basin are the main components 
of the South American monsoon system (Zhou 
& Lau 1998). Associated with this, an increase in 
the specific humidity (~0.0003 kgair/kgwater) and a 
reduction in the 925 hPa air temperature (~0.8°C 
colder) (Figure 2m) are observed in association 

Figure 2. Left column: 
Changes in the 200hPa 
zonal wind magnitude 
and vector (m s-1); Middle 
column: Changes in the 
accumulated precipitation 
rate (coloured shades, mm 
season-1) and 925hPa wind 
(vectors, m s-1); and Right 
column: Changes in the 
air temperature (coloured 
shades, in °C,) and 925hPa 
specific humidity (contour 
lines, in kgwater/kgair,); The 
changes were obtained 
from layermax-layerctl 
diferences in each year of 
simulation (t1, t2, t3, and t4) 
during the spring (SON).
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with a cyclonic circulation at low levels over the 
adjacent oceanic region, the Southeastern Brazil 
(Figure 2h). Essentially, negative differences in 
air temperature (blue shadings) and positive 
differences of specific humidity (solid contours) 
at 925 hPa (Figure 2i-m) are associated with 
positive differences of precipitation (blue 
shadings) (Figure 2e-h). Moreover, the subtropical 
jet over the Atlantic Ocean basin is weakened in 
its climatological position (35°S) and enhanced 
further north in the latitudinal band of 15°S–25°S 
(Figure 2d). Also, a strengthening of the Bolivian 
High is clearly observed in t4. Likewise, over 
Southeastern South America (SESA), there are 
positive anomalies of humidity and negative 
anomalies of air temperature (Figure 2m) 
associated with a cyclonic circulation at low 
levels (Figure 2h). While in t4, a SACZ pattern 
is established, resulting in less precipitation 
over the SEAS region, in t2, the response was 
opposite, which means, the SACZ is undone 
and precipitation is increased over SEAS (Figure 
2f and 2j). This out-of-phase response is also 
observed through alternating westerly and 
easterly winds at lower levels (Figure 2b and 2d), 
a typical precipitation pattern of the warmer 
semester of the South American monsoon 
system (Jones & Carvalho 2002). During the 
third year of simulation (t3), differences in air 
temperature, specific humidity and precipitation 
over SEAS are also observed. The ASI extremes 
reduce the precipitation over the South and 
coast of Southeastern Brazil (Figure 2g) and 
raise the air temperature over the SESA (Figure 
2l). These are associated with an anticyclonic 
circulation at lower levels (Figure 2g), indicating 
the performance of an atmospheric blocking 
over the Southwestern Atlantic Ocean (Manta et 
al. 2018). Additionally, the zonal wind magnitude 
at 200 hPa is reduced (red shading and easterly 
wind anomalies) over the latitudinal band of 
15°S–30°S and is enhanced (light blue shading 

and westerly wind anomalies) over the south 
of South America (Figure 2c). This indicates a 
weakening (strengthening) of the subtropical jet 
(polar jet), respectively, which has carried out the 
precipitation southward. These results reinforce 
the conducting of the positive phase of SAM 
(Thompson & Wallace 2000, Parise et al. 2015) 
directly related to increased ASI extent (Pezza 
et al. 2012, Parise et al. 2015). Even during the 
third year, the north-northwest wind anomalies 
are observed at low levels extending over South 
America from the Northwestern Amazon towards 
the East-Southeast of Brazil (Figure 2g). These 
changes in the mean circulation were related to 
the performance of the low level jet east of Andes 
that brings humidity (Figure 2l) and precipitation 
(Figure 2g) to Peru. This instability condition 
does not reach the south-southeast regions of 
Brazil because the anticyclonic circulation at the 
low levels found there (Figure 2c).

Summer
The impacts of the ASI extremes on the South 
American climate during the summer (DJF) are 
shown in Figure 3. For this season, a gradual (t1, t2, 
t3 and t4) decrease in the 925 hPa air temperature 
is observed, with negative differences appearing 
first in a northwest-southeast oriented band 
over the south and central regions of Argentina 
(t1, Figure 3i) and sequentially reaching the south 
and southeast regions of Brazil (t2, Figure 3j), the 
north of Argentina (t3, Figure 3l) and the west, 
central and east of Brazil (t4, Figure 3m). In the 
second year (t2), a cyclonic circulation begins 
to develop at low levels over Southeastern 
Brazil, contributing to wind convergence and 
increased precipitation (Figure 3f). Also, warm 
and dry biases are found in the north and 
northeast Brazil at t2 (Figure 3j) and north of 
Argentina at t4 (Figure 3m), both associated with 
reduced precipitation (Figure 6f and Figure 6h, 
respectively). In t3, the cyclonic center over the 
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adjacent oceanic region moves further north, 
leading to the positive precipitation anomalies 
also moving northward (Figure 3g). These wind 
anomalies then extend towards the upper levels 
(see the cyclonic circulation over the Atlantic 
Ocean in Figure 3c). It is possible to observe 
that this upper level cyclonic center (~32°W and 

27°S) keeps moving northward up to the point 
of intensifying the Brazilian Northeast Though 
during the t4 (Figure 3d). Associated with that, 
there was an intensification of the Bolivian 
High which contributed for the establishment 
of a SACZ pattern. According to Kousky & Gan 
(1981), when frontal systems from mid-latitudes 

Figure 3. Left column: 
Changes in the 200hPa zonal 
wind magnitude and vector 
(m s-1); Middle column: 
Changes in the accumulated 
precipitation rate (coloured 
shades, mm season-1) and 
925hPa wind (vectors, m s-1); 
and Right column: Changes 
in the air temperature 
(coloured shades, in °C,) and 
925hPa specific humidity 
(contour lines, in kgwater/
kgair,); The changes were 
obtained from layermax-
layerctl diferences in each 
year of simulation (t1, t2, t3, 
and t4) during the summer 
(DJF).



CLÁUDIA K. PARISE et al. SOUTH AMERICA RESPONSE TO SOUTHERN SEA ICE CHANGE

An Acad Bras Cienc (2022) 94(Suppl. 1) e20210706 9 | 22 

move northward, the air convection may act 
to intensify the ridge at upper levels. As a 
consequence, the trough upstream of the ridge 
is amplified, favoring the Upper Tropospheric 
Cyclonic Vortex (UTCV). As this cyclonic 
vortex has a cold core, the air subsides at its 
center and rises at its periphery, favoring the 
convection and the existence of clouds only 
at its periphery, as observed in Figure 3h. That 
response suggests that positive ASI extreme 
conditions contribute to the genesis of the 
UTCV. Moreover, strengthening of an upper level 
anticyclonic center is observed at t2 (Figure 3b), 
although slightly shifted to the east in relation 
to the climatological position of Bolivian High 
(Lenters & Cook 1997), acting as another factor 
to the precipitation formation over the region. 
So, during the southern summer, the increased 
precipitation over most parts of Brazil (Figure 
3h) is facilitated by an increase in humidity 
and a decrease in air temperature (Figure 3m) 
caused by a gradual establishment of a SACZ 
pattern and by the Bolivian High and Brazilian 
Northeast Though strengthening at upper levels 
(Figure 3d).

Autumn
The impacts of the ASI positive extremes over 
the South American climate during the autumn 
(MAM) are based in Figure 4. The ASI maxima 
could modify the Intertropical Convergence Zone 
(ITCZ) either weakening (Figure 4e) or intensifying 
(Figures 4f and 4h) it. While the precipitation 
and humidity are generally intensified over the 
ICTZ, an opposite response is again observed 
at t3. Looking at the air temperature changes, 
it was possible to notice a dipole-like pattern, 
with positive differences over the central region 
of Brazil as well as negative differences over 
its boundary region with Argentina in the first 
two years (Figures 4i and 4j). In the third year, 
however, the air temperature dipole shows 

an opposite signal (Figure 4l). Associated with 
the negative air temperature anomalies over 
Southern Brazil at t1, enhanced precipitation 
and a low level cyclonic circulation over the 
adjacent oceanic region is observed (Figure 4e), 
which extends towards the upper levels (Figure 
4a). During the following year (t2), the negative 
differences of air temperature over Southern 
Brazil move southwards, and the positive 
differences over the central region of Brazil are 
intensified (Figure 4j). This is associated with the 
development of an anticyclonic circulation at 
upper levels (Figure 4j), also responsible for the 
negative precipitation differences throughout 
the central South America from the Pacific to 
the Atlantic coast (Figure 4f). The positive air 
temperature and negative humidity differences 
over Southern Brazil at t3 indicates that there 
are not cold fronts acting there. The anticyclonic 
circulation at upper levels found at t2 is 
again observed at t3, although shifted slightly 
southward, over Brazil-Paraguay-Argentina 
(Figure 4c). In the t4, the ASI extremes cause 
increased precipitation and humidity over the 
Southwestern and Southeastern Brazil and 
over Paraguay, Bolivia, Northern Chile, Southern 
Peru and Eastern Pacific region, associated with 
northwest wind differences converging from the 
Pacific Ocean (Figures 3h and 3m). 

Winter
The impacts of the ASI extremes on the South 
American climate during the southern winter 
(JJA) are discussed based on Figure 5. The results 
for winter are shown only for the first three 
years (t1, t2 and t3), once the ensemble model 
integrations started in July and this month 
and the following (August) were discarded of 
analysis as this does not constitute a season (or 
three months period) representative of winter. 
So, the first winter refers to the year 2021 instead 
of 2020 (Parise 2014). In the first year, positive air 
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temperature differences were found along the 
western coast of South America (Figure 5g). Over 
the Equatorial Atlantic, a strengthening of the 
SE trade winds and a reduction in precipitation 
were observed (Figure 5d) during t1, indicating 
a northward shift of the ITCZ. In the following 
years, the trade winds are reserved, coming 
from the N-NW (Figures 5e and 5f ). Also, an 
anomalous cyclonic circulation is formed over 

the Southwestern Atlantic Ocean and then 
moves northeast of the region. At its rear, a 
strong anticyclonic anomaly has carried out 
cold and moisture air masses from Antarctica. 
As a consequence, decreased air temperature 
and increased air humidity are found over 
the SESA (Figure 5h) and then extending both 
towards the northwest and southeast (Figure 
5i). The numerical experiments performed here 

Figure 4. Left column: Changes 
in the 200hPa zonal wind 
magnitude and vector (m s-1); 
Middle column: Changes in the 
accumulated precipitation rate 
(coloured shades, mm season-1) 
and 925hPa wind (vectors, m s-1); 
and Right column: Changes in 
the air temperature (coloured 
shades, in °C,) and 925hPa 
specific humidity (contour lines, 
in kgwater/kgair,); The changes 
were obtained from layermax-
layerctl diferences in each year 
of simulation (t1, t2, t3, and t4) 
during the autumn (MAM).
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show that ASI positive extremes can impact the 
precipitation regime over the Southern South 
America (SSA), including Uruguay, Argentina 
and Southeastern Brazil. A northwest-southeast 
oriented band of reduced precipitation over this 
region is observed, which is associated with an 
anticyclonic circulation at low levels at east of 
Argentina (Figures 4e and 4f) and extends to 
the upper levels (Figures 8b and 8c), indicating 
a weakening of subtropical jet and poleward 
shift of polar jet. Furthermore, the enhanced 
baroclinicity over mid-latitudes and increased 
track density over higher latitudes discussed in 

Parise (2014) may have contributed to reduce 
the precipitation over the subtropical region. 
Reduced precipitation over SSA (Figure 5d) 
and over Southern Brazil (Figure 5f) is found 
sequentially in time (t1, t2, t3, t4). The increased 
precipitation over Southern and Southeastern 
Brazil has been associated with a cyclonic 
circulation over the Southwestern Atlantic 
Ocean. This anomaly extends baroclinically 
from the lower to upper levels (Figure 5a-f). 
Climatologically, the South Pacific Subtropical 
High (SPSH) is located further north during 
the winter (JJA), causing the westerlies to be 

Figure 5. Left 
column: Changes in 
the 200hPa zonal 
wind magnitude 
and vector (m s-1); 
Middle column: 
Changes in the 
accumulated 
precipitation rate 
(coloured shades, 
mm season-1) 
and 925hPa wind 
(vectors, m s-1); 
and Right column: 
Changes in the 
air temperature 
(coloured shades, 
in °C,) and 925hPa 
specific humidity 
(contour lines, in 
kgwater/kgair,); The 
changes were 
obtained from 
layermax-layerctl 
diferences in each 
year of simulation 
(t1, t2, t3, and t4) 
during the winter 
(JJA).
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adiabatically cooled and forced down when 
crossing the Andes, favoring the precipitation 
over the SESA. Our results indicate that both South 
Atlantic Subtropical High (SASH) and SPSH have 
weakened in the third year of model integration 
(t3), to the point of allowing the northward shift 
of the anticyclonic anomaly that propagates 
from Antarctica. Moreover, the transient eddies 
(i.e., cold fronts and extratropical cyclones) are 
also shifted further north, causing precipitation 
over the south and southeast regions (Reboita 
et al. 2010). So, the precipitation changes found 
here may result from a weakening of the SPSH 
denoted here by the easterly wind anomalies 
(between 30°S and 45°S) and by the poleward 
shift of the westerlies (south of 50°S) (Figure 
5d-f). The trigger for the changes to the South 
American precipitation regime during the 
winter arises from the synchronous opposite 
response of the mean flow of the Pacific and 
Atlantic sectors. The maximum extremes of ASI 
lead to the positive phase of SAM (Pezza et al. 
2012, Parise et al. 2015). Considering the entire 
simulation period (June 2020–July 2030), Parise 
et al. (2015) have found a decrease in the mean 
sea level pressure in high-latitudes (~ 3 hPa) and 
an increase in mid-latitudes (~ 1.5 hPa), being the 
response of this field most significant in southern 
autumn (MAM) and winter (JJA). By analyzing 
the response of South Atlantic tropospheric 
meridional circulation to increased coverage of 
ASI, Queiroz et al. (in press) have shown a signal 
inversion of the SAM, from the positive signal 
during the positive ASI phase (July 2020–June 
2024) to the negative signal during the close to 
zero ASI phase (July 2024–June 2028). Queiroz et 
al. (in press) have also found a general cooling 
of the southern troposphere, from the surface 
to the upper levels, which led to a northward 
(southward) shift of the polar (subtropical) 
jet during the first four year of simulation 
(2020–2024), respectively. So, the strengthening 

(weakening) of the polar (subtropical) jet and 
the increased wind convergence at upper levels 
found here explain the reduced precipitation 
over south-central-north regions of Argentina 
(Figure 5d-f).

The most sensitive regions of South America 
continent to Antarctic sea ice positive 
extremes
Before analyzing the largest impacts of the ASI 
maxima on the precipitation over the six regions 
(R1 to R6) of South America, the Root Mean 
Square Error (RMSE) between the precipitation 
field from the CM2.1 model and ERA-Interim 
reanalysis was separately calculated (Figure 6a). 
The quarters with the best representation of 
the South American climate by the CM2.1 model 
were DJF, AMJ, MJJ and JJA. Among analyzed 
regions, the climate of Northwest of South 
America (R1) was the best represented by the 
model, with errors ranging from 0 to 1 mm in 
the first half of the year. In the Brazilian Amazon 
(North of Northeast), the lowest RMSE (0 to 2 
mm) occurred in the second (first) half of the 
year, respectively. For the South of Northeast 
(R4), the RMSE ranged from 0.3 to 5.7 mm, with 
higher accuracy in AMJ and MJJ (RMSE from 0.3 
to 0.7, respectively) and lower in JAS and ASO 
(RMSE from 4.9 to 5.7 mm, respectively) quarters 
(Figure 6a). The Southeastern Brazil (R5) region 
showed RMSE values ranging from 0.7 to 3.8 mm, 
with MJJ showing the highest accuracy (RMSE of 
0.7 mm) and the NDJ and JFM quarters showing 
the lowest accuracy (RMSE from 3.7 and 3.8 mm, 
respectively). The Southern Brazil (R6) region 
had the lowest RMSE (from 0.1 to 2.5 mm) in AMJ 
and SON, while the NDJ, JFM and MJJ quarters 
were those with most significant biases for this 
region (Figure 6a).

In order to analyze the climate scales with 
the largest impacts of the ASI maxima on the 
precipitation over the six regions of South 
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America, the wavelet transform was applied 
on the layermax-layerctl differences field. The 
results have shown that the most extensive 
changes in the global potential spectrum 
between the analyzed series have occurred in 
the Brazilian Amazon (R2) (variance of 42 mm2) 
and the Southeastern Brazil (R5) (variance of 20 
mm2) regions, especially in the interseasonal 
timescale (110 to 120 days) (Figure 6b). With the 
exception of R2, changes in higher frequency 
(~10 days) were also observed. In this timescale, 

in general, there was a small decrease in 
spectral energy in Southern Brazil (R6) and a 
slight increase in other regions (Figure 6b).

As the most sensitive regions of the 
South American continent to the ASI positive 
extremes were the Brazilian Amazon (R2) 
and the Southeastern Brazil (R5) regions, 
the precipitation changes are also shown 
spatially for these regions (Figure 7). For R2, the 
greatest impacts occurred in spring (increased 
precipitation across the region) and summer 

Figure 6. a) Root of the Mean 
Square Error (RMSE) between 
the rainfall simulated by the 
CM2.1 model (layerctl) and the 
ERA-Interim reanalysis for the 
six regions with heterogeneous 
climate in South America: R1: 
Northwest of South America, 
R2: Brazilian Amazon, R3: 
North of Northeast Brazil, R4: 
South of Northeast Brazil, R5: 
Southeast Brazil and R6: South 
Brazil. Units are in mm day-1; 
and b) Differences between the 
global power spectra of the 
layermax and layerctl ensemble 
experiments for each of the six 
regions with heterogeneous 
climate in South America (R1 to 
R6).
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(decreased precipitation in some regions and 
increased in others, configuring a wave pattern 
2). For R5, the greatest impacts occurred in 
summer, with increased precipitation (~80 mm 
season-1) in the region (Figure 7).

DISCUSSION
Our discussion on the main changes found for 
the South American climate related to the ASI 
positive extremes is based on meteorological 
systems found here. The Northwest of 
South America (R1) region has great spatial 

heterogeneity in the precipitation field, being 
influenced by systems such as ITCZ, troughs, east 
waves, besides the regional and local effects such 
as the action of the easterly winds on the Andes 
topography that causes air convection over the 
mountains (Ramírez 2007). The precipitation in 
R1 is primarily influenced by Atlantic ITCZ and 
then by Pacific ITCZ. The last starts to operate in 
the region from September to October when the 
maximum precipitation peaks occur (Martelo 
2003). An increase in precipitation over the R1 
was observed by Carpenedo & Ambrizzi (2016) 
during extreme positive events of ASI due to 

Figure 7. Spatial changes 
found for precipitation 
over the two regions 
most sensitive to the ASI 
positive extremes: the 
Brazilian Amazon (R2) 
and the Southeast Brazil 
(R5).
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the intensification of the ascending branch of 
Hadley Cell and the consequent increase in 
the condensation of humid air by the trade 
winds in the ITCZ region. Here, the anomalous 
displacement of ITCZ to the north found in 
winter has resulted in reduced precipitation in 
R1.

The Brazilian Amazon (R2) has the highest 
total precipitation among the analyzed regions. 
The higher variance found in this region on 
the interseasonal timescale indicates that 
the maxima applied to ASI can also disturb 
the Madden-Julian Oscillation (MJO) through 
Walker’s zonal circulation. In the fourth years 
since the imposing of ASI positive extremes (t4), 
there was a strengthening of the SACZ during the 
spring, a period in which the South American 
Monsoon System typically starts, by increasing 
convective activity in the northeast of the Amazon 
basin (Vera et al. 2006, Silva & Kousky 2012), 
as well as in the summer. Saurral et al. (2014) 
observed an association between the ASI extent 
in the Weddell Sea and precipitation in South 
America, so that greater extent is associated 
with a strengthening of the SACZ and vice-versa. 
Changes in the position of ITCZ also influence 
precipitation in R2, especially in autumn (MAM), 
when the ITCZ is in its southernmost position 
(~2°S) (Melo et al. 2009).

The climate of Northeast Brazil presents 
heterogeneous spatial patterns of precipitation 
between its northern and southern sectors. In 
the North of Northeast Brazil (R3), the climatic 
maximum of precipitation occurs during the 
southern autumn (MAM) when the region is 
under the influence of ITCZ (Pezzi & Cavalcanti 
2001). In addition, other mechanisms such as 
the UTCV formation in summer (t4) and the 
Mesoscale Convective Complexes drive the 
variability of precipitation in R3 (Reboita et al. 
2010). The interannual variability of precipitation 
in the Northeast Brazil occurs mainly due to 

ENSO, a global phenomenon that also influences 
the precipitation in R3 through its atmospheric 
component (Walker Cell) and the Rossby wave 
trains (teleconnections), causing negative 
(El Niño) and positive (La Niña) anomalies of 
precipitation. In an extremely positive condition 
of observed ASI, Carpenedo & Ambrizzi (2016) 
showed that there was a surface cooling in 
the South Pacific Ocean and consequently the 
cooling of surface air, which has favored the 
occurrence of La Niña phase, bringing positive 
precipitation anomalies to the Northeast of 
Brazil. Pezza et al. (2012) have found a negative 
correlation between ENSO and ASI extent, that 
is, in La Niña years occurring with the positive 
phase of SAM would present the most favorable 
conditions for the general growth of ASI, except 
to the west of Antarctic Peninsula, where the 
opposite is seen. By analyzing the combined 
impacts of ENSO, SAM, and ASI on the cold 
fronts acting over the South America, Caldas 
et al. (2020) found that positive phase of ENSO 
and negative phase of SAM are associated to 
a maximum frequency of cold fronts for both 
minimum and maximum sea ice extensions in 
the Bellingshausen-Amundsen Sea (west of 
Antarctic Peninsula) and for maximum sea ice 
extensions in the Weddell Sea (east of Antarctic 
Peninsula). 

In the South of Northeast Brazil (R4), the 
precipitation is influenced by synoptic systems 
that are frequently altered by large-scale 
circulation, such as the Walker Cell. Also, other 
systems that affect the precipitation in this 
region are the Bolivian High (although displaced 
to the east in relation to its climatological 
position), the Amazon moisture flows, the SACZ 
movement to the east and the southeast trade 
winds intensification (Chaves 1999). 

The diversified climate of Southeastern 
Brazil (R5) is strongly dependent on its 
topography (Minuzzi & Sediyama 2005), where 
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SACZ (Rosa et al. 2020) and cold fronts appear as 
the main agents responsible for precipitation. 
These atmospheric systems acting together 
result in more intense SACZ events since the 
incursion of cold fronts in tropical latitudes 
reinforces the convective activity there (Nieto-
Ferreira et al. 2011), as well as the transient 
systems, such as extratropical cyclones and cold 
fronts, provide the moisture supply to the SACZ 
region (Bombardi et al. 2014). In an opposite 
way, SASH and UTCV, depending on their 
positions, may cause long periods of drought 
in R5 (Minuzzi et al. 2007, Coelho et al. 2016). In 
the north of R5, there is a 3-months delay at 
the beginning of the rainy season in relation to 
the south, where it starts earlier according to 
the performance of the cold fronts (Alves et al. 
2005). The SACZ greatest performance occurs in 
the summer (DJF), when the surface winds can 
transport greater amounts of moisture from the 
Amazon towards the Southwest Atlantic and, in 
some cases, producing the so-called Oceanic 
SACZ (Rosa et al. 2020), increasing the 95% 
percentile of daily precipitation in Southeastern 
Brazil (Carvalho et al. 2004). The spectral analysis 
performed here registered a peak of variance 
that started in December and extended until 
April (DJF, MAM) in the years simulated by the 
CM2.1 model, suggesting that the precipitation 
associated with SACZ was excited earlier and 
persisted for a longer time in response to the 
signal propagated from the Antarctic latitudes. 
This increase in the period of activity of SACZ 
was also documented by Silva (2018). 

Any trend in SAM can have highly significant 
impacts on regional precipitation patterns 
(Gupta & England 2006). Excessive precipitation 
over Southeastern Brazil is associated with 
the positive phase of SAM (Vasconcellos & 
Cavalcanti 2010, Vasconcellos et al. 2019), which 
is related to positive extremes of ASI (Pezza et 
al. 2012, Parise et al. 2015). In the positive phase 

of SAM (i.e., positive anomalies of mean sea 
level pressure in mid-latitudes), SASH tends 
to be positioned further south (Sun et al. 2017, 
Carpenedo & Ambrizzi 2020), influencing the 
strengthening of trade winds in some areas at 
south of northeast region of Brazil (Carpenedo 
& Ambrizzi 2020). Oppositely, in the negative 
phase of SAM, the SASH tends to be positioned 
further north, generating negative anomalies of 
precipitation in the north and northeast regions 
(Carpenedo & Ambrizzi 2020). Oliva et al. (2021), 
by examining the links between important 
teleconnection patterns (i.e., SAM; Atlantic 
Meridional Mode – AMM and South Atlantic 
Subtropical Gradient – SASG) to the Weddell Sea 
ice extent, have shown that the combinations 
between negative SAM and positive AMM as well 
as between negative SAM and positive SASG are 
associated to maximum Weddell Sea ice extent. 
The opposite combinations are associated with 
minimum Weddell Sea ice extent.

During the spring and summer, the 
performance of the low level jet was 
observed. The South America low level jet is a 
climatological feature with a critical role in the 
spatiotemporal distribution of precipitation in 
South America (Jones 2019). The low level jet 
can exceed 10 m s−1 in its northern branch from 
September to February. The northern branch 
is forced by a large-scale circulation pattern 
with the enhancement of the North Atlantic 
Subtropical High driving northeasterly winds 
over the northern Andes. The frequency and 
intensity of the low level jet in the northern 
Andes has substantially increased in the last 
39 years (Jones 2019). When the low level jet 
is active only in the northern branch, wind 
speeds are very low from Bolivia towards SESA 
and precipitation is significantly reduced from 
climatology. In contrast, precipitation increases 
over eastern Bolivia. 
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Southern Brazil (R6) has a zonal spatial 
distribution, mainly due to factors related to its 
geographical position, presenting throughout 
the annual cycle, a monsoon regime to the north 
and maximum precipitation to the south (Grimm 
et al. 1998). Meteorological systems such as the 
breeze circulation (Braga & Krusche 2000), cold 
fronts (Andrade 2007), Mesoscale Convective 
Complexes (Durkee et al. 2009) and extratropical 
cyclones (Satyamurty & Mattos 1989) are very 
active in R6. For a positive ASI condition, the 
greater performance of extratropical cyclones 
was observed over the South Atlantic Ocean 
(Parise 2014), with significant impacts on the 
R6 climate (Carpenedo 2012). For this author, 
an increase in the sea ice extent in the 
Bellingshausen-Amundsen Seas is followed, 
three days later, by a drop (an increase) in 
air temperature in the south (southeast and 
northeast) regions of Brazil.

CONCLUSIONS
In this study, we analyzed the ability of the 
CM2.1 model on simulating the South American 
climate and its sensitivity to positive extremes, 
in area and volume, of ASI. The mechanisms 
of Pole-Equator teleconnections active in the 
transfer and dissipation of the climatic signal 
generated from high southern latitudes were 
also discussed. The seasonal changes in the 
South American climate were evaluated with the 
focus on the region with the highest precipitation 
and on atmospheric systems operating in each 
season. Our results show that the ASI positive 
extremes affect the South American climate, 
causing significant changes in the seasonal 
regime of precipitation, air temperature, and 
humidity driven by wind circulation changes at 
the lower and upper levels, as detailed below. 

During the spring, the main changes 
caused by ASI positive extremes were: i) the 

gradual establishment of a SACZ pattern (an 
orientated northwest-southeast convective 
band acting over the SESA region and Southern- 
Southeastern Brazil); ii) cold and dry air biases 
and reduced precipitation over the north and 
northeast Brazil and later over the north of 
Argentina; iii) cyclonic circulation anomaly 
associated to wind convergence at low levels 
contributed to increasing the precipitation over 
Southeastern Brazil; iv) the UTCV formation and 
the Bolivian High strengthening and eastward 
shift were excited and pointed as two factors 
that carry precipitation to the central and 
northeast regions. 

For the summer, the main changes observed 
were: i) a gradual establishment of a SACZ 
pattern in 925hPa air temperature occurred in 
a northwest-southeast oriented band over the 
south and central regions of Argentina and 
Southern and Southeastern Brazil; ii) cold and 
dry air is found over the north and northeast 
Brazil and later over the north of Argentina, both 
associated with reduced precipitation; iii) a low 
levels cyclonic circulation has contributed to 
wind convergence and increased precipitation 
over Southeastern Brazil; iv) the UTCV formation 
and the Bolivian High strengthening were 
excited and pointed as two factors that carry 
out precipitation to the region.

During the autumn, the ASI maxima were 
able to cause: i) changes in the ITCZ position; 
ii) negative air temperature anomalies over 
Southern Brazil associated with enhanced 
precipitation and low levels cyclonic circulation 
over the adjacent oceanic region; iii) the 
development of an upper levels anticyclonic 
circulation associated with less precipitation 
throughout the south and central regions of 
South America; iv) warmer and drier air masses 
over Southern Brazil indicating there were not the 
action of cold fronts; v) increased precipitation 
and humidity over Southeastern Brazil and 
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Paraguay, Bolivia, Northern Chile, Southern Peru 
and Eastern Pacific regions were associated with 
northwest wind anomalies converging from Peru 
and northwestern Brazil.

The main impacts of the ASI extremes on 
the South American climate during winter were: 
i) reduced precipitation over the Equatorial 
Atlantic, indicating a northward shift of ITCZ; ii) a 
northwest-southeast oriented band of reduced 
precipitation is associated with a low levels 
anticyclonic circulation at the east of Argentina; 
iii) reduced precipitation is found over Paraguay, 
the central region of Argentina and south, 
southeast and east regions of Brazil; iv) the 
weakening (strengthening) of the subtropical jet 
(polar jet) and the increased wind convergence 
at upper levels resulted in reduced precipitation 
over Paraguay and central region of Argentina.

The spectral analysis carried out in this 
study revealed that the periods with the greatest 
variance of the climatic signal resulting from 
disturbances applied on high southern latitudes 
occurred on the interseasonal timescale (110–
120 days), especially over the Brazilian Amazon 
and the Southeastern Brazil regions. 

The greater sensitivity of these two regions 
to the ASI positive extremes is directly related to 
the formation of a SACZ pattern, which proved to 
be highly sensitive to the signal generated from 
the Antarctic perturbance. Last, there are other 
factors in the coupled climate system, such as 
changes to the storm tracks and planetary waves 
that might complement the response of the 
South American climate to ASI positive extremes. 
These are interesting scientific subjects that are 
already under investigation and will be included 
in future publications.
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SUPPLEMENTARY MATERIAL
Figure S1. Seasonal mean precipitation rate (colors, 
in mm day-1,), 925hPa wind (vectors, in ms-1) and 
200hPa wind in ms-1 (stream lines) simulated over the 
South American continent by the layerctl ensemble 
experiment during the first 4-years: a) Spring (SON), b) 
Summer (DJF), c) Autumn (MAM) and d) Winter (JJA). 
Figure S2. Cross-section of the zonal mean zonal wind 
during spring (SON), summer (DJF), autumn (MAM), 
winter (JJA): left column) CM2.1 model (layerctl) and 
right column) ERA-Interim Reanalysis (1979–2020).
Figure S3. Wavelet spectral analysis of precipitation 
at each of the six regions with heterogeneous climate 
in South America (R1 to R6) provided by ERA-Interim 
reanalysis (2017–2020).
Figure S4. Wavelet Spectral analysis of precipitation 
at each of the six regions with heterogeneous climate 
in South America (R1 to R6) provided for the layerctl 
ensemble mean (2020–2024).
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