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RESUMO 

 

A variabilidade do gelo marinho Antártico (GMA) tem grande potencial para afetar a 

circulação atmosférica, com impactos que podem se estender desde a superfície até os níveis 

médio e alto da troposfera. O presente estudo avaliou a resposta da circulação da troposfera do 

Atlântico Sul ao aumento da cobertura em área e volume de GMA. Dados mensais de 

temperatura do ar, vento zonal e meridional e pressão média ao nível do mar foram obtidos a 

partir de duas simulações de conjunto realizadas com o modelo GDFL/CM2.1, abrangendo o 

período de julho de 2020 a junho de 2030. Em geral, a resposta da circulação da troposfera do 

Atlântico Sul ao aumento do GMA mostrou que o sinal climático se estendia da superfície para 

os altos níveis, propagando-se como uma teleconexão Polo Sul-Trópicos. Os resultados 

mostram um resfriamento geral da troposfera austral, que levou, por exemplo, a um 

fortalecimento e deslocamento para norte do jato polar e deslocamento para sul do jato 

subtropical e a uma inversão da fase positiva para negativa do Modo Anular Sul. Este estudo 

tem grande relevância para o entendimento das mudanças climáticas globais em curto prazo, ao 

avaliar a sensibilidade da circulação da troposfera do Atlântico Sul a variações extremas no 

GMA.  

 

Palavras-chave: Gelo Marinho Antártico, Circulação Atmosférica, Oceano Atlântico Sul, 

Célula de Hadley, Célula Polar. 

 

 

 

 

 

 

 

 

 

 



 
 

ABSTRACT 

 

The variability of Antarctic sea ice (ASI) has great potential to affect atmospheric 

circulation, with impacts that can extend from the surface to the middle and high levels of 

troposphere. The present study has evaluated the response of South Atlantic tropospheric 

circulation to increased coverage in area and volume of ASI. Monthly data of air temperature, 

zonal and meridional wind and mean sea level pressure were obtained from two ensemble 

simulations performed with the GDFL/CM2.1 model, covering the period from July 2020 to 

June 2030. In general, the response of South Atlantic tropospheric circulation to increased ASI 

showed that the climatic signal extended up from the surface to the high levels, propagating as 

a South Pole–Tropics teleconnection. The results show a general cooling of the southern 

troposphere, which lead, for instance, to a strengthening and northward shift of the polar jet and 

southward shift of the subtropical jet and to an inversion from the positive to negative phase of 

the Southern Annular Mode. This study has great relevance for understanding the global climate 

changes in short term, by assessing the sensitivity of South Atlantic tropospheric circulation to 

extreme variations in ASI. 

 

Key words: Antarctic Sea Ice, Atmospheric Circulation, South Atlantic Ocean, Hadley Cell, 

Polar Cell. 
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I. CONSIDERAÇÕES INICIAIS 

 

O presente trabalho parte do pressuposto de que os estudos da circulação atmosférica 

são de grande importância para a compreensão do clima em diversas regiões do globo, uma vez 

que os elementos e fatores climáticos de um local apresentam enorme influência nas atividades 

humanas.  

A circulação geral da atmosfera corresponde ao movimento em larga escala da 

atmosfera no tempo e no espaço (AYODE, 1996) e tem papel fundamental no clima em diversas 

regiões da Terra. Esse movimento ocorre particularmente na Troposfera e corresponde ao 

deslocamento do ar (vento) da alta para a baixa pressão, resultando na dinâmica das células de 

circulação meridional (Hadley, Ferrel e Polar) em ambos os hemisférios e da célula de 

circulação zonal (Walker) na região tropical (VAREJÃO-SILVA, 2006). Basicamente, essa 

circulação é influenciada pelo desequilíbrio na radiação, na umidade, no momentum e na massa 

entre as baixas e altas latitudes (AYODE, 1996). Outros fatores que também influenciam nessa 

circulação são a topografia, a distribuição das superfícies continentais e oceânicas e a circulação 

oceânica (AYODE, 1996).  

O Gelo Marinho Antártico também tem grande importância para o clima global, uma 

vez que os eventos de expansão e retração do gelo podem afetar a dinâmica do oceano austral 

e da atmosfera, resultando em impactos que se propagam da superfície aos altos níveis da 

troposfera como verificado, por exemplo, nos estudos de Hudson e Hewitson (2001), Raphael 

et al. (2011), Kidston et al. (2011), Parise (2014) e Parise et al. (2015).  

Neste contexto, o presente trabalho buscou investigar o comportamento da circulação 

meridional da atmosfera no setor do Atlântico em cenários futuros de extremos máximos de 

gelo marinho antártico e as possíveis teleconexões climáticas responsáveis por propagar o sinal 

climático de altas latitudes austrais até a região tropical. Dessa forma, o estudo apresenta grande 

importância no entendimento das mudanças climáticas de curto prazo associadas aos eventos 

extremos de gelo marinho antártico e visa contribuir com os estudos de Parise (2014) e Parise 

et al. (2015), pois tem o objetivo de avaliar as respostas atmosféricas observadas na escala 

interanual.  

O presente Trabalho de Conclusão de Curso aqui apresentado como capítulo 1, está no 

formato de artigo científico submetido aos Anais da Academia Brasileira de Ciências (Qualis 

Capes A2) - Volume Especial sobre Pesquisa Antártica, submetido em maio de 2021 e aceito 

em julho de 2021. Assim, essas considerações iniciais são seguidas do Capítulo 1, 

considerações finais e anexos.  
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ABSTRACT  

 

The variability of Antarctic sea ice (ASI) has great potential to affect atmospheric circulation, with 

impacts that can extend from the surface to the middle and high levels of troposphere. The present study 

has evaluated the response of South Atlantic tropospheric circulation to increased coverage in area and 

volume of ASI. Monthly data of air temperature, zonal and meridional wind and mean sea level pressure 

were obtained from two ensemble simulations performed with the GDFL/CM2.1 model, covering the 

period from July 2020 to June 2030. In general, the response of South Atlantic tropospheric circulation 

to increased ASI showed that the climatic signal extended up from the surface to the high levels, 

propagating as a South Pole–Tropics teleconnection. The results show a general cooling of the southern 

troposphere, which lead, for instance, to a strengthening and northward shift of the polar jet and 

southward shift of the subtropical jet and to an inversion from the positive to negative phase of the 

Southern Annular Mode. This study has great relevance for understanding the global climate changes in 

short term, by assessing the sensitivity of South Atlantic tropospheric circulation to extreme variations 

in ASI. 

 

Key words: Antarctic Sea Ice, Atmospheric Circulation, South Atlantic Ocean, Hadley Cell, Polar Cell. 
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1. INTRODUCTION 

 

The variability of Antarctic sea ice (ASI) is of a great importance for the thermal balance 

of global climate system, since it affects the dynamics of the southern ocean and atmosphere, with 

impacts that propagate from the surface to the high levels of troposphere (e.g., Hudson & Hewitson 

2001, Raphael et al. 2011, Kidston et al. 2011, Parise 2014, England et al. 2018, Ayres & Screen 2019). 

As a consequence, expansion and reduction events of ASI end up generating local disturbances that can 

spread out to remote areas of globe, impacting the tropical climate through teleconnections (Yuan & 

Martinson 2000, Liu & Alexander 2007). In this context of teleconnections, changes in the tropics can 

also impact the polar climate (Carleton 2003, Liu & Alexander 2007, Yuan & Li 2008, Yuan et al. 2018). 

In El Niño events, for instance, sea surface temperature (SST) anomalies in the central-eastern Tropical 

Pacific increase the air convection in the region, altering the southern meridional thermal gradient (Yuan 

2004, Yuan et al. 2018). A planetary waves train spreads from Tropical Pacific towards South America 

(Pacific-South American mode - PSA) (Mo & Paegle 2001) and acts on the atmospheric patterns of 

meridional circulation cells and the interannual variability of ASI, especially in Pacific and Atlantic 

sectors (Yuan & Martinson 2001, Liu et al. 2002, Carpenedo & Ambrizzi 2016, Cerrone & Fusco 2018).  

Even with high seasonal variability, studies have shown an increasing trend in ASI until 

the year 2014 (e.g., Holland & Kwok 2012, Bintanja et al. 2013, Meehl et al. 2016, Li et al. 2020). From 

2014 to 2017, a decreasing trend in ASI was documented, with 2017 presenting the last low record (e.g., 

Parkinson 2019, Wang et al. 2019, Turner et al. 2020). Although a significant reduction in ASI coverage 

may also modify the atmospheric circulation, expansion events of ASI have a much greater impact, 

likely because the sea ice melts faster and freezes more slowly (Carpenedo & Ambrizzi 2016, Carpenedo 

2017). Under the scenario of historical increase in ASI, Parise (2014) and Parise et al. (2015) observed 

a cooling of the air temperature in high and mid-latitudes, an intensification of the polar jet, and the 

establishment of the positive phase of the Southern Annular Mode (SAM), with impacts varying 

seasonally and accordingly to the sector (Atlantic, Pacific and Indian Oceans). These authors have 

shown that the maxima applied to the ASI field have persisted during the first 4 years of model 

simulation, when eventually the ASI field passes to present the climatological pattern. The disturbance 

applied to the ASI, however, resulted in cold and fresh melting water, which was able to influence the 
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buoyancy of the Southern Ocean and the surrounding atmosphere, by limiting ocean-atmosphere heat 

exchanges also during the following 4 years of simulation (Parise et al. 2015).  

By examining the influence of ASI distribution on the Southern Hemisphere large-scale 

circulation based on a fully coupled general circulation model, Hudson & Hewitson (2001) found that 

minimum ASI conditions in the southern summer caused a strengthening and a poleward shifting of the 

Hadley circulation. Also, in an ASI reduction scenario, Raphael et al. (2011) showed that there is an 

expansion of the Polar cell and subsequent displacement of the Ferrel cell towards the equator. In 

addition to these results, Raphael et al. (2011) pointed out that small changes in surface air temperature 

can result in large impacts on the southern climate, since the ASI edge is located in the latitudinal zone 

(approximately 60°S) of high thermal gradients, known as the Polar Front or Antarctic Convergence 

(Rabelo et al. 2009). Therefore, these ASI changes alter the surface circulation and the deep-water 

formation, with impacts on the ecosystem and the atmosphere-ocean-ice interactions (Li et al. 2020).  

In this way, due to the influence of polar regions on global climate variability and to the 

most pronounced changes on atmospheric circulation over the twentieth and twenty-first century taking 

place in the South Atlantic and Pacific sectors (Screen et al. 2018), the present study evaluates the 

response of the meridional circulation cells, in the South Atlantic sector, to a historical increase in ASI 

area and volume. In addition, we investigate the time required for the climate signal generated from the 

ASI disturbances finally reaches the tropical troposphere. The propagation mechanisms of the climate 

signal from southern high to low-latitudes are also evaluated. 

 

2. ATMOSPHERIC DATA AND ANALYSES 

 

Monthly air temperature, zonal and meridional wind and mean sea level pressure (MSLP) 

data simulated by the Coupled Climate Model of the Geophysical Fluid Dynamics Laboratory of the 

National Oceanic and Atmospheric Administration (GFDL/NOAA), version 2.1 (Model CM2.1) were 

obtained from the study of Parise (2014), comprising the period from July 2020 to June 2030 (10 years 

of simulation). The CM2.1 stands out among the models used for the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change (IPCC), published in 2007, for presenting one of the best 

performances in terms of atmospheric dynamics (Knutson et al. 2006, Reichler & Kim 2008). It is 
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composed of four components (oceanic, atmospheric, sea ice and terrestrial) that interact with each other 

through a flux coupling module, the Flexible Modeling System. More detailed information about each 

model component is found in Bryan (1969), Semtner (1976), Winton (2000), Delworth et al. (2002), 

Milly & Shmakin (2002), Gnanadesikan et al. (2006), Stouffer et al. (2006) and Wittenberg et al. (2006). 

Regarding the sea ice component (Sea Ice Simulator, Winton 2000), the numerical experiments used in 

this study were conducted with a sophisticated multi-layer model (3 layers, 1 of snow and 2 of ice), that 

considers thermodynamic and dynamic processes and rheological features of the sea ice. 

The climate sensitivity experiments to ASI changes, here named layer, had their initial 

conditions of ASI concentration and thickness perturbed with an expansion extreme field (layermax 

experiment). This was compared to a control experiment initialized from a climatological condition of 

ASI (layerctl experiment). Each experiment was carried out as an ensemble with 30 members each. The 

initial conditions for the layerctl ensemble 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 of ASI area and volume were designed to represent the maximum value of sea ice in 

the whole time series for each grid point, regardless of when it has occurred in time. More details on the 

sensitivity experiments used in this study are found in Parise (2014) and Parise et al. (2015). 

In the present study, the impacts of the increase in ASI in the South Atlantic troposphere 

are assessed through the layermax-layerctl differences of the zonal mean profiles and Hovmöller 

diagrams (latitude vs time) for the lower (850 hPa) and higher (250 hPa) levels. This diagram stands out 

in showing the movement or displacement of an anomaly through static images, calculating the average 

of all values in a single line of longitude or latitude (Hovmöller 1949). In this study, the y axis represents 

the latitudes from 90ºS to 30ºN, while the x axis represents time in years (from July 2020 to June 2030). 

In order to verify the tropospheric changes between the middle (40ºS) and high (65ºS) latitudes over the 

10 years of the coupled model simulation, we analyzed the layermax-layerctl differences for air 

temperature, zonal and meridional wind at 850 hPa and 250 hPa levels and MSLP. The MSLP 
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differences between middle and high latitudes were calculated based on the methodology proposed of 

Marshall et al. (2003). 

To verify the response timing of vertical structure of the Atlantic troposphere in view of 

the extreme expansion imposed on the ASI, the zonal mean profiles were calculated separately for three 

specific periods. These periods were predetermined as a function of the Southern Ocean memory to the 

initial condition of ASI (Parise et al. 2015), it means, based on is distinct phases: when de layermax-

layerctl differences were positive (July 2020 – June 2024), close to zero (July 2024 – June2028) and 

negative (July 2028 – June 2030), respectively, in relation to the ASI maxima (Parise 2014, Parise et al. 

2015). In this way, the study sought to evaluate the behavior of climate response on an interannual 

timescale, aiming to discuss the possible consequences for the South America climate. The whole 

domain analyzed here comprises the latitudes from 90ºS to 30ºN and longitudes from 65ºW to 15ºE. 

 

3. RESPONSE OF SOUTH ATLANTIC MERIDIONAL CIRCULATION TO ANTARCTIC 

SEA ICE MAXIMA 

 

From this section onwards, we started to show the results from our study obtained through 

numerical modeling experiments, when ASI extremes were imposed as initial conditions for each 

ensemble member. The differences of ASI concentration (%) and thickness (m) between the layermax-

layerctl ensemble experiment averages in the Atlantic sector (60°W – 20°E) for the 10 years of model 

simulation (2020 – 2030) are shown in Figure 1. The results show that the ASI in Atlantic sector was 

larger than climatological pattern during the first 7 years of simulation, when it has passed to a negative 

phase of ASI. Parise et al. (2015), by analyzing the climate memory to ASI changes, have found a period 

of 4 years for the whole perturbance applied to ASI completely melts and more 4 years for the cold and 

fresh surface melting water be transported from Southern Ocean to the Tropical Ocean. The interannual 

variability of the Weddell Sea ice has large influence on the atmospheric circulation over the South 

Atlantic sector (Morioka et al. 2017). Furthermore, accurate initialization of sea ice conditions during 

southern winter is a key element for a skillful prediction of climate variability over the Weddell Sea 

during the next season, i.e., in southern spring (Morioka et al. 2019). 
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Figure 1 – Differences of Antarctic sea ice (ASI) (a) concentration (%) and (b) thickness (m) between the 

layermax-layerctl ensemble experiments in Atlantic sector (60°W – 20°E) for the 10 years of model simulation 

(July 2020 – June 2030).  

The vertical structure of the air temperature in the Atlantic sector is shown in Figure 2. The 

results show a general cooling of the southern troposphere (down to -0.6ºC) from the surface to the high 

levels (approximately 300 hPa), especially between the high and mid-latitudes (between 90ºS and 45ºS) 

between 2020-2024 (Figure 2a). The cooling in the mid and high-latitudes of the South Atlantic suggest 

an increase in the meridional thermal gradients, until 8 years following expansion extreme of ASI 

(Figures 2a and 2b). Also, a small surface cooling (approximately 0.2ºC) is found over the equatorial 

region (from 5ºS to 5ºN) during the first 8 years of model simulation (Figures 2a and 2b). During this 

period, the impacts on the tropical region have concentrated at the upper levels. In the last 2 years of 

simulation (2028-2030), this tropospheric cooling has passed to spread out over the tropics, from the 

surface and more strongly at the high levels (Figure 2c). Between 75ºS to 55ºS, we observed a maximum 
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cooling of -0.6ºC in the period from July 2020 to June 2024. On the other hand, a slight warming of 

~+0.2ºC is found from the surface to the mid-levels of troposphere five years later, in the period from 

July 2028 to June 2030. By analyzing the atmospheric response to ASI loss, England et al. (2018) have 

found a confined latitudinally (over the high-latitudes) and vertically (up to 600 hPa) warming at the 

high levels of troposphere. Even though the present study is analyzing the impacts of an ASI increase, 

it is important to understand that, since the experiments were conducted with a coupled model without 

any flux or variable adjustments, there is a progressive loss of sea ice as the CM2.1 model runs. Due to 

the presence of sea ice normally acts on decreasing the surface air temperature, and vice-versa, this 

thermodynamic response was already expected. Therefore, in the present study we found the air 

temperature biases can generate anomalies that reach the upper-levels of troposphere. These results 

corroborate with Raphael (2011), Parise (2014), Parise et al. (2015) and Carpenedo & Ambrizzi (2016), 

who also found a cooling of the atmosphere in an extremely positive ASI condition. Parise (2014) and 

Parise et al. (2015) showed that this colder air mass was displaced towards the lower latitudes (from 

Antarctic to Equator) in its greatest amount during the southern spring (SON), precisely in the season 

of the ASI climatological maximum (Parkinson 2019). When ASI is at its extreme maximum, there is 

an increase in albedo and a consequent reduction in absorption of shortwave radiation. With less energy 

being absorbed by the surface, a reduction occurs in both SST and vertical heat fluxes, especially over 

the ASI edge. Morioka et al. (2017) found that the reduction of sea ice in the Weddell Sea sector 

contributes to the anomalous warming of the surface temperature in the range of 60-70°S and, as a 

consequence, there is an increase in stability in the atmospheric boundary layer to the north of this strip, 

implying favorable conditions for the support of anticyclonic anomalies in the lower troposphere in the 

South Atlantic.  
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Figure 2 – Differences between the layermax-layerctl experiments for the zonal mean (from 90°S to 30°N) air 

temperature profile (ºC) for the Atlantic sector (from 65°W to 15°E) during the periods: (a) July 2020 – June 2024; 

(b) July 2024 – June 2028; (c) July 2028 – June 2030 and (d) July 2020 – June 2030. 

The vertical structure of the zonal mean wind in the Atlantic sector is shown in Figure 3. 

In the tropical region, the ASI sensitivity experiments showed the intensification of the Hadley cell, with 

trade winds more intense (easterlies, with negative sign). This intensification took place initially in the 

Northern Hemisphere (for the periods of 2020–2024 and 2025–2028) and later established itself in both 

hemispheres. The results also showed the strengthening of the Polar cell in the layermax in relation to 

the control experiment (westerlies between 50ºS and the South Pole, with positive sign) and the 

southward expansion of the Ferrel cell (easterlies between 30ºS and 50ºS, with negative sign) (Figure 

3a). The disturbance applied on the surface was able to generate a climatic signal that extended up to 

the high levels of the tropical troposphere, propagating from Antarctica to Tropics. During the first 4 

years of model simulation, there was a northward shift of the polar jet and a southward shift of the 

subtropical jet (Figure 3a). In the following 4 years (2025-2028) there was a southward shift of the 

atmospheric meridional circulation cells in the South Atlantic sector, with the subtropical jet acting at 

35ºS and the polar jet at 55ºS, approximately (Figure 3b). This response pattern has intensified the wind 

shear at mid-latitudes (~ 44°S) (Figure 3b). For the period from July 2028 to June 2030, breaks in the 

vertical structure of the climate oscillations generated in Antarctica were observed, resulting in a smaller 

wave number (Figure 3c). In the studies of Parise (2014) and Parise et al. (2015) positive zonal wind 
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anomalies were found at 50°S in the southern spring (SON), between 55°S and 75°S in the autumn 

(MAM) and south of 65°S in the winter (JJA), being stronger in the last. By analyzing maximum 

conditions of ASI for southern summer, Raphael (2003) found that the entire southern circulation cell 

seems to move northwards, with the mid-latitude surface westerly winds becoming weaker and the polar 

easterlies expanding further north. Also, in response to increased extend of ASI, Kidston et al. (2011) 

and Smith et al. (2017) observed a poleward shift of the mid-latitude jet stream, as also found in the 

present study. 

When analyzing the climate response to the variability of the radiative (solar) forcing, 

Haigh et al. (2005) suggest that the expected dynamics of the troposphere is due in particular to the 

warming of the stratosphere, with impacts more easily detected in the subtropical and middle latitudes. 

This warming tends to weaken the subtropical jets and the southern tropospheric mean circulation, with 

a weakening and expansion of Hadley cells and a poleward shift of the Ferrel cells. In this way, the 

positions of the subtropical jets and the extension of Hadley cells respond to the distribution of the 

stratospheric warming, with the low-latitude warming forcing them to move towards the poles, and high-

latitude warming forcing them to move towards the equator (Haigh et al. 2005). Kodera et al. (2016) 

studying the stratospheric warming events and their influence on the troposphere circulation have 

reported that the tropospheric connection is more directly related to the vertical structure of planetary 

waves than the horizontal structure of the polar vortex. The Hadley cell edge is also closely related to 

temperature gradients occurring over the tropical upper troposphere (Son et al. 2018). By addressing the 

influence of Atlantic Meridional Overturning Circulation (AMOC) on the position asymmetry of the 

Intertropical Convergence Zone (ITCZ), which is found slightly north of the equator, Aimola & Moura 

(2016) have found that anomalous Hadley cell transports particularly moisture at low levels from equator 

to the Northern Hemisphere and energy at high levels to the Southern Hemisphere, so that the maximum 

precipitation occurs to the north of equator following the ITCZ position.  
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Figure 3 – Differences between the layermax-layerctl experiments for the zonal mean (from 90°S to 30°N) wind 

profile (ms-1) for the Atlantic sector (from 65°W to 15°E) during the periods: (a) July 2020 – June 2024; (b) July 

2024 – June 2028; (c) July 2028 – June 2030 and (d) July 2020 – June 2030. 

The zonal mean profile of meridional wind between 90°S and 30°N is shown in Figure 4. 

In the period from July 2020 to June 2024 (Figure 4a) we observe negative anomalies of meridional 

wind between 90°S (almost the entire troposphere) and approximately 50°S (low levels). This 

anomalous pattern indicates a strengthening of the upper branch of the Polar cell and a weakening of the 

lower branch, as well as a strengthening of the lower branch of the Ferrel cell. This weakening 

(strengthening) of the lower branch of Polar (Ferrel) cell may indicate its contraction, which is associated 

with the expansion extreme of ASI. The same pattern was also observed by Raphael et al (2011) for the 

months from January to March. In relation to the tropical circulation cell, a strengthening (weakening) 

of the upper branch of Hadley cell between ~30ºS to 0º (at approximately 30ºN), respectively, was 

verified (Figure 4a). 

On the other hand, in the period from July 2024 to June 2028 (Figure 4b), when the 

maximum ASI has already been melted, there was an inversion of the anomalies observed in the previous 

period (2020–2024), with a predominance of positive anomalies south of 45°S. The results showed a 

weakening of the lower branch of Ferrel cell, between approximately 65°S and 45°S, and a strengthening 

(weakening) of the lower (upper) branch of Polar cell, respectively, with the largest meridional wind 
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anomalies at high levels. Between the middle and low-latitudes there was a predominance of negative 

anomalies, indicating a strengthening of the lower branch of Ferrel cell between 45°S and 35°S, 

approximately, and a weakening at high levels. The strengthening of the lower branch of Polar cell may 

indicate its expansion. One consequence of this strengthening is the displacement of Ferrel cell to the 

north. This expansion of the Polar cell and consequently the displacement of the middle latitude cell 

towards the equator was also observed by Raphael et al. (2011) under minimum conditions of ASI in 

the southern summer. With the Antarctic Polar Front displaced to the north, coinciding with the spatial 

pattern similar to the negative phase of SAM (see forward in Figure 5b), there is a favor in the 

propagation of transient systems in southern Brazil, since the subtropical jet is strengthened and 

displaced towards the equator (Carvalho et al. 2005, Rudeva & Simmonds 2015). Regarding the Hadley 

cell, a pattern similar to first period analyzed (2020–2024) is observed for its upper branch even if a 

weakening at approximately 30ºS to 15ºS is observed for its lower branch (Figure 4b).  

Finally, in the period from July 2029 to June 2030 (Figure 4c), the strengthening 

(weakening) of the lower (upper) branch of Polar cell are observed south of 60°S, while around 45°S 

there are positive anomalies of meridional wind in practically the entire troposphere, indicating a 

weakening (strengthening) of the lower (upper) branch of Ferrel cell. In relation to the Hadley cell, we 

found a strengthening of its upper branch around 30ºS and a weakening (strengthening) of its upper 

(lower) branch at approximately 30ºN.  

When analyzing the entire simulation period, from July 2020 to June 2030 (Figure 4d), we 

observed the predominance of positive anomalies of meridional wind at middle and high levels of high 

southern latitudes, while at low levels there were no biases. Thus, the results show that the largest 

anomalies were observed especially at high levels of the troposphere in the sector of Polar and Ferrel 

cells when evaluating the first two simulation periods, indicating that the ASI concentration and 

thickness changes have a great influence on the displacement and intensity of these tropospheric 

meridional cells. 
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Figure 4 – Differences between the layermax-layerctl experiments for the meridional mean (from 90°S to 30°N) 

wind profile (ms-1) for the Atlantic sector (from 65°W to 15°E) during the periods: (a) July 2020 – June 2024; (b) 

July 2024 – June 2028; (c) July 2028 – June 2030 and (d) July 2020 – June 2030. 

The differences of MSLP in the Atlantic sector of Southern Ocean are shown in Figure 5. 

Positive (negative) differences were observed out of phase between mid- and high-latitudes, indicating 

an increase (decrease) in the MSLP, respectively. When analyzing the response of the Southern 

Hemisphere’s climate in the three predetermined periods, it was found a spatial pattern similar to the 

positive (2020–2024) and negative (2024–2028) phase of the SAM (Thompson & Wallace 2000, Gillett 

et al. 2006).  

The positive (negative) anomalies of MSLP found over the subtropical zone during 2020–

2024 (2025–2028) periods suggests a slight strengthening (weakening) of the South Atlantic Subtropical 

High (SASH) (Figures 4a and 4b). For the 2020–2024 period, this positive bias of MSLP found in mid-

latitudes does not reach the tropical region, where negative biases are observed. From July 2024 to June 

2028, the MSLP anomalies are in association with the weakening of the Hadley cell in the Southern 

Hemisphere (positive anomalies of zonal wind at middle and high levels) (Figure 3b). Considering the 

temporal average of the entire simulation period of the coupled model, higher (lower) MSLP were found 

in the middle (high) latitudes, respectively (Figure 5d), which is consistent with the positive phase of 

SAM, as also shown in Raphael et al. (2011) and Parise et al. (2015). In the studies by Parise (2014) and 

Parise et al. (2015) it was found that considering the entire simulation period (2020–2030) there was a 
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decrease in MSLP in high-latitudes (~ 3 hPa) and an increase in mid-latitudes (~ 1.5 hPa), being the 

response of this field most significative in southern autumn (MAM) and winter (JJA). According to 

Pezza et al. (2012), in La Niña years occurring with a positive phase of SAM would present the most 

favorable conditions for the general growth of sea ice (except to the west of Antarctic Peninsula, where 

the opposite is seen). Any trend in SAM can have highly significant impacts on regional precipitation 

patterns (Gupta & England 2006). In the positive phase of SAM (i.e., positive anomalies of MSLP 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). 

 

Figure 5 – Differences between layermax-layerctl experiments for MSLP (hPa) during the periods: (a) July 2020 

– June 2024; (b) July 2024 – June 2028; (c) July 2028 – June 2030 and (d) July 2020 – June 2030. 

Regarding the layermax-layerctl differences for air temperature (250 hPa and 850 hPa), 

zonal wind (250 hPa and 850 hPa) and MSLP between the 40ºS and 65ºS latitudes, it was found that for 

air temperature (Figure 6a) the positive and negative differences were higher at low levels (850 hPa), 

reaching up to ~1.3ºC in the first 4 years of simulation (2020–2024). In relation to the zonal wind (Figure 

6b) it was observed that the positive and negative differences were greater at high levels (250 hPa) with 

more positive differences in the period from July 2024 to June 2028, up to approximately 6 ms-1. Finally, 
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the MSLP (Figure 6c) showed more positive differences in the first 4 years of simulation compared to 

the following 4 years (2025–2028) where more negative differences were observed, up to approximately 

-7.8 hPa. 

 

Figure 6 – Differences between layermax-layerctl experiments at middle (40°S) and high (65°S) latitudes for: (a) 

250 hPa and 850 hPa air temperature (b) 250 hPa and 850 hPa zonal mean wind and (c) MSLP during the whole 

period of CM2.1 model simulation (2020-2030). 
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When analyzing the Hovmöller diagrams, it was found that the differences of atmospheric 

fields are greater. The air temperature (Figure S1, Supplementary Material), showed throughout the 

analyzed period (2020–2030) a heating of up to ~1.5ºC at the upper troposphere, especially from 90ºS 

to 45ºS (Figure S1a, Supplementary Material). On the other hand, at low levels (Figure S1b, 

Supplementary Material) we observed a cooling of up to ~-1.5ºC, with emphasis on the first 4 years of 

simulation (2020–2024).  

 

Figure 7 (Figure S1) – Hovmöller's diagram of the air temperature (ºC) differences between the layermax-layerctl 

experiments at 250 hPa (a) and 850 hPa (b) levels during the 10 years of model simulation (July 2020 – June 

2030). 

Regarding the zonal wind (Figure S2, Supplementary Material), it was observed that the 

biggest changes occurred at the high levels of troposphere,  with an intensification of winds up to 3.5 

ms-1 in high and middle latitudes (from 90ºS to 45ºS) for the first 4 years of simulation (2020–2024). In 

the first 4 years of simulation (2020–2024), the MSLP showed a predominance of negative differences 

in the high-latitudes and positive differences in the mid-latitudes (up to ~8.0 hPa) (Figure S3, 

Supplementary Material). The opposite pattern was observed in the following 4 years (2025–2028). 
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Figure 8 (Figure S2) – Hovmöller diagram of the mean zonal wind differences (m s-1) between the layermax-

layerctl experiments at 250 hPa (a) and 850 hPa (b) levels during the 10 years of model simulation (July 2020 – 

June 2030).  

 

Figure 9 (Figure S3) – Hovmöller diagram of the mean sea level pressure (MSLP, in hPa) between the layermax-

layerctl experiments during the 10 years of model simulation (July 2020 – June 2030).  

Regarding climate teleconnections, Cabré et al. (2017) found that changes in deep ocean 

convection have large and rapid implications for both the extratropics and tropics, causing significant 

changes in atmospheric temperatures, westerly wind speeds, Hadley circulation, as well as in the inter-

hemispheric thermal gradients, atmospheric transport of energy and the position of ITCZ. Bowman & 

Carrie (2002) showed that there is a semipermeable barrier for transporting properties between the 

tropics and extratropics. According to them, the atmosphere can be divided into three main parts, the 

extratropics of Southern Hemisphere, the tropics and the extratropics of Northern Hemisphere. 
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Climatologically, the dispersion of particles within each part of the atmosphere is fast, while the 

exchange between the different parts is very slower. The entrainment of extratropical air into the tropics 

in the boundary layer must be matched in the long run by transporting air from the tropics back to the 

extratropics through the transport barrier (Bowman & Carrie 2002). Liu & Alexander (2007) concluded 

that the tropical impact on the extratropical climate occurs mainly through the atmosphere, while 

changes in the extratropics can also impact the tropical climate through the subtropical cells of the upper 

ocean in decadal and longer time scales. Raphael (2003) and Raphael et al. (2011) also showed that the 

southern atmosphere is sensitive to extreme ASI scenarios from the surface to the upper-levels, with the 

largest impacts occurring at middle and low-latitudes. The inversion between the phases of SAM 

associated to changes in air temperature, winds and MSLP found in our study have a great influence on 

climate variability in the South Atlantic sector, with impacts on the occurrence of cold fronts in South 

America, as discussed in the studies performed by Parise (2014) and Caldas et al. (2020). Although a 

decrease in the ASI has been observed in recent years, with a large impact also on global climate 

variability, the present study has showed that the ASI increase has the potential to significantly affect 

the atmospheric circulation in short term. However, a better assessment of the long-term ice-ocean-

atmosphere relationship is important to understand the impacts of this scenario. 

 

4. CONCLUSIONS 

 

The present study sought to evaluate the response of the southern meridional atmospheric 

circulation cells in the Atlantic sector of the Southern Ocean under a historical maximum condition of 

ASI, with the focus on the changes occurred in air temperature, zonal and meridional wind and MSLP. 

For all the ASI anomalies analyzed (positive, close to zero and negative phases), the results have showed 

a general cooling of the southern troposphere, from the surface to the upper-levels, which led, for 

instance, to a strengthening and northward shift of the polar jet, a southward shift of the subtropical jet 

and an inversion from the positive to negative phase of SAM between the positive and close to zero ASI 

phases. As Parise et al. (2015) have evaluated the SAM based on the average for the whole simulation 

period (10 years), this inversion on the SAM phase had not yet been shown.  
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Regarding the layermax-layerctl differences between the latitudes of 40ºS and 65ºS, it was 

verified that for the air temperature the positive and negative differences were larger at low levels, while 

for the zonal wind they were larger at high levels. The MSLP presented more positive differences in the 

first 4 years of simulation compared to the following 4 years (2025–2028), where more negative 

differences were observed.  

In general, the response of the South Atlantic tropospheric circulation to increased ASI 

showed that the climatic signal extended up from the surface to the high levels, propagating as a South 

Pole–Tropics teleconnection. Our results showed that the largest anomalies in the meridional circulation 

cells occurred especially at high levels of troposphere for Polar and Ferrel cells during the first two 

periods of simulation, from July 2020 to June 2028. In relation to the Hadley cell, we found a 

strengthening (weakening) of its upper branch between 30ºS to 0º (at approximately 30ºN). In the 

Southern Hemisphere, a strengthening of the Polar and Ferrel cells further south of their climatological 

positions has occurred, as a mechanism for transferring thermal energy to Antarctica to balance the cold 

bias observed on the surface of Southern Ocean. This surface cooling was resulted from the ASI 

anomalies applied and by the melting fresh and cold water. 

Our study showed a response mechanism of atmospheric circulation cells in the Atlantic 

sector to the ASI positive extremes, indicating that the ASI concentration and thickness changes have a 

great influence on the displacement and intensity of these tropospheric meridional cells. The response 

of the southern troposphere to the ASI positive extremes reported here showed that the disturbance 

applied on the surface was able to generate a climatic oscillation that extended up to the upper-levels of 

troposphere, propagating as a Pole–Tropics teleconnection. Although the results found are relevant in 

the context of global climate changes related to ASI changes, a more detailed assessment of the climate 

mechanisms acting on the propagation of the climate oscillation from Antarctica to the lower latitudes 

of the Atlantic sector is needed. 
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III. CONSIDERAÇÕES FINAIS 

 

Nos estudos de Parise (2014) e Parise et al. (2015), foi investigado a resposta da 

atmosfera austral aos extremos positivos de gelo marinho antártico compreendendo o período 

de 2020 a 2030, com impactos variando sazonalmente e setorialmente (Oceano Atlântico, 

Pacífico e Índico). Já o presente estudo buscou avaliar a resposta da circulação atmosférica 

meridional no setor do Atlântico Sul a um aumento histórico de área e volume de gelo marinho 

antártico, com foco na escala interanual em relação às mudanças ocorridas na temperatura do 

ar, vento zonal e meridional e pressão ao nível médio do mar. Em geral, a resposta da circulação 

da troposfera no setor do Atlântico Sul aos eventos extremos de gelo marinho antártico mostrou 

que o sinal climático se estendeu da superfície aos níveis elevados, propagando-se das altas 

latitudes austrais até a região tropical.   

O presente estudo mostrou um mecanismo de resposta das células de circulação 

atmosférica no setor do Atlântico Sul aos extremos positivos de gelo marinho antártico, 

indicando que as mudanças na concentração e na espessura desse gelo apresentam grande 

influência no deslocamento e na intensidade das células, principalmente, nas células Polar e 

Ferrel. Além disso, mostrou como a atmosfera responde à diferentes cenários futuros de 

concentração de gelo marinho antártico simulados por um modelo climático acoplado e o tempo 

necessário para que o sinal climático gerado pelos distúrbios do gelo marinho alcance a 

troposfera tropical. Avaliando esse comportamento da circulação meridional da troposfera 

austral no setor do Atlântico, o estudo abordou também possíveis consequências no clima da 

América do Sul.  

Embora os resultados encontrados aqui sejam relevantes no contexto das mudanças 

climáticas globais associadas aos eventos extremos de gelo marinho antártico, é necessária uma 

avaliação mais detalhada dos mecanismos climáticos responsáveis pela propagação da 

oscilação do clima da Antártica para as latitudes mais baixas do setor do Atlântico. Além dessa 

avaliação das teleconexões climáticas Polo Sul-Trópicos, estudar os impactos da variabilidade 

do gelo marinho antártico nos diferentes setores do Oceano Atlântico e das regiões continentais 

adjacentes, são também estudos fundamentais para um melhor entendimento das mudanças 

climáticas de curto prazo, uma vez que o setor do Atlântico tem grande influência no clima da 

América do Sul. Esses estudos dos impactos do gelo marinho antártico mencionados acima, são 

portanto, trabalhos futuros que estão sendo desenvolvidos a partir da presente pesquisa de 

Trabalho de Conclusão de Curso.  
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ANEXOS  

 

Normas da Revista 

 

Nesta seção serão apresentadas as normas de submissão dos Anais da Academia 

Brasileira de Ciências (AABC). As normas e outras informações podem ser consultadas no site 

da revista (https://www.scielo.br/j/aabc/).  

O envio do artigo é feito exclusivamente pelos autores e todas as seções do manuscrito 

devem possuir espaçamento duplo.  

 

 Tamanho do artigo 

 

Os artigos podem ser de qualquer tamanho necessário para a apresentação e discussão 

concisa dos dados, mas mantendo-se conciso e cuidadosamente preparado tanto em termos de 

impacto quanto de legibilidade. No entanto, artigos não devem exceder 50 páginas, incluindo 

todos os itens (figuras, tabelas, referências, etc.), a menos que possua autorização prévia do 

Editor-Chefe. 

 

 Página de rosto 

 

A página de rosto do artigo deve apresentar os seguintes itens: 1. Título do artigo com 

até 150 caracteres, sem abreviações e com a tentativa de manter o interesse amplo da 

comunidade científica; 2. Nomes completos de todos os autores. Utilize números sobrescritos 

para indicar a filiação de cada autor. 3. Endereços profissionais e ORCID de todos os autores, 

incluindo instituição, departamento, rua, número, CEP, cidade, estado e país; 4. Keywords (de 

4 a 6 em ordem alfabética e separadas por vírgulas); 5. Running title (versão resumida – e não 

abreviada - do título com até 50 caracteres, incluindo espaços); 6. Seção dos AABC à qual o 

artigo pertence; 7. Nome, endereço, telefone e e-mail do autor para correspondência, a quem 

serão enviadas as mensagens mais relevantes do processo de avaliação. Este autor ou autora 

deve ser indicado com um asterisco após seu nome. 
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 Abstract 

 

O abstract deve conter até 200 palavras e apresentar as principais descobertas do artigo, 

incluindo uma breve introdução, os objetivos do trabalho e uma conclusão baseada nas 

presentes descobertas. Caso os autores estejam submetendo uma revisão convidada/autorizada, 

o abstract deve abordar o principal tema da revisão e explicitar a contribuição de tal revisão à 

área. O abstract não deve possuir títulos nem citações/referências. 

 

 Texto do manuscrito 

 

Todo o texto deve ser escrito com espaçamento duplo utilizando a fonte Times New 

Roman tamanho 12 ou equivalente, desde que mantida a legibilidade. Por favor, organize seu 

texto nas seguintes partes sempre que possível: 1. Página de rosto; 2. Abstract (em página 

separada, 200 palavras ou menos, sem abreviações); 3. Introduction; 4. Materials and Methods; 

5. Results; 6. Discussion; 7. Acknowledgments, se aplicável; 8. Author contributions (se o 

artigo tiver mais de um autor); 9. References; 10. Legendas de figuras e tabelas, se aplicável. 

Artigos de algumas áreas, como por exemplo Ciências Matemáticas, devem seguir seu 

formato padrão. Em alguns casos, pode ser aconselhável omitir a seção (4) e juntar as partes (5) 

e (6). Quando aplicável, a seção Materials and Methods deve indicar o Comitê de Ética que 

avaliou os procedimentos para estudos em seres humanos ou as normas seguidas para 

tratamentos experimentais em animais. 

Todos os procedimentos devem ser detalhadamente descritos. Utilize inglês norte-

americano para escrever o texto. Nomenclaturas da área de Química devem ser fornecidos de 

acordo com a União Internacional de Química Pura e Aplicada (IUPAC). Cepas de organismos 

também devem estar identificadas. Informe nomes de fornecedores de reagentes e/ou 

equipamentos. Utilize unidades e símbolos de acordo com o Bureau International des Poids et 

Mesures (SI) sempre que possível. 

 

 Acknowledgments 

 

Devem ser incluídos ao fim do texto, antes das referências. Agradecimentos pessoais 

devem preceder nomes de instituições e agências. De forma ideal, notas de rodapé devem ser 

evitadas, mas, quando necessário, devem estar numeradas. Agradecimentos a financiamentos, 

subsídios, bolsas de estudo e dívidas com outros colegas, bem como menções à origem do artigo 
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(como uma tese, por exemplo), devem estar nesta seção. Favor incluir o nome completo da 

agência de fomento, país e número do projeto (se aplicável). 

 

 Abreviações 

 

Devem ser definidas em sua primeira ocorrência no texto, exceto por abreviações padrão 

e oficiais. Unidades e seus símbolos devem estar em conformidade com as aprovadas pelo 

Bureau International des Poids et Mesures (SI). 

 

 Legendas de figuras 

 

Esta informação deve ser fornecida ao fim do manuscrito, após as referências. Todas as 

figuras devem conter legenda. A legenda deve possuir uma sentença introdutória que descreve 

as principais descobertas. Todas as divisões na figura devem ser identificadas com letras 

minúsculas, quando aplicável (1a, 2a, 2b, 3c, 3d, etc.). Quando for o caso da utilização de barras 

de erro, favor informar se um número que vem após o símbolo ± é um Standard Error Of Mean 

(SEM) ou standard deviation of mean (SD). Deve ser informado na legenda se o resultado 

apresentado representa N experimentos individuais. 

 

 Tabelas 

 

Cada tabela deve possuir um pequeno título acima da mesma. Notas abaixo da tabelas 

também pode ser utilizadas. Tabelas devem ser citadas no artigo em algarismos romanos (Table 

I, Table II, Tables IV and V, etc.). Tabelas devem ser submetidas separadamente em arquivos 

editáveis, preferencialmente .doc ou .docx. 

 

 Figuras 

 

Só serão aceitas figuras de alta qualidade (mínimo de 300 dpi). Todas as ilustrações 

serão consideradas figuras, incluindo desenhos, gráficos, mapas, fotografias, esquemas, etc. Seu 

posicionamento tentativo deve ser indicado, assim como todas as figuras devem ser citadas com 

seu respectivo número ao longo do texto. Figuras devem ser enviadas de acordo com as 

seguintes especificações: 1. Desenhos e ilustrações devem estar em formato .PS/.EPS ou .CDR 

(PostScript ou Corel Draw) e nunca inseridas no texto; 2. Imagens ou figuras em escala de cinza 

devem estar em formato .TIF e nunca inseridas no texto; 3. Cada figura deve ser enviada em 
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arquivo separado; 4. Figuras devem, a princípio, ser submetidas no tamanho em que espera-se 

que estejam publicadas no periódico, ou seja, largura de 8cm (uma coluna) ou 16,2cm (duas 

colunas), com a altura máxima de cada figura e respectiva legenda sendo menor ou igual a 

22cm. 

As legendas das figuras devem ser enviadas com espaçamento duplo em página 

separada. Cada dimensão linear dos menores caracteres e símbolos não pode ser menor que 

2mm após redução. Figuras coloridas são aceitas tanto como figuras em preto e branco. No 

entanto, 5 figuras em p/b são sem custo aos autores, enquanto cada figura colorida na versão 

impressa será cobrada dos autores, com a comunicação sendo feita durante a fase de produção 

(após o processo de avaliação). De modo a padronizar a contagem e cobrança de figuras preto 

e branco, tabelas que ocupem dois terços da página ou que tenham mais que 12 colunas ou 24 

colunas serão consideradas figuras p/b. Manuscritos de Matemática, Física ou Química podem 

ser redigidos em TEX, AMS-TEX ou LaTeX, desde que o arquivo .BIB seja enviado junto. 

Manuscritos sem fórmulas podem ser enviados em .RTF ou doc/docx para Windows. 

 

 Referências 

 

Os autores são responsáveis pela exatidão das referências, bem como suas respectivas 

citações. Artigos publicados ou ainda ‘In press’ podem ser incluídos. Comunicações pessoais 

(Smith, personal communication) devem ser autorizadas por escritos pelos envolvidos. 

Referências a teses, abstracts de encontros (não publicados em jornais indexados) e manuscritos 

em preparação ou apenas submetidos, mas não ainda aceitos, devem ser citados no texto no 

formato (Smith et al., unpublished data) e NÃO devem ser incluídos na lista de referências. 

Referências devem ser citadas no texto no formato a seguir sem a aspa simples, ‘Smith 

2004’, ‘Smith & Wesson 2005’ ou, quando há 3 ou mais autores, ‘Smith et al. 2006’. Quando 

houver dois ou mais artigos cujo nome do primeiro autor e ano de publicação são idênticos, as 

referências devem ser diferenciadas por letras minúsculas, como em ‘Smith 2004a', ‘Smith 

2004b’, etc. 

As referências devem ser listadas alfabeticamente de acordo com o nome do primeiro 

autor, sempre na ordem SOBRENOME XY, sendo X e Y as iniciais. Se há mais de 10 autores 

na referência, usar SOBRENOME XY ET AL., sem listar os demais autores. Referências 

devem conter também o título do artigo. Os nomes dos periódicos devem estar abreviados sem 

itálico, pontos ou vírgulas. Para as abreviações corretas, verifique listas das maiores bases de 

dados nas quais o periódico está indexado, ou consulte a World List of Scientific Periodicals. 
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